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AN EPOXY-STAMP ON GLASS-DISC SPECIMEN EXHIBITING STABLE DEBONDING FOR 
IDENTIFYING ADHESIVE PROPERTIES 

A. Sekulic, A. Curnier 
Laboratoire de mécanique appliquée et d’analyse de fiabilité (LMAF) 

École Polytechnique Fédérale de Lausanne (EPFL) 
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ABSTRACT 

In Contact Mechanics and Tribology, adhesion is the conservative reversible normal relation (contiguity) and 
attractive interaction (tension) at the interface between two materials in contact. ”Deadhesion” or rather 
decohesion, is the loss of adhesion. In Fracture Mechanics and Rheology, debonding is usually interpreted as a 
crack propagating along the material pair interface at the microscale and as damage at the macroscale. 

This study is motivated by the fibre-matrix debonding which occurs in glass fibre reinforced epoxy matrix 
composites and decreases their strength. In this note, we focus our attention on the identification of the adhesive 
properties between glass and epoxy. 

The basic adhesive property, entering a normal adhesion-decohesion law relating the normal tensile stress pn to 
the normal gap gn at an interface, is the surface energy of adhesion (per unit area) ω (of Dupré). It represents the 
local work dissipated during the decohesion process (i.e. at the particle pair or continuum elementary area 
microscale). In several contact mechanics models of adhesion-decohesion, the surface energy ω is equal to the 
product of two other basic adhesive properties, namely the adhesion peak stress πn and the decohesion rupture 
gap γn, or rather a fraction of it (e.g. one half), 

 1
2 n nω π γ=  (1) 

These adhesive properties are difficult to measure accurately because the decohesion process is often unstable. 

In this article, we present an original axisymmetric specimen composed of an epoxy-stamp bonded on a glass-
disc, which exhibits a stable decohesion under traction and hereby permits an accurate identification of the 
adhesive properties. Debonding stability is obtained by combining two stabilizing effects of the epoxy stamp 
geometry: axisymmetry and concavity, discovered by analogy with two observations in contact and fracture 
mechanics, respectively. In case of axisymmetry, the crack area grows with the square of its radius a2 (instead of 
its length a in a plane strain geometry). Concavity is inspired from the Tapered Double Cantilever Beam 
(TDCB) used in experimental FractureMechanics [Kinloch and Young (1983)] [1]. Optimization of the shape of 
the epoxy part was done by numerical simulations. To this end the Talon-Curnier contact-adhesion law [2] was 
used. According to that law, debonding is stable if the tension stress at the crack front decreases as the crack 
propagates, i.e. if the envelope of the tension stress at the crack front decreases along the radial axis. The 
simulations were carried out with the contact analysis program TACT. The final design of the axisymmetric 
concave epoxy-stamp on glass-disc specimen is shown in cross-section in Figure 1a and in perspective in Figure 
1b. 

 
 a) Cross-section with tension envelope b) Perspective with cut sector 

Figure 1- Axisymmetric concave epoxy-stamp on glass-disc specimen. 
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The graph of the tension stress envelope at crack front superposed on the mesh in Figure 1a shows that the 
debonding process is stable over a large radial zone. 

The specimen is then pulled on a standard traction machine (Instron 5800). A controlled displacement w  is 
imposed at the rate w  = 1 mm/min. The traction force f, the specimen elongation u and the crack radius a were 
measured. 

The experimental results are presented in Figure 2. The force histograph f = f(t) is shown in Figure 2a. The crack 
initiation (point A at radius r) and termination (point B at R) are easy to identify on this graph. It is clear that the 
debonding process is stable between A and B since an increasing force is necessary for advancing the crack from 
r to R. The early discontinuity (point C) corresponds to the (sudden) debonding of the mold release film 
interposed for initiating the crack. 

 
 a) Force-time curve b) Force-displacement curve 

Figure 2- Force-time and force-displacement curve. 

The adhesion properties (surface energy ω, peak stress πn and rupture gap γn) can be extracted from the 
experimental measurements [Fig. 2b] (specimen elongation u, traction force f and crack radius a) by the 
following procedure. The work dissipated between the initial crack radius r and the current one a is equal to the 
dissipation per unit area multiplied by the debonded area ( )2 2A a rπ= − : 

 ( )2 21
2 n nA a rω π γ πΩ = = −  (2) 

Firstly, this dissipated energy Ω is measured on the experimental force-displacement graph f = f(u) [Fig. 2b]. It is 
equal to the area of the hysteresis loop obtained upon elastic unloading. Elastic unloading can be either idealised 
as linear or measured from a real experimental unloading. Secondly, the measured traction force f or prescribed 
specimen elongation u at the initial crack radius r is used as a boundary condition in a simulation of the stamp 
(free between 0 and r and fixed between r and R at its basis), with the contact analysis program TACT, in order 
to evaluate the adhesion peak stress πn. 

Finally, the rupture gap γn is calculated by solving equation (2) for it 

 ( )2 2
1

2 2n
n na r
ωγ
π ππ

Ω= =
−

 (3) 

The stamp on disc specimen design can be used for other pairs of materials (provided one can be molded on the 
other). Finally, it can perhaps be adapted into a torsion experiment to study adherence and decoherence. 
Combining torsion with compression on a torsion-traction machine may permit to find out whether adherence 
depends on pressure or not. 
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A HIERARCHICAL FINITE ELEMENT APPROACH TO MODELING PROCESS-INDUCED 
DEFORMATIONS IN COMPOSITE STRUCTURES 

Abul Rahim A Arafath, Reza Vaziri and Anoush Poursartip 
Composites Group 

Departments of Civil Engineering & Materials Engineering 
The University of British Columbia 

Vancouver, BC, Canada 

ABSTRACT 

Composite structures, unlike their metallic counterparts, are manufactured from the raw material in one step. As 
a result, because of the residual stresses that build up during the process, the precise shape and dimensions of the 
final part after tool removal are often difficult to control. In thin-walled composite structures, spring-back and 
warpage are commonly observed process-induced imperfections. Anisotropy in thermal and chemical strains 
causes a curved part to spring-in and the interactions between the tool and the part stemming from the inherent 
mismatch between their material properties leads to the residual warpage of the part [1]. 

During the processing of thermoset based composites, as the resin cures the effective elastic (and shear) modulus 
changes by as much as 6 orders of magnitude from roughly 1 KPa to 1 GPa. As the tool expands during the heat 
up phase, it stretches the part thus inducing a large gradient of stress through the thickness of the part due to the 
low shear modulus of the part. The stress gradient is locked in as the material cures. On removal of the tool, this 
stress causes the part to warp. It is very important to capture the stress gradient that occurs at the initial stage of 
cure to predict the part deformation accurately [2-3]. 

Shell elements are not able to capture such highly nonlinear through thickness stress gradients accurately as they 
incorporate a constant shear strain assumption. Hence a 3D solid element formulation is required. However, the 
main drawback of using solid elements is that a rather large number of elements are necessary to model the 
process-induced residual deformations. This is mainly due to the shear locking effect that occurs in solid 
elements when the element aspect ratio is very large. In recent years, many shell-like-solid element formulations 
have been reported in the literature, with to the intent of eliminating the locking effects. Dhondt [4] recently 
showed that 20-noded solid elements with reduced integration are effective in modelling thin-walled (shell like) 
structures. Even though this will allow us to use a large aspect ratio, one still needs more than one element (up to 
8 elements) in the thickness direction to capture the large stress gradients during the initial stages of cure. Since 
this higher number of elements is necessary only at the initial stages, it is inefficient to use a constant number of 
elements in thickness direction throughout the curing process. 

Hierarchical finite elements have been shown to be a very useful tool for refinement without changing the initial 
finite element mesh [5-6]. In recent years this method has been used to model shell like structures [7-8]. The 
main advantage of this method is that a node (or degrees of freedom) can be added to, or dropped in, an element 
without changing the shape functions corresponding to other nodes in the element. Hence this method is more 
suitable for dynamically changing the order of the element displacement interpolation. 

In this work, the hierarchical element method is used to overcome the inefficiency of using a constant number of 
elements during the curing process. Our hierarchical element has 24-nodes (8 nodes at each of the top, bottom 
and middle surfaces) (Figure 1). The top and bottom surface nodes have the conventional translational degrees of 
freedom (u, v and w). The mid surface nodes have a variable number of unknowns. The displacement 
interpolation is given by: 

 1 1 2 2
3

n

i i
i

u N u N u N a
=

= + +∑  (1) 

The unknowns at the mid nodes (ai) are changed based on the degree of cure of the resin. At the initial stage of 
the processing, higher order terms are used to capture the sharp through-thickness stress gradients. As the 
material cures, the higher order terms are dropped. Reduced Gauss integration is used in-plane to avoid shear 
locking and Simpson’s rule is used in the through-thickness direction. Currently, the element is implemented in 
ABAQUS. 

In this work, the element is used to model a thin flat composite part on an aluminum tool. The part is made up of 
8 layers of ASS4/8552 material. The part is cured using the manufacturer recommended cure cycle (Figure 2). 
The warpage of the part at the end of the curing process is compared with the results obtained with conventional 
20-noded solid elements with reduced integration. In the conventional solid element case, 8 elements are used in 
the thickness direction throughout the analysis. The computational times in both cases are compared. 
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Figure 1- 24-node hierarchical solid-like shell element. 

 
Figure 2- Schematic of a flat composite plate on an Aluminum tool and the temperature cure cycle. 
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MEASUREMENTS OF FRICTIONAL PROCESSES IN THE PROCESSING OF ADVANCED 
COMPOSITES AND THEIR IMPORTANCE IN MODELLING CURE AND RESIDUAL STRESSES / 

DISTORTIONS 

Simon Jones, Kevin Potter, Michael Wisnom 
Department of Aerospace Engineering, 

University of Bristol, UK 

ABSTRACT 

Residual stresses and distortion are significant 
factors in the manufacturing costs of composite parts 
to the aerospace industry. The mechanisms by which 
residual stresses and distortion occur are still not 
completely understood and this inhibits progress in 
manufacturing simulation of the curing process for 
thermosetting-based materials [1, 2]. 

Tool interaction effects and the distribution of the 
resulting stresses via frictional processes are one of 
the least appreciated of these mechanisms but may 
have an important part to play in composite 
manufacture; especially where a potential exists for 
significant material strain due to the thermal 
expansion of long aluminium compression tools. The 
frictional processes have been studied by performing 
ply pullout experiments using the rig shown in 
Figure 1 which can apply both pressure and a 
controlled temperature ramp while a constant or 
variable displacement rate is applied [3]. The 
calculated average shear stress generated was then 
compared with degree of cure data, via a cure 
kinetics model, to determine the point of gelation in a 
three-step cure cycle. 

 Figure 1- Ply pullout test rig for investigating 
 frictional processes. 

 
Figure 2- Calculated average shear stress for carbon/epoxy prepreg ply/ply interaction for a 5m development 

spar cure cycle. 
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Figure 2 shows a typical output from the experimental rig and Figure 3 shows the degree of cure prediction. It 
was seen that for a typical industrial cure cycle, gelation might occur prior to the final ramp in temperature, 
which will be expected to lead to a significant increase in the level of residual stresses due to tool interaction. 
Vitrification was also identified and studied and other aspects of the calculated average shear stress curve were 
investigated in order to identify effects such as fibre interpenetration, compliance and storage life/thermal 
history. A method was then explored, including pressure and interaction length considerations, to separate and 
quantify sources of stress, which can be related directly to the distortion of long, complex, industrial spar 
components. 

 
Figure 3- Cure kinetics model predictions for degree of cure of epoxy resin based materials for a 5m 

development spar. 

 

The approach presented here can provide a route to the improved predictions of cure scheduling in complex parts 
to understand and control residual stresses and distortions. 
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IDENTIFICATION OF INTERFACIAL PROPERTIES USING FBG SENSORS IN A FIBRE PULL-
OUT TEST 

G. Dunkel, L. Humbert and J. Botsis 
Laboratoire de mécanique appliquée et d’analyse de fiabilité (LMAF) 

Ecole Polytechnique Fédérale de Lausanne (EPFL) 
Switzerland 

ABSTRACT 

The behaviour of brittle matrix reinforced-composites can be affected by the mechanical properties of the 
constituent materials and the fibre-matrix interface. Since the load-bearing capacity of a composite structure 
strongly depends on the efficiency of stress transfer between its constituents, characterization of the interface is 
of great importance. In the case of partial or full debonding of the interface, many experimental and/or analytical 
methods (e.g. single fibre pull-out/push-out tests, shear lag models) have been developed to characterize the 
debonding mechanisms and elastic stress transfer from the matrix material to the fibre. Quantitative information 
about the interface debonding process is generally extracted from load-displacement curves that are obtained 
from pull-out or push-out tests. These works demonstrate that the residual stresses induced in the matrix region 
during material consolidation have pronounced effects on the fibre sliding frictional behaviour [1]. 

 
Figure 1– Schematic of the single fibre pullout 

configuration (not at scale). The FBG location is 
indicated by a thick dashed line (Only half of the 

specimen is shown). 

In this study, the global interfacial properties are 
investigated when initial residual stresses are present 
in the matrix region. The experiments are conducted 
by considering the classical single fibre pull-out 
configuration (Figure 1). The specimen consists of an 
epoxy cylinder (M) that is consolidated around an E-
glass optical fibre (F) and its compliant acrylate 
coating (C). The coating has been removed from the 
glass fibre on the loading side (see figure). The glass 
fibre contains a 15mm long Bragg grating (FBG) 
sensor which is positioned in such a way that 
approximately one fifth of its length remains outside 
the specimen. Thus, the fibre plays the role of the 
reinforcement and a strain sensor. For the pullout 
tests, the fibre is loaded in displacement control Δ 
while the matrix region is fixed at its bottom end. 

The FBG sensors are accurate and versatile tools to 
recover in-fiber strain profiles over the spatial extent 
of the grating. In this work, the FBG sensor is 
interrogated via an OLCR-based technique that 
accurately measures its complex impulse response. 
This information allows to derive the quantity of 
interest, namely the Bragg wavelength λB(z), at 
incremental positions z along the grating (see [2] for 
details). 

 

At constant temperature, the local Bragg wavelength shift 0( ) ( ) ( )B B Bz z zλ λ λΔ = −  is related to the 
longitudinal applied strain εz(z) distribution along the grating by [3] 

 ( )
0

( )
1 ( )

( )
B

e z
B

z
p z

z
λ ε

λ
Δ = −  (1) 

where pe is defined as the grating gage factor and can be experimentally determined. Expression (1) gives the 
effective strain profile εz (z) between the current and reference states. Function λB0(z) also indicates a possible 
non-homogeneous strain distribution in the fibre at the considered reference state. In our case, a non-uniform 
λB0(z) is expected along the grating because of the presence of residual strains due to the epoxy shrinkage after 
the polymerisation process. Notice that relation (1) assumes the transversal strains applied to the fibre to remain 
proportional to the axial strain. For our problem, this assumption has been verified numerically. 

Plotted in Figure 2(a) are Bragg wavelength distributions obtained with the OLCR method during the pull-out 
test. The bold curve refers to a measurement taken before loading (initial) and clearly indicates that a 
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compressive strain state attributed to the residual strains prevails inside the specimen while a constant Bragg 
wavelength of 1300.25 nm corresponding to the FBG free state (before embedding) is recovered outside the 
specimen. The associated axial strain distribution (not presented here) can be directly calculated using equation 
(1) with λB0(z)=1300.25. Bragg wavelength distributions (grey curves, Figure 2) are also reported when the fibre 
is subjected to various tensile forces F up to 2.4N. Between each force increment, the load is released 
corresponding to the last set of curves (release). It is interesting to note that the initial (compressive) strain state 
is no more recovered after each unloading of the specimen. Instead, all the measurements indicate that the fibre 
is in the same tensile strain state. When the force is greater than 2.4N, the fibre starts to slip and can be pulled 
out. The phenomenon is illustrated in Figure 2(a) by the longer signal for a sliding of about 2mm. Note that 
debonding is only observed between the glass and the acrylate while the acrylate/epoxy interface remains intact. 

 
Figure 2- (a) Measured and (b) simulated Bragg wavelength distributions λB(z) corresponding to the reference, 

loaded and released states. The associated strain profiles are deduced by using equation (1) 

Based on these experimental results, a finite element (FE) model has been developed to characterize the 
frictional behaviour of the fiber/acrylate interface. The simulations are performed with the commercial 
ABAQUSTM code. For the problem under consideration, the field variables do not depend on the coordinate θ. 
Thus, only the rz-plane in Figure 1 has been meshed with 8-node biquadratic axisymmetric quadrilateral 
elements. All materials are considered to be linear elastic and isotropic. Based on experimental observations, 
perfect interface conditions are considered between the acrylate and epoxy phases. To model the matrix 
shrinkage effect and thus the residual strain field, the problem is considered analogous to a thermo-elastic one. A 
shrinkage function is introduced in the general strain-stress relations (see [3] for details). Displacement boundary 
conditions Δ are applied on the fibre end as shown in Figure 2(b). Interaction between the glass fibre and the 
coating is described using the classical Coulomb friction model that defines the critical shear stress, as a fraction 
of the contact pressure, for which the contact surfaces start sliding relative to one another. This fraction is the 
socalled friction coefficient μ. An elastic slip parameter γ is also introduced in the model in order to take into 
account the interface stiffness in the elastic regime (i.e. the sticking stiffness). In Figure 2(b), simulated Bragg 
wavelength profiles corresponding to the experimental distributions are presented for appropriate values of the 
two parameters μ and γ. The overall experimental results are well reproduced for the proposed parameter values 
even if some discrepancy exists when the load is released. That is, the model results in different curves (Figure 
2(b)) while the experimental ones collapse (Figure 2(a)). This can be attributed to the simplified interface model 
used. Nevertheless, the potential of the FBG to characterize interfaces is demonstrated. 

The authors wish to acknowledge the financial support from SNSF grant no 103624. 
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A MICROMECHANICS-BASED PERIODIC DAMAGE MODEL FOR LAMINATED COMPOSITES 
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ABSTRACT 

The aerospace industry is committed to improve the performance of aircraft whilst reducing emissions and 
weight. Such a goal can be achieved by the use of composite materials. The design procedure used for advanced 
composite structures relies on a 'building-block' approach, where a large number of experimental tests are 
performed. The use of advanced analytical or numerical models in the prediction of the mechanical behavior of 
composite structures can significantly reduce the cost of such structures. 

Strength-based failure criteria are commonly used to predict failure in composite materials. A large number of 
continuum-based criteria have been derived to relate stresses and experimental measures of material strength to 
the onset of failure [1]-[2]. Failure criteria predict the onset of the several damage mechanisms occurring in 
composites and, depending on the material, geometry and loading conditions, may also predict structural 
collapse. 

For composite structures that can accumulate damage before structural collapse the sole use of failure criteria is 
not sufficient to predict ultimate failure. Simplified models, such as the ply discount method, can be used to 
predict ultimate failure, but cannot represent with satisfactory accuracy the progressive reduction of the stiffness 
of a laminate as a result of the accumulation of matrix cracks. 

Methods based on Continuum Damage Mechanics have been proposed to predict the material response, from the 
onset of damage up to final structural collapse. Although the existing models can accurately predict the evolution 
of damage, they rely on empirical parameters, such as critical values of thermodynamic forces, which need to be 
measured at laminate level. 

The combination of elastic analysis of damaged plies and finite Fracture Mechanics provide the basis for an 
accurate representation of the response of composite materials. These methods have been mainly focused in the 
representation of the initiation and evolution of transverse matrix cracks under in-plane shear and transverse 
tension. In order to be able to predict ultimate failure the micromechanical models need to be used in 
combination with a fibre failure criteria. 

The objective of this work is to define a new damage model based on micromechanical models of transverse 
matrix cracks. The onset and evolution of transverse matrix cracks under multiaxial loading is predicted using a 
micromechanical model. Based on the proposed micromechanical model a new constitutive model is derived. 
Continuum Damage Mechanics, based on the thermodynamics of irreversible processes, provide a rigorous 
framework to define the constitutive model and the corresponding computational implementation. 

The model proposed is able to predict the onset and propagation of matrix transverse cracks under multiaxial 
loading as well as final failure of laminates uniformly stressed, where a periodic distribution of transverse matrix 
cracks can be assumed. Figure 1 shows the predicted relation between the applied strain and the normalized 
crack density β for different multiaxial strain ratios κ, defined as /xy xxk γ ε= , in a (0º/90º)s laminate. 
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Figure 1- Relation between crack density and applied strain for different load cases. 

Final collapse of the structure is predicted when a fibre failure criteria is satisfied, or when delamination 
triggered by compressive matrix cracking is predicted. The LaRC03 failure criteria are used as the damage 
activation functions in the case of transverse matrix cracks perpendicular to the ply mid-plane, and as the 
ultimate failure criteria of the laminate for the other damage mechanisms (Figure 2). 

 

Figure 2- Application of LaRC03 criteria for the prediction of ply failure and laminate failure. 
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IDENTIFICATION OF THE LOCAL STIFFNESS REDUCTION OF A DAMAGED COMPOSITE 
PLATE USING THE VIRTUAL FIELDS METHOD 
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ABSTRACT 

Composite panels are prone to delamination damage caused by impact or manufacturing. This will result in a 
local loss of stiffness in the panel where the delamination has occurred. A number of techniques have been 
developed to locate such damage (infrared thermography, ultrasonic scanning...) but the evaluation of the local 
loss of stiffness remains an open problem. Measurement of the change in eigenfrequencies has been attempted in 
the literature but this is a global indicator that is not very sensitive to a local change of stiffness. 

The present study aims at taking advantage of the availability of full-field measurements and adapted inverse 
identification procedures to solve this problem. 

The case considered here is a rectangular composite panel containing a local damage characterized by a stiffness 
reduction coefficient (Figure 1). The plate is tested in bending according to the load configuration of Figure 1. 

 
Figure 1- Damaged plate dimensions and test configuration 

The full-field measurement technique used here is the deflectometry technique [1]. It consists in observing the 
image of a cross-line grating at the surface of the tested specimen and to process the change of phase caused by a 
local rotation. The advantage is that this provides direct measurement of the slope field so that only one 
differentiation is necessary to retrieve surface curvatures. The composite panels are not naturally very reflective 
so a thin gel coat layer is applied to make the plate reflective. 

The method used to process the curvature fields measured by deflectometry is the virtual field method [2, 3]. It 
had to be adapted to the case of a local stiffness reduction. To do so, the following stiffness reduction 
parameterization was used: 

 ( ){ }0 1 / , /D D p x L y l= +  (1) 

where D  is the bending stiffness tensor of the damaged area, 0D that of the undamaged area and p is a 
polynomial function of the normalized in-plane coordinates x/L and y/l, where L is the length and l the width of 
the panel. This polynomial can be interpreted as a stiffness reduction coefficient. Its values should be negative 
where the damage is located so that 1+p is less than 1. 

The virtual fields method was adapted to identify the coefficients of the polynomial, knowing the undamaged 
stiffnesses. 

In order to validate the identification procedure, the first step was to use curvature data from FE analysis. These 
were input in the virtual fields method programme using piecewise special virtual fields [3]. It was found that for 
the given configuration, a polynomial of the 5th order was sufficient. Figure 2 shows plots of the stiffness 
reduction map for two different modulus contrasts. It is clear that the method picks up the location of the damage 
(see Figure 1) and also provides a fairly good estimate of the stiffness reduction. 
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Figure 2- Example of identification of the stiffness reduction polynomial for different modulus contrast 

(simulated curvatures). 

The experimental implementation has been performed using a deflectometry set-up at the University of Bristol 
(Figure 3). 

 
Figure 3- General view of the deflectometry set-up, camera and grating. 

This set-up has been used for an undamaged plate of unidirectional T300/914 carbon-epoxy. The stiffnesses have 
been identified to within less than 5% of the reference parameters coming from the usual tensile and shear tests. 
The paper will present experimental results first for damaged plates with varying stiffness contrasts and damage 
size. The sensitivity of the method will be discussed. 
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ABSTRACT 

Usual manufacturing processes for glass and carbon fiber reinforced polymers end with a curing phase in which 
the polymerisation reaction of the matrix takes place. In this phase, the matrix shrinks and a complex stress-
strain state is produced. This residual stresses may disappear partially during the life of the laminate, but 
generally it is accepted that they have to be considered in the failure behavior [1]. 

Some researchers have modelled and shown the influence of thermal stresses on the non-linear behavior [2, 3] 
and failure [4, 5]. 

In former works, a Statistical Representative Volume Element (SRVE) has been developed [6]. This SRVE 
allows the probabilistic simulation of matrix cracking in unidirectional laminae. If digital images from real 
materials are used to construct reallistic SRVEs the probability density function for any failure criteria can be 
obtained accurately and, using a two-scale method, applied to real life structural components [7]. 

The purpose of this work is to evaluate the effects of residual stresses on the probability of crack initiation. 
Simulations of the residual stress are performed at the microscopic level, using a Statistical Representative 
Volume Element which represents the real random microstructure of a UD carbon/epoxy laminate. A two-scale 
method is developed to obtain the probability density function of usual failure criteria for any macroscopical 
stress state and taking into account residual stresses. 
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ABSTRACT 

Composite tubular structures are of interest as viable energy absorbing components in vehicular front rail 
structures to improve crashworthiness [1-9]. Desirable tools in designing such structures are models capable of 
simulating damage growth in composite materials. Our model (CODAM for COmposite DAMage), which is a 
continuum damage mechanics based model for composite materials with physically based inputs, has shown 
promise in predicting the complete tensile behaviour from initiation of damage to complete failure [10-13]. This 
study focuses on extending the model to capture the complete compressive response of composite materials. 
Refinements to the model are based on the experimentally observed compressive failure mechanisms presented 
in the literature [14-19]. In particular, the mechanical consequences of kinking and kink band broadening, in 
conjunction with matrix cracking and delamination, are represented in the model. This is accomplished by 
including a plateau stress in the compressive stress strain response to account for the energy absorbed during 
band broadening. Model parameters defining the compressive response are related to experimentally observed 
behaviour, thus maintaining the physical basis of CODAM. The model was validated using results from tube 
crush experiments (Figure 1). The damage propagation, failure morphology and energy absorption predictions 
correlate well with the experimental results. A sensitivity analysis was carried out using the model to investigate 
which parameters had the strongest influence on the response. This paper will present the details of the 
constitutive model, comparisons between predicted and experimental tube crushing responses, and the results of 
the model sensitivity analysis. 

     
Figure 1- (a) Predicted failure morphology and (b) comparison of predicted upper and lower bound force-

displacement profiles to the experimentally measured trace for single ply tube with plug. Experimental results 
provided by General Motors of Canada Ltd. 
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ABSTRACT 

In piping systems, glass-fibre reinforced plastic (GRP) pipes have been increasingly introduced and are now an 
important class of engineering structures. However, the lack of understanding the fundamental parameters 
controlling failure mechanisms and long-term materials performance necessarily leads to over-design and 
inservice prototype evaluations and, furthermore, inhibits greater utilization. So, many of the composite 
materials applications have an empirical and/or experimental basis which doesn’t allow the recurrence to 
theoretical models in larger scale. 

Algebraic formulations of the problems, such as Finite Element Analysis (FEA), approaching the relevant 
physical processes involved, are frequently used to simulate FRP structures’ behaviour. 

Within this study, numerical models were developed in order to simulate the mechanical behaviour of a GRP 
pipe in a ring deflected condition. And that was, actually, its main objective: to evaluate the reproducibility of 
the damage mechanisms and global mechanics of these structures, verified in experimental campaigns, with 
numerical tools. The reference tests were the initial failure strain ones, conducted according to EN1226:1995, led 
on specimens with particular material constitutions and layering up. 

For that purpose, a 2D model was created, based in the geometry and dimensions of the test specimens with 10 
plies of 1.2mm thickness each, separated by interface cohesive finite elements [1-3] allowing simulation of 
delamination and rupture of fibres, either in mode I and/or mode II. 

According to the specifications of the manufacturer, a 90º winding orientation angle was assumed and so the 2D 
model seemed to fit all the requirements for this study, once the main properties governing the mechanical 
behaviour act in each cross section plane. However, to verify those assumptions, simplified 3D models were 
firstly developed and influence of winding angle was analyzed. 

Figure 1 shows the experimental setup apparatus, and figures 2 and 3 shows the typical results obtained either in 
experimental or numerical procedures, respectively. 

 
Figure 1- Experimental setup for test campaign according to EN1226:1995. 
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Figure 2- Failure occurred in test specimen. 

 
Figure 3- Failure reproduced with 2D numerical model. 

It was verified that the numerical model presented good agreement relatively to the experimental results. The 
modeling methodologies implemented as well as the assumptions, parametric studies and results achieved are 
presented. 
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ABSTRACT 

A direct consequence of the shrinkage of the polymeric matrix around the reinforcement during curing and 
cooling is the formation of residual stresses. These stresses exist on both the macroscopic and microscopic 
scales. Shear residual stresses at the interface between the fibre and matrix are particularly important since they 
may lead to premature interfacial fracture and thus significantly decrease the stress transfer. Measurement and 
prediction of residual stresses become therefore important in relation to production, design and performance of 
composite materials. 

Phase-stepping photoelasticity has been employed to measure the shear stresses in matrices and at interface in 
fibre polymer composites [1, 2]. It has been found to be a particularly useful tool to determine the interfacial 
shear stresses for the initiation and propagation of a debond. Furthermore, the interphasal responses of single 
coated fibre composites under external load were characterised to evaluate quantitatively the interfacial adhesion 
at different curing temperatures [3]. These provide the possibility of determining the shear residual stresses at the 
interface. 

The purpose of this research is to determine the shear residual stresses and identify its effect on stress transfer on 
micro-scale in single short fibre composites by phase-stepping photoelasticity. 

Shrinkage stresses during cure and thermal stresses on cooling from a post cure temperature occur within fibre 
composites. When the composites consist of short fibres and polymeric matrices, the shrinkage of the resin and 
the mismatch of their thermal expansion coefficients result in compressive stresses acting on not only the fibre 
normal to the fibre -matrix interface but also the face-ends of the short fibres [3]. Photoelastic results show that 
the residual stresses delay the stress transfer to the fibres and therefore reduce the reinforcing ability of the 
fibres. 

Furthermore, even though an epoxy resin containing a sapphire fibre with higher Young’s modulus (Ef = 380 
GPa) is cured at room temperature, significant internal stresses can be induced at the fibre-matrix interface after 
several months [4], which lead to yield and debond at the interface. Figure 1 shows contour map of fringe order 
in the epoxy that was cured at room temperature for 4.5 months and contained a short sapphire fibre. It can be 
seen that there is a high stress concentration region in the resin matrix and at the interface in the neighbourhood 
of the fibre. The high stress concentration region did not appear in the first month and then formed gradually. We 
are measuring the stress in the fibre by means of fluorescent spectroscopy. 

 
Figure 1- Contour map of fringe order in the cold-cured resin matrix in the vicinity of a short Sapphire fibre. 
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Figure 2 shows the relative distribution of fringe order at fibre-matrix interface. It can be seen that in the 
specimen experienced the long term curing of 4.5 months, the fringe order at fibre-end is not a maximum and 
there is a plateau on the curve, indicating a debonded occurred at the end and interfacial yield in the bonded 
region. Furthermore the yielded interface was debonded after 26 months. The composite interface near the 
fibreend experienced yielding and debonding because of the presence of these extra internal stresses. 

 
Figure 2- The distribution of fringe order at the fibre-matrix interface for epoxy resin cured at room temperature 

for 4.5 and 26 months. 
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ABSTRACT 

Fibre-reinforced composite materials are increasingly used in airframes and the tendency is to built the main 
fuselage in Carbon Fibre Reinforced Polymer (CFRP).In general CFRP has a wide application in light-weight 
structural members, because it is characterized by a high strength-to-weight and stiffness-to-weight ratio, but it is 
vulnerable to damage caused by transverse loads, such as those arising from indentation and impact loading. One 
of the main reasons that inhibits more widespread applications of composite materials is their lack of resistance 
to low velocity and low energy impact damage[1-3], particularly in the case of thermoset matrix like epoxy, 
while the probability of such loadings occurring during the manufacture, service or maintenance of composite 
structures is very high [4]. 

The research dealt with the correlation between damage and tensile residual strength in quasi-isotropic carbon 
fibre reinforced epoxy resin laminate loaded at the centre. Load was applied by means of a servo hydraulic 
machine and it was supposed to simulate a low velocity impact. The Acoustic Emission (AE) technique was used 
to detect damage progression. Tensile resistance after indentation was investigated and correlated with acoustic 
emissions parameters. This was been done for different lamination sequences on specimens cut from the 
damaged plates and for two different damage levels, one corresponding to the first load drop in the 
loaddisplacement curve[5] and to the complete perforation of the plate. 

Composite plates square 250x250 mm graphite/epoxy laminates were studied; their thickness was 1.6 mm. They 
have been made in autoclave from pre-pregs by stacking eight unidirectional plies with quasi-isotropic 
orientations, [0°,90°,45°,-45°]s. 

The specimens were placed in a circular clamping fixture with an internal diameter of 200 mm (Figure 1) and 
they were loaded at the centre by a hemispherical hardened steel ball with a radius 7 mm. 

 
Figure 1- Fixture System. 

A servo hydraulic Instron 8033 testing machine controlled by a MTS Teststar II system and equipped by a 25kN 
load cell was used. The specimens were loaded monotonically in control of displacement and the head speed was 
of 0.05mm/sec. The test were stopped after the penetration of the steel ball into the laminate or at the first load 
drop During the test, the AE has been monitored by a Physical Acoustic Corporation (PAC) PCI-DSP4 device 
with four transducers PAC R15 setting up the amplitude threshold at 40 dB. 

After each quasi static test the damaged plate was sliced by a diamond saw in one of the different directions 
shown in figure 2. The indented zone was in the centre of these tensile specimens to be tested to find the residual 
tension strength of the laminate composite as a function of the stacking sequence. 

The tensile specimens had the same geometry suggested by ASTM D 5766 for open hole testing of CFRP, a 
width of 40 mm and a length of 250 mm. 
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Figure 2- Tensile Specimen cut directions. 

The first results show a good correlation between the integral of a function f [6] of acoustic energy released by 
the specimen during the transversal loading and its tensile residual strength (Figure 3). 

This function is defined as f=Ln(Estiff/Eac) where Estiff is the energy provided by the servo-hydraulic machine 
and Eac is the acoustic energy released during the loading process. 

 
Figure 3- Correlation between AE data and residual tensile strength. 

This kind of correlation could give very usefull information in the case of real components subjected to impact 
loading and monitored by AE devices. 
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ABSTRACT 

In comparison to single-material components, mixed metal-composite structural elements exhibit differences in 
the constitutive law, thermal or hydrothermal response and failure characteristics between the metal, the com-
posite and the possible bonding layer. This introduces zones of high stresses that induce damage initiation and 
growth, leading to fracture onset and ultimately failure. Consequently, in order to use such composite-metal 
joints in an optimal way, a thorough characterization of their mechanical and failure behaviour is required. 

Today, mixed composite-metal joints are increasingly applied in industrial equipments such as automotive, air-
craft or electrical components. As a specific application of mixed joints encountered in high-voltage networks, 
silicon composite insulators with metal end-fittings manufactured for high-voltage transmission lines are now 
replacing conventional porcelain elements. These structures, however, need two metal end-fittings in order to 
transfer loads from the high-voltage conductor to the tower or the transformer. Two different designs are adopted 
according to whether the structure is loaded primarily in bending or in traction. In the first case, the insulator is 
chosen tubular with aluminium fittings bonded to the composite tube by an epoxy adhesive layer. In the second 
situation, a rod-type insulator is preferred where steel end-fittings are crimped to the composite rod with a radial 
compression by means of a hydraulic press until a sufficient plastic deformation is initiated in the metal. In this 
work, numerical simulations and experimental investigations of the stress distributions throughout the joints are 
performed in order to follow, up to failure, the damage progress in the joints under tensile loading or bending. 

On the computational level, 3D solid finite element models of the entire joints have been constructed by using 
the commercially available Abaqus software. A full Tsai-Wu tensor failure criterion has been chosen for the 
damage analysis of the composite rod or tube, while the steel or aluminium for the end-fittings and the possible 
adhesive have been treated as elastic perfectly plastic materials. The values of the ultimate strengths in the com-
posite have been taken from different sources in the literature for the tubes and directly derived from in-house 
performed standard strength tests for the rods. For the crimped insulators, a Coulomb contact law with a shear 
limit has in addition been adopted at the interfaces between the steel end-fitting and the composite rod, and 
nonlinear simulations have been carried out on this type of joints. 

On the experimental level, two in-house designed test grids have been constructed in order to validate the nu-
merical stress state and maximum load generated during the tensile loading of the crimped joints and the bending 
loading on the bonded joints (the crimping phase required for the assembly of the crimped joints is performed by 
the insulator manufacturer and is here not investigated experimentally). The measurement setups are composed 
of a 200-kN servo-hydraulic test frame with a controlled regulation loop, instrumented with an LVDT displace-
ment transducer, an in-house developed load cell and several resistive strain gauges pasted at different locations 
on the composite and the outer surface of the end-fittings. For the failure study, a 6-channel acoustic emission 
system has been added to the test equipment to shed light in the process of damage activity on the joints as a 
function of the applied tensile or bending load. 

Several crimped and adhesively bonded insulators have been investigated. Manufactured by Sefag, the compos-
ite insulators used in this study are made mainly of an epoxy rod or tube reinforced with ECR-glass fibres. For 
the rod-type insulators, the 18.6mm-thick composite core is obtained by a pultrusion technique, while for the 
adhesively bonded insulators the 10-ply (0, [–38, 38]2, [–63, 63]2, –63) 5.8mm-thick hollow core (outer diameter 
of 93 mm) is fabricated with a filament winding technique. The elastic properties of the composite are evaluated 
with a dual numerical-experimental modal identification procedure and standard static tests. Classical characteri-
zations by inspection of micrographs of various sections with an optical microscope and by complementary 
evaluations such as the fibre volume fraction estimation have also been carried out. 

The stress analysis has shown that, for the bonded insulators under bending, a stress concentration appears near 
the bond end since the strong radial stiffness of the fitting induces in the composite high spurious radial and ra-
dial-hoop stresses which are particularly prejudicial to the strength of the hollow core as they are practically or-
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thogonal to the reinforcement fibres. The crimped insulators exhibit during the crimping and relaxation steps a 
stress concentration at the surface of the rod in the middle of the crimping zone where high radial, longitudinal 
and hoop stresses occur. During the pull-out phase, the longitudinal stress increases dramatically up to an am-
plitude higher than the axial stress in the unconstrained part of the rod. The comparison of the numerical simula-
tions with the experimental values shows a good correlation between the two analyses in the linear range of 
loading. With higher loads, a slight deviation from linearity can be observed experimentally, which highlights a 
damage initiation in the composite. 

The experimental damage investigations by means of the acoustic emission equipment have highlighted that a 
local damage initiation appears in the composite for both types of insulators. It is apparent that the damage ac-
tivity starts at the onset of the non-linear behaviour of the joint and that the corresponding loading level is close 
to the one predicted numerically by the Tsai-Wu criterion. Further loading results in an increased acoustic emis-
sion, followed by an abrupt rising of the activity up to saturation (Figure 1). The failure mode for the bent tube is 
however different from the one observed for the rod under traction. In the first case, the joint behaves, after the 
bond failure, like a coupling of a sleeve shrunk without bonding on a tube. With an increase of the applied load, 
the composite tube slides progressively out of the aluminium sleeve, the level of the ultimate load depending on 
the sleeve length and the frictional resistance. This failure process ends with the collapse of the joint by local 
buckling of the glass fibres in the compressively loaded portion of the composite. For the rod-type joint, the most 
critical stress state, responsible for possible internal cracking, is generated in the composite bar by the crimping 
phase (compression transversally to the reinforcement), as predicted by the numerical simulations (but not veri-
fied experimentally since the crimping step is performed by the manufacturer). The failure mode of the crimped 
joints depends then on the level of the crimping pressure (Figure 2): for the nominal pressure, the composite rod 
starts to slide out of the end-fitting at the ultimate tensile load and, for a higher pressure, the failure process is a 
delamination mode or a fracture mode with a dramatic decrease of the ultimate tensile load. 

 
Figure 1- Intensity of the acoustic emission activity measured and comparison with the Tsai-Wu index. 

 

 
Figure 2- Failure mode depending on the crimping pressure: (a) sliding, (b) delamination, or (c) fracture. 

 

The investigations have shown an excellent agreement between the numerical simulations and the experimental 
results and should serve as a basic step towards the design optimisation of mixed joints. Moreover, the promising 
behaviour of the crimped joint suggests that this insulator with a lower assembly cost than the bonded one could, 
with a larger diameter, replace the latter in bending situations. 
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ABSTRACT 

The use of Fiber Reinforced Polymer (FRP) materials as confining devices for concrete columns may produce 
remarkable increases of strength and ductility, as demonstrated by numerous published experimental and 
theoretical works [1-4]. 

On the other hand bridge piers are often designed as hollow-core reinforced concrete (RC) sections to obtain a 
reduction of the self-weight (especially in seismic zones) and a better structural efficiency in terms of 
strength/mass and stiffness/mass ratios. In contrast to this popularity in practice, scientific studies on the 
mechanical behaviour of such structural elements are limited [5], and the use of FRPs for external confinement 
of hollow core columns and piers is an almost unknown field at the moment. 

In this research work both solid and hollow-core concrete specimens were tested under uniaxial compression to 
study the stress-strain relationship before and after FRP jacketing. A range of experimental parameters were 
investigated: different concrete strength, type of fibers, number of wrap layers, column shape and dimensions, 
and for square and rectangular sections, the corner radius and the cross-sectional aspect ratio. 

Circular columns wrapped with FRP showed a significant increase in terms of both strength and ultimate 
displacements. Rectangular columns showed a lower increase in ultimate capacity, compared to circular sections. 
However the results related to ultimate axial displacement encourage adopting this technique for seismic retrofit 
to fulfill higher ductility requirements in both prismatic and cylindrical columns. 

On the basis of the obtained experimental results, a parametric non-linear finite element model was developed 
and calibrated using ANSYS. 

For the FRP-confined concrete the Drucker-Prager model, suitable for the simulation of granular materials, was 
used, while the FRP was modeled as a linear elastic orthotropic and transversely isotropic material. 

The most convenient combination of element types was pointed out for the two different parts of the model, in 
terms of a compromise between accuracy and computational effort. The correct symmetries of the deformed 
shape of the model were achieved through the proper choice of the boundary conditions. 

The model calibration was carried out through a sensitivity analysis performed on the Drucker-Prager 
parameters, which led to the individuation of the most appropriate values of such parameters for the actually 
investigated material and confinement type. A good correlation was finally achieved between experimental and 
numerical data in terms of stress-strain curves. 

Once calibrated the model, it was parametrized and utilised in order to simulate the structural behaviour of the 
physical model for various geometric shapes and material properties, aiming at building handy design abacus for 
professional designers. 

Figure 1 shows a hollow-core cylinder tested and the relative numerical model. 
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Figure 1- Numerical results for a hollow-core cylinder tested. 
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ABSTRACT 

Fibreglass composite materials are used extensively in the boat and leisure craft industry and are increasingly 
being used by navies in patrol boats, mine hunting vessels, and large warship structures. In all these applications, 
flammability is possibly the greatest single factor hindering the wider use of these materials and their 
applications [1]. Furthermore, the stability, stiffness and strength can be reduced by thermal softening of the 
matrix, which is due to the onset of the glass transition in the case of thermosetting matrices. While researchers 
have investigated the composite post fire characteristics [2], little work has been done to date on establishing 
their properties during the fire event. 

Detailed experimental testing is required to predict the degradation of the tension and compression strengths of 
fibreglass composites during one-sided fire/heat exposure. Time-to-failure predictions require knowledge of the 
through-thickness temperature profile and the dependence of the mechanical properties on temperature, as well 
as the failure mechanisms involved. 

Temperature profiles were measured by inserting thermocouples into the composite, and the temperature profile 
was predicted accurately for different heat fluxes using COMFIRE, a program developed by the University of 
Newcastle. Material properties such as thermal conductivity, specific heat and heat of decomposition are 
required as input parameters and have been measured for vinyl ester and phenolic resins. The degradation 
behaviour of the resins was measured with TGA under different atmospheres and heating rates. The kinetic 
parameters for the mass loss, the activation energy and rate factor, were obtained with a multi-branch least 
squares fit assuming a first-order Arrhenius equation. 

Structural parameters such as strength, modulus, Poisson’s ratio, and thermal expansion were measured under 
tension and compression for the vinyl ester and phenolic composite laminates for uniform temperatures up to 
350ºC. For compressive strength, the strength is assumed to further reduce during resin degradation above 
350ºC. For tensile strength, a further decrease is taken into account because of the glass strength reduction at 
temperatures up to 500ºC. These data are required to predict the structural behaviour of laminates supporting a 
static tension or compression load exposed to a one-sided heat flux. Figure 1 shows the experimental test set-up 
for the fire under load testing. The applied temperatures range between 300 and 700ºC for heat fluxes of 10 - 
75kW/m2. The time-to-failure is measured as a function of heat flux and applied load. The mechanical load was 
applied in fixed percentages of the room temperature failure load. 

Both finite element modelling and analytical modelling using composite laminate theory are used to predict 
deformations and time-to-failure of the laminates. In-plane and out-of-plane deformations are caused by thermal 
expansion and are compared to the modelling results. The models furthermore investigate the predictions of 
residual and progressive strength analyses using the temperature-dependent mechanical properties of the material 
and its through-thickness-temperature profile. 
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Figure 1- Schematic & photograph of the fire-under-load test. 

The bulk residual strength is calculated by averaging the mechanical properties in the through-the-thickness 
direction, while progressive failure models investigate the use of different failure criteria depending on the 
loading conditions (e.g. buckling failure criteria for compression). The tests reveal that the models can predict 
the time-to-failure characteristics with good accuracy. Figure 2 shows exemplary results of the residual strength 
approach in predicting time-to-failure under compressive loading for glass/vinyl ester laminates at different heat 
fluxes. Further experimental work on sandwich materials and the phenolic resin laminates is currently being 
undertaken to validate the models for a wider range of composite materials. 

 
Figure 2- Predicted failure times for the GFRP laminate tested at different heat fluxes. 

ACKNOWLEDGEMENTS 

The study was funded by the United States Office of Naval Research (Grant No. N00014-04-10026). The 
authors thank Luke Bond (RMIT), Peter Tkatchyk (RMIT), Sarina Russo (DSTO), Paolo Corciulo (CRC-ACS) 
and Gary Mathys (DSTO) for assistance with property testing. 

REFERENCES 

[1] A.G. Gibson and J. Hume. ‘Fire performance of composite panels for large marine structures’. Plastics, 
Rubbers & Composites Processing and Applications, 23 (1995), 175-183. 

[2] A.P. Mouritz and Z. Mathys. Post-fire mechanical properties of glass-reinforced polyester composites. 
Composite Science & Technology, 61 (2001), 475-490. 



 

32 

MEASURING THE FRACTURE TOUGHNESS FOR DIFFERENT FAILURE MODES IN 
LAMINATED COMPOSITES 

S T Pinho, P Robinson and L Iannucci 
Department of Aeronautics, South Kensington Campus, Imperial College London, SW7 2AZ, U.K. 

ABSTRACT 

The use of a four point bend test is investigated for the measurement of intralaminar toughness of unidirectional 
T300/913 and HSC/SE84LV carbon-epoxy laminated composites. A key element of the investigation is the 
process of producing a sharp pre-crack and the effect of this on the measured toughness. Two different 
approaches [1] to introduce the pre-crack into the laminates during layup were investigated. In the first one, a 
plastic non-stick film was used to separate the two sides of the crack and in the second one, a metal blade coated 
with release agent was used. The second approach resulted in a method in which the pre-crack is produced 
during the layup and cure process and this is shown to cause minimal distortion of the plies of the laminate, 
Figure 1(a). The test results show good consistency and low scatter, and the fracture toughness measured is close 
to the mode I interlaminar fracture toughness for the same materials. The results seem to indicate that there is a 
correlation between ply distortion and an increased measured fracture toughness. However, for the specimens 
tested (all specimens had sharp crack tips and no damage ahead of the crack tip was present), this correlation is 
not strong. Using a plastic film to create a pre-crack does not yield a straight pre-crack, but the fracture 
toughness values obtained were found to be consistent with those obtained using the metal-blade approach to 
create the pre-crack. 

The fracture toughnesses associated with fibre tensile failure and compressive fibre kinking in a T300/913 
carbon-epoxy laminated composite are measured using compact tension and ‘compact compression’ [2] tests 
respectively, see Figure 1(b). The specimen strain fields were monitored using a digital speckle photogrammetry 
system during the tests. The damage present in the specimens after the tests was investigated using C-scan and 
optical and scanning electron microscopy. The initiation and propagation values of the tensile fibre failure 
fracture toughness were measured to be equal to 91.6 kJ/m2 and 133.5 kJ/m2 respectively. For fibre compressive 
kinking, an initiation value of 79.9 kJ/m2 was obtained, but no meaningful propagation values could be 
determined. In both cases, the test results showed low scatter. 

Micrographs of the crack tip of a CT specimen are presented in Figure 1(c). For the CT specimens tested, crack 
growth was not smooth nor continuous: instead, several crack jumps of a few millimeters each time were 
observed, Figure 1(d). The R-curves obtained from the tensile tests are shown in Figure 1(e). The average 
fracture toughness obtained for initiation is 91.6 kJ/m2 with a standard deviation of 6.7%. Since the R-curves 
seem to converge after a ≈ 34mm, a propagation value for the fracture toughness can be defined. The average 
propagation fracture toughness is 133.5 kJ/m2 with a standard deviation of 15.7%. The R-curves obtained from 
the compressive tests are shown in Figure 1(e). The average fracture toughness obtained for initiation is 79.9 
kJ/m2 with a standard deviation of 7.7%. Using the area method, the average propagation fracture toughness is 
143.3 kJ/m2 with a standard deviation of 10.5%. Figure 1(f) shows a Scanning Electron Microscope (SEM) 
image of the typical fracture surface for a CT specimen. It is not an entirely planar fracture surface, as it exhibits 
a limited amount of fibre-pullout in the 0º plies. This study also shows that the data reduction process based on 
the stress intensity factor for isotropic materials [3] should not be used, and FE was found to be a valid 
alternative. 

Acknowledgement. The funding of this research from the Portuguese Foundation for Science and Technology is 
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SEM. 
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Figure 1- (a) Notch for the intralaminar fracture toughness test; (b) CT and CC specimens; (c) pre-crack for the 

CT tests; (d) Load vs. displacement curves for the CC and CT specimens; (e) R-curves for the CT and CC 
specimens; (f) SEM picture of the fracture surface of a CT specimen. 
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ABSTRACT 

Adhesive joints between carbon fibre reinforced composite materials in aerospace industry are increasingly 
being applied to modern structures. The manufacturing procedures which include the use of adhesives, require 
extensive experimental testing in the different stages of the process. For instance, the quality of the adhesive and 
the compatibility with peel ply fabrics are checked upon the reception of the material by means of DCB (Double 
Cantilever Beam) tests on pre-cracked specimens. Later on, the assembly of structural parts by means of bonded 
or co-bonded adhesive joints goes along with the manufacture of panels, prepared exactly under the same 
conditions, that will be tested to assess the quality of the joint in the structure. Moreover, the high sensitivity of 
the quality of the joint to several manufacture operations such as surface preparation of the adherents, 
contamination, moisture, curing conditions, etc. should be taken into account. Therefore, the high number of 
specimens to be tested and the sensitivity of the quality of the joint to somehow uncontrollable parameters, raises 
the need of a reliable and repetitive test. 

The DCB test is the most widely performed to obtain the mode I fracture toughness, GIC, of bonded joints. 
However, it is well known that the experimental results of the tests (GIC

exp: mode I fracture toughness derived 
from force-displacement curves) is sensitive to the geometry of the adherents, even though it conforms to the 
recommendations of the corresponding standards. This dependence is not anticipated by beam theory models 
which consider that the crack evolves in pure mode I irrespectively of the adherent thickness. This effect has 
already been reported for the adhesive joint testing between metallic materials. In this case, the dependence of 
the plastic deformation of the adhesive and metallic adherent on the specimen thickness is claimed to be at the 
origin of this effect [1]. Other authors, who investigated adhesive joints between metals, point to the existence of 
residual thermal stresses (which would depend on the sample thickness) to explain this phenomenon [2]. 
According to the knowledge of the authors of the present communication, no specific investigation has been 
published to describe and explain this dependence of DCB results on specimen geometry when testing adhesive 
joints between composite materials. 

A particular characteristic of adhesive joints among composite materials is the possibility of the formation of 
delaminations (interlaminar cracks) during the test [3]. The initial pre-crack which is pretended to be placed in 
the centerline of the adhesive in order to promote a cohesive crack propagation, may evolve to a interlaminar 
crack away from the adhesive. Indeed, the fracture toughness for crack propagation in the adhesive (cohesive 
failure), or even, for propagation in the interface between the adhesive and the composite ply (adhesive failure), 
is commonly considerably higher than the fracture toughness for the delamination. Therefore, the crack path may 
evolve from the centerline of the adhesive to a delamination (it would not longer evolve in pure mode I) or, 
alternatively, some delamination (not visible) may be generated underneath the main crack in the adhesive. The 
consequence of this phenomenon is that the fracture energy involved in the test would raise due to an increase of 
damage processes and generated failure surface and, correspondingly, the experimentally determined fracture 
toughness of the adhesive, GIC

exp , would overcome the real one. 

This communication presents the investigation performed to analyze the effect of the thickness of the composite 
adherents on the occurrence of delaminations during DCB tests of adhesive joints. Finite Element Modeling and 
the VCCT (Virtual Crack Closure Technique) have been used to simulate the adhesive joints (adherents and 
adhesive with pre-crack) and to estimate the stress concentration in the crack tip as well as the associated SERR 
(strain energy release rate), G, for different specimen geometries. 

In qualitative good correspondence to the experimental results, it is demonstrated that higher adherent 
thicknesses are more likely to result in delaminations than thinner adherents. This phenomenon is considered to 
be a consequence of the stress constrain in the thinner adherent. 
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In addition, the critical defect size in the interlayer adjacent to the adhesive that results in a delamination instead 
of adhesive crack propagation has been found by means of the VCCT method. Finally, an iterative process has 
been applied to determine the progression of the adhesive crack and the delamination crack during the test. It 
was found that occasionally the delamination crack grows in the direction opposite to the main crack. A detailed 
description of the evolution of the complex scenario of an adhesive crack growing together with a delamination 
has been achieved. See Figure 1. 

 
Figure 1- Evolution of a DCB specimen test with a main crack in the adhesive and a small flaw in the adjacent 

interlayer 
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ABSTRACT 

Lamination of composite structures is one of the most common manufacturing techniques used in the 
construction of composite components. As the applications of composites expand, the use of laminated 
components in primary structures is becoming more prevalent. One of the limiting factors of laminated structures 
is a failure mode known as delamination which is the most common reason for laminated composite component 
failure and is the separation of individual layers of the laminated structure. 

This paper reports an experimental study on the mode I, mode II, mode III and mixed-mode I-II interlaminar 
fracture toughness of unidirectional glass fibre reinforced polymer matrix composites. A double cantilever beam 
(DCB), an end notch flexure (ENF) and an edge cracked torsion (ECT) test procedurewere used respectively to 
characterize mode I, mode II and mode III fracture toughness (GIc, GIIc and GIIIc) using the procedure established 
on the recommended practices [1]. In order to characterize the mixed mode fracture a mixed-mode bending 
(MMB) test procedure was used to measure the mixed-mode I-II fracture toughness under a wide range of ratios 
GI/GII. 

These tests were performed using a unidirectional laminate [024] and quasi-isotropic laminates [(-45/90/+45/0)3]s 
of glass fibre reinforced epoxy with an initial delamination in the midplane of the laminate for DCB, ENF and 
MMB specimens. For the tests under mode III loading a composite laminate [90/(±45)3/(∓45)3/90]s made of 
unidirectional glass fibre reinforced epoxy was used according to the proposed procedure in the literature for the 
ECT specimen. The delamination was artificially induced using a 13μm thickness Teflon foil during cure of the 
specimen. 

A numerical study using a solid 3D finite element analysis using Virtual Crack Closure Technique (VCCT) and 
Beam theory was also performed to obtain the interlaminar critical strain energy release rate [2]. 

Figure 1 shows the comparison of different data reduction methods for beam theory (modified beam theory 
(MBT), the compliance calibration method (CC) and the modified compliance calibration method (MCC)), the 
virtual crack closure (VCCT) by Ribiki-Kanninen and experimental results. 

 
Figure 1- Delamination Resistance Curve (R Curve) from DCB Test for experimental, beam theory and virtual 

crack closure results. 
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The numerical studies, applying the Ribiki-Kanninen and the Beam theory method of strain energy calculation, 
showed a good correlation with the experimental analysis and the classic methods of mode partitioning [3]. 

Figure 2 shows the distribution of mode I, mode II and mixed-mode for experimental and analytical results. The 
analytical results were obtained using finite element analysis by ANSYS. 

 
Figure 2- Comparison of mode I, mode II and mixed-mode I-II experimentally and analytical. 
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MULTISCALE ANALYSIS OF THE STRAIN RATE EFFECT ON THE BEHAVIOUR AND DAMAGE 
OF COMPOSITE MATERIALS 
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ABSTRACT 

The evolution of the damage mechanisms occurring at the micro scale for a strain rate range between 10-4 and 
350 s-1 is presented. The evolution of microcracks is compared to the decrease of the Young modulus on the 
specimen loaded on a high speed tensile machine (20 m/s). The quantitative data at the micro scale is used in a 
micro macro model (Mori and Tanaka) to predict the macroscopic behaviour of the composite. Experimental 
results at two scales and the homogenisation model are combined to lead to physical anisotropic viscodamage 
behaviour laws. Illustrations will be given on different composites: glass polyester laminate, carbon epoxy 
laminate and SMC. 
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ABSTRACT 

The paper focuses on the advantage to use a full-field technique when designing a part in composite materials. 
The actual structure is a composite beam with a ‘T’ cross-section which is intended to replace a similar beam 
made of light alloys and acting as an aircraft wing stiffener. The interest to use advanced composites here is to 
save weight. Moreover, composites should also reduce the component cost; therefore a solution based on 
preform injection moulding process has been selected. Since the overall shape of the beam was previously fixed, 
the main question was to select the fibre preforms and the way to design and assembly the preforms to reach 
acceptable properties. 

Firstly, a reference tensile test on ‘T’ shaped beam specimens is developed to compare the various solutions. The 
test should be simple enough but representative of the main loading of the part. Simplicity and flexibility of the 
testing approach are required when different solutions are to be investigated at the beginning of the design 
process. However, any rational comparison of structural performances has to be based on well-defined 
mechanical variables leading to quantitative data with uncertainties. Usually, industry is interested in overall 
quantities such as the stiffness and strength of the structure, those quantities being difficult to define accurately. 
The component part being complex and the goal being the optimisation of it, there is a need for more accurate 
characterization such as the localization of the first macro-damage. Obviously, the utilization of full-field 
methods would be both efficient and time saving. 

 

 
 ‘T’ beam in composites Tensile test on a ‘T’ beam specimen 

 

Secondly, it is shown that the grid method [1] [2] can be easily implemented in any industrial R&D laboratory 
since it relies on classical operations: gauge or grid bonding and image acquisition, and only basic knowledge is 
required to calibrate the set-up and evaluate metrological parameters, such as the resolution or the spatial 
resolution. Moreover, since it is a geometric method similar to well-known moiré it belongs to the usual culture 
of people in charge of mechanical tests. It is shown that the full-field method revealed the complexity of the test 
and led to an improvement of it before giving information on the tensile behaviour of the specimen. Then, the 
occurrence of the first macroscopic crack on the specimen edge was shown to be in agreement with the 
conventional first cracking load, based on the differentiation of the loading stress-strain curve. Finally, the 
localization and 2D full-field displacement measurement gave a first information on the damage mechanisms 
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linked to the méso-structure of the specimen. In the present case, the use of three different preforms to build up 
the ‘T’ shaped cross-section give rise to a complex assembly which generated both interlaminar shear and fibre-
matrix transverse tension. 

The full-field technique permitted refined comparison between different preform assemblies: standard and z-
pinned ‘T’ specimens have been tested to quantify the gain in properties which can be drawn from the z-pin 
assembly technique [3]. The grid method proved there is a load transfer to the z-pins but the first cracking load 
did not seem to be significantly modified, however a refined analysis would be necessary in the future to 
quantify the effects of various parameters such as z-pin diameter, z-pin surface treatment, density and 
arrangement. The only obvious effect of the z-pins is to highly increase of the toughness of the specimen. 

Finally, a FE 2D analysis has been carried out with ABAQUS code to strengthen the experimental approach. The 
numerical analysis is not so easy to perform since the transverse material properties are needed and the structure 
of the preform is very complex. Any further modelling would require 3D local and global analysis and 
development of specific characterization tests. The numerical simulation was shown to be in reasonable 
agreement with the experimental results and confirmed the effect of the displacements occurring within the 
grips. 

In conclusion, this experimental approach proved the efficiency of full-field techniques, especially when 
structural parts are tested. Those techniques give information on the quality of the test and allow the localization 
of the first macro-crack. This type of information is not so usual in industry; in the present case it is shown that it 
is capital since new routes to optimise the part can be provided. However, to be routinely utilized in industrial 
R&D laboratories, the technique should be in agreement with the usual in-house practices. This is the reason 
why the grid method has been introduced. It is proved that such a technique can be easily implemented when 
refined information is needed during the optimisation process. 
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OPTIMIZATION OF COMPOSITE MATERIALS AND STRUCTURES FOR RACING MULTI-HULL 
YACHTS 
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ABSTRACT 

Background: 

Following a reduction in reliability of ocean racing multi-hulls as performance increased, the technical team of 
the Groupama trimaran (skippered by Franck Cammas) launched a research campaign in collaboration with 
IFREMER Brest, the University of South Brittany and Cranfield University (U.K.). The aim was to develop and 
qualify high performance composites for nautical use. 

The programme is based on the characterization of high modulus carbon fibres and the study of innovative 
solutions to improve their composites, together with a study of the impact behaviour of these composites in 
sandwich materials under impact loading. This contribution will present results from the test programme and 
discuss the difficulties associated with testing very stiff composites. 

 

High modulus carbon composites 

Physico-chemical and basic mechanical properties (tension, flexure and short beam shear) of specimens 
produced from unidirectional prepreg with PAN (M40J, M46J, M55J) and pitch (K637) fibres, produced using 
both oven and autoclave routes, have been determined. Then the crack propagation resistance of DCB and MMB 
specimens was examined. This has enabled the parameters affecting defect sensitivity to be quantified. An 
example of results is shown below. The application of standard mode I and mixed mode tests to these very high 
stiffness specimens requires care and will be discussed in detail. 

 
Figure 1- Mode I interlaminar fracture resistance of high modulus carbon UD fibre composites 
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Extensive optical and scanning electron microscopy enabled fracture mechanisms to be more clearly understood. 

In parallel with these tests the use of through-thickness reinforcement (Z-pinning) was studied for specimens 
reinforced with M46J fibres. Pinning results in significant increases in fracture energy but again test analysis 
requires care. This solution appears very promising for local reinforcement of highly loaded regions, notably 
around holes and cutouts. 

 

Impact on sandwich panels 

Having characterized the carbon/epoxy materials which make up the skins, the second part of the study 
examined the impact behaviour of sandwich panels. The aim is to improve the damage tolerance of sandwich 
with foam or honeycomb cores used for floats or cross-beams. A special test was developed involving dropping 
a weighted medicine ball from increasing heights onto sandwich panels, Photo 1. 

 

 
Photo 1- Impact test set-up 

 

This study has allowed different sandwich concepts to be evaluated but extensive instrumentation (high speed 
digital camera, laser displacement transducer, strain gauges) has also resulted in an improved understanding of 
the impact process and provided data for correlation with FE modelling, e.g. Figure 2. 

 

 
Figure 2- Lower skin deflection during 1m drop of 19kg soft impacter. 
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ABSTRACT 

Many modern wind turbine blades are constructed with a load-carrying box girder that supports the outer shell. 
The purpose of the box girder is to give the blade sufficient strength and stiffness, both globally and locally. 
Globally, the blade should be sufficiently stiff in order not to collide with the tower during operational loading. 
Locally, the box girder, together with the stiffness of the outer shell, ensures that the shape of the aerodynamic 
profile is maintained. 

The pressure and gravity load on the blade results in edgewise and flapwise bending, as well as torsional loading 
of the blade. The box girder primarily carries the flapwise and torsional loads, while the edgewise bending is 
carried mainly by strengthening the leading and trailing edges of the aerodynamic profile. In flapwise bending, 
one side of the box girder is in compression and one side in tension. The compressive loading may cause the 
flange to fail in buckling. It is well known that the boundary conditions have a large influence on the buckling 
strength of a panel. For the box girder, the transverse properties of the corner and web represent the boundary 
condition of the flange. The purpose of the investigations presented here is to measure transverse properties of a 
box girder experimentally in order to investigate how well different finite element models predict these 
transverse properties. This is expected to result in recommendations for how buckling of wind turbine blades can 
be predicted using FEM. Comparison between shell and solid FE-models has previously been done by Pardo & 
Branner [1] assuming isotropic material. 

 
Figure 1- Test setup. The top is fixed and the bottom with the two supports is moving upward during loading. 

The tests are performed in displacement control using a 250 kN Instron material testing machine. The test setup 
is shown in Figure 1. The upwind side (bottom flange) is supported by two cylinders symmetrical about the 
midplane. The downwind side (top flange) is loaded by a cylinder in the midplane. Both the support and loading 
cylinders are slightly angled in order to account for the longitudinal tapering of the box girder. Three specimens 
cut from the load carrying box girder of a 25m wind turbine blade were tested and deformations and strains were 
measured. The specimens have different depths, but only little difference is seen for the measurements. 
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Initial results are reported in Sørensen, Branner et al. [2] and in this paper further results are presented. The 
overall deformation (actuator load versus travel) of the test specimens is shown in Figure 2. The load per unit 
depth is normalised with the maximum failure load per unit depth of the 3 specimens. The deformation is 
normalised with the height of the specimen. The load-displacement behavior of the 3 specimens is very similar. 
The behaviour is linear up to a deformation of approximately 1% of the specimen height. Geometrical 
nonlinearities can explain the behaviour up to approximately 2.2% of deformation. Hereafter material non-
linearities seem to be taking over. 

The specimens were tested until failure and the paper will also present results and observation from the collapse 
of the specimens. Failure mechanisms that led to the collapse will be discussed. 

 
Figure 2- Actuator load versus actuator displacement for the 3 specimens. The black lines are from the linear and 

non-linear finite element analysis. 
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ABSTRACT 

Until recently the world of continuous fibre reinforced composites and the world of nanocomposites have been 
evolving separately. We have developed a new type of multi-scale composite, which combines continuous fibre 
reinforcement with a thermoplastic nanocomposite matrix material. The micrometer length-scale of the fibres 
and the nanometer length-scale of the matrix reinforcement enable the combination of reinforcement on two 
levels (Figure 1). We have shown in a PA6-matrix fibre composite that the use of nanocomposites as matrix 
material can significantly increase the compressive and flexural strength of the fibre composite, due to the much 
higher matrix modulus [1]. This positive effect of the nanocomposite matrix on the strength is especially 
important at elevated temperatures and in high humidity environments. It has been shown that with the 
nanocomposite matrix the fibre composite has up to 40% higher flexural strength at elevated temperatures 
(Figure 2). This also means that the new composite retains some strength at temperatures that are up to 50 ºC 
higher. In contrast to the use of different matrix polymers to improve the high temperature behaviour, the use of 
nanocomposites can be implemented without any change in the processing temperature. Therefore, this is a very 
cost-effective method to increase the maximum use temperature. 

While the idea of using a nanocomposite as the matrix of a fibre reinforced composite may be simple, in reality it 
is not so easy to produce a three-phase composite that shows the desired increase of the strength due to several 
complications. Indeed, the concept has been investigated before without much success [2]. The expected increase 
in strength can only be achieved if all other factors, such as void content, fibre wetting and adhesion, remain 
unaffected. This is, unfortunately, often not the case. 

For example, using a single fibre fragmentation test, we have shown that the adhesion with the fibres is often 
lower with nanocomposites than with the unfilled matrix polymer [3]. 

An important problem with nanocomposites as matrix materials is the increased melt viscosity, compared to 
unfilled polymers. In addition, a melt yield stress can occur due to the formation of a particle network. This melt 
flow behaviour is obviously a disadvantage for the use as thermoplastic fibre composite matrix, because it 
complicates the fibre bundle impregnation and fibre wetting. 

To understand and solve this problem, the influence of the shape of the reinforcing particles in the 
nanocomposite, especially the aspect ratio, on the melt flow behaviour and the mechanical properties has been 
studied [4]. 

In this paper we will show how we have used a combination of experimental data obtained from mechanical 
tests, moisture diffusion tests and rheological tests in combination with several simple models to determine the 
average particle aspect ratio in the nanocomposites. In addition, WAXS and DSC were used to determine other 
important model parameters, such as particle orientation and matrix crystallinity. 

The results of the tests and the models have shown how the particle modification and production process 
influence the average aspect ratio in the nanocomposites. This also shows that properties that are beneficial for 
the mechanical properties can cause fibre impregnation to deteriorate. Therefore, a compromise has to be found. 
With the new understanding of how the particles influence the nanocomposite matrix a material could be 
selected that indeed results in the predicted increase in the fibre composite strength. 

The experimental results of the nanocomposite and the fibre composite will be discussed, in combination with 
the models that can explain how the nanocomposite influences the properties of the fibre composite. 
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Figure 1- The new three-phase composite: nm thin silicate layers (left, TEM) can fit between μm sized fibres in a 

continuous fibre reinforced composite (right, SEM). They lead to a large increase of the matrix modulus, also 
above Tg. 

 

 
Figure 2- Fibre composite with nanocomposite matrix shows large increase in flexural strength. 
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ABSTRACT 

Defects in sandwich structures are often inevitable and can originate both from manufacture and use. An 
important defect type is debonding, i.e. areas with weak or no adhesion between skin and core. In a sandwich 
structure debondings can arise in production when an area between skin and core has not been wetted properly 
resulting in a lack of adhesion. In use, damages from loads e.g. impact might result in formation of a debond 
crack. With debonds present the structure might fail under loads significantly lower than those for the intact 
sandwich structure. In order to improve the damage tolerance of sandwich structures an increase in the toughness 
between skin and core is necessary [1]. 

It is believed that the microstructure of the interface between skin and core can have a large effect on the fracture 
toughness. It has been shown that the presence of a mat with random oriented and loosely packed fibers between 
the core and the laminate facilitates the formation of large scale fiber bridging, resulting in a significant increase 
in crack resistance [2]. The formation of large scale fiber bridging results in a fracture process zone with length 
several times the skin height. To characterize the crack growth resistance the J integral is deployed since it is 
valid for handling fracture with large fracture process zone. By analytical derivation the J integral is determined 
for the special sandwich specimens used in the tests [3]. 

The aim of the current work is to establish a more fundamental understanding of sandwich fracture and 
mechanisms taking place during fracture. Several conditions have an influence on the fracture mechanisms and 
nominal fracture toughness e.g. mode mixity of the loading, skin lay-up, resin type and core density. In the 
experimental part of this study we measure the fracture toughness of the skin/core interfaces for one material 
combination by loading specimens under different mode mixities. Observations during experiments are used to 
identify mechanisms related with variation in fracture toughness for the different mode mixities. 

Specimens are manufactured by an industrial partner, with materials and thicknesses similar to those used in 
structural components. The sandwich consists of 2.5 mm thick glassfiber/polyester skins and 20 mm thick PVC 
foam core with density 80 kg/m3. A teflon film strip is placed between skin and core during manufacture to have 
a well defined start crack. The build-up configuration of the skins is (0/90, Unifilo®, ±45, CSM), where the 
CSM (chopped strand mat) laminae is located next to the core. The Unifilo and CSM laminaes consist of 
continuous fibers oriented randomly. The biaxial mat (0/90 and ±45) is 0.7 mm thick and has an area density of 
600 g/m2. The Unifilo and CSM laminaes are 0.7 mm and 0.4 mm thick respectively and have an area density of 
450 g/m2 and 300 g/m2 respectively. The overall dimensions of the sandwich specimens are 25 mm thick, 30 mm 
wide and 450 mm in length. 

The test method is based on loading the sandwich specimen by uneven bending moments, see Figure 1. By 
varying the moments the ratio between tangential and normal crack opening displacement can be varied in the 
full mode mixity range. The loading by moments has the advantage that stable crack growth is accommodated 
because the J integral value is independent of the crack length. The moments are applied by vertical forces acting 
on two horizontal arms attached to the top of the specimen. The forces are applied by a roller/wire system 
mounted in a tensile test machine. 
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Figure 1- Test specimen loaded by uneven bending moments. 

As the load exceeds a critical value crack growth is initiated and the right skin separates from the core. Because 
of the thin skin and increasing crack length large rotations occur, which is critical for the accuracy of the test. 
The rotations are reduced by adhering a 2 mm thick aluminium strip to the right skin. The stiffening of the skin 
is taken into account in the analytical derivation of the J integral. Stiffening of the skin furthermore has an effect 
on the fracture behaviour if mechanisms as fiber bridging occur because the reduced rotation elongates the 
fracture process zone (see Figure 2). 

 
Figure 2- Failure process zone with and without stiffening of the skin. 

Hereby the spatial material variation is reduced since the fracture process takes place over a larger area and a 
more homogenous behaviour is measured. 
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ABSTRACT 

Failure of composite laminates involves different damage mechanisms that result in the degradation of the 
material. One of the most important damage mechanisms, commonly referred to as delamination or interlaminar 
crack, is caused by the debonding of two adjacent plies of the laminate. In aeronautical applications, composite 
plates are sensitive to impact, and delamination occurs readily in composite laminates on impact. If the 
composite structure is subsequently loaded in compression, delaminations are likely to grow in varying crack 
propagation mode and eventually cause structural failure by buckling [1]. Many composite components have 
curved shapes, tapered thickness and plies with different orientations, which will also make the interlaminar 
crack grow with a mode mix that depends on the extent of the crack. Thus, interlaminar cracks in composite 
laminates generally grow under varying mixed-mode conditions. 

On the one hand, delaminations are commonly studied in laboratory conditions by using the double cantilever 
beam test for mode I, the end-notched flexure test or the end load split test for mode II and the mixed-mode 
bending test for mixed-mode. For all these tests, the ratio between mode I and mode II remains constant and does 
not vary with the crack length. However, this is not the case for the mixedmode end load split (MMELS) test. In 
the MMELS test, the delamination propagates under a varying mode mix that depends on the crack extension, 
which is a more realistic scenario. 

On the other hand, the majority of the models for mixed-mode delamination under fatigue loading are based on 
the Paris law for the fatigue growth of a crack in isotropic materials. These models are formulated in such a way 
that the parameters of the model, coefficient and exponent, vary in a monotonic way with the mode mix [2]. 
Therefore, the parameters of the model increase or decrease continuously with the mode mix. However, taking 
into account the different experimental results of mixed-mode delamination under fatigue conditions [3, 4, 5], it 
can be shown that the variation of the Paris law parameters with the mode mix is non-monotonic. Consequently, 
the predictions obtained with the monotonic mixed-mode fatigue models are uncertain for the cases where the 
propagation parameters do not vary monotonically with the mode mix. A new non-monotonic model was 
formulated to take into account the non-monotonic variation of the parameters with the mode mix [2]. 

The aim of this work is to present the results of an experimental study on variable mixed-mode delaminations 
under fatigue loading carried out on a carbon-epoxy composite laminate. To this end, a MMELS test was 
designed and employed during the study. The test rig was designed to avoid axial forces in the specimens and to 
apply the external load centred with the neutral axis of the beams. Two different beam-type specimens were 
considered to ensure a large variation of the mode mix during the tests: centred and eccentric specimens. For the 
first type, the initial delamination was placed at the mid-plane of the laminate, whilst for the second type the 
initial delamination was placed asymmetrically. In this way, different fatigue crack growth rates, da/dN, were 
obtained depending on the mode mix. The experimental set for a centred specimen can be seen in Figure 1. 
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Figure 1- Experimental test rig for the MMELS test. 

 

The experimental results of da/dN versus applied energy release rate, G, were compared with the predictions of 
different models for mixed-mode delamination under fatigue conditions present in the literature. The same 
results were also used to validate the non-monotonic model proposed for mixedmode delamination under fatigue 
loading. 
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ABSTRACT 

Impact damage may significantly reduce the tensile and compressive strength of composite laminates. 
Elementary models for prediction of strength after impact replace the damage zone by a hole [1], while other 
models have assumed a soft inclusion [2-4]. The main deficiency of the latter approach is the lack of knowledge 
of the stiffness of impact damage zones. Tests on coupons cut from the damage region have indicated significant 
stiffness reductions [5] but such tests are destructive and may be misleading, due to stiffness reductions and 
premature failure caused by the free edges. This effect is particularly evident in compressive buckling, but is also 
present in tension. 

Full field optical methods have earlier been applied to determine the stiffness of uniform soft inclusions [6]. In 
this paper such methods are used in an initial study of impact damage [7]. Quasi-isotropic HSC/SE84LV 
carbon/epoxy laminates of the dimension 100 x 150 mm simply supported on a 75 x 130 mm frame were 
impacted by a drop weight impactor with 6.35 mm tup radius. Impact energies of 5, 10 and 20 J were used on 2.5 
mm laminates, and 10 and 28 J on 4.8 mm laminates. The resulting damage was described by use of ultrasonic 
C-scan for detection of delaminations and by deplying for detection of fibre damage. The impacted specimens 
were tested in tension and compression using knife edge supports along the unloaded edges. Strain and 
displacement fields were measured by use of full field digital speckle photogrammetry (DSP) with an Aramis 3D 
system from GOM, using a second pair of cameras to monitor the back face in compression. 

The damage consisted of an approximately circular region with delaminations and a central zone with fibre 
damage, with a diameter of less than half of the delaminated area. For the lowest impact energy (5 J) no fibre 
damage was observed. The magnitude of in-plane strain concentrations is closely linked to the in-plane stiffness 
gradients in the laminate. Uniform inclusions produce a discrete stiffness change and a more severe strain 
concentration than regions with gradually varying stiffness. Thus, the local stiffness in a region with gradually 
decreasing stiffness must be lower than the stiffness of a uniform soft inclusion to produce the same strain 
concentration. An upper bound for Young’s modulus in a circular damage region is obtained by considering the 
strain concentration factor [6] and the finite width correction factor for a uniform inclusion suggested in [2]. 

Figure 1 shows strain distributions over the width in tension, and demonstrates that strain concentrations are 
closely linked to fibre damage. Assuming uniform properties in the fibre damage zone, its tensile modulus would 
be about 50% of the undamaged material for the cases where strain concentrations were observed. 

Figure 2 shows strain distributions over the width in compression. In spite of edge supports and moderate 
specimen widths compression invariably caused some buckling and measurements from both faces of the 
specimen were required to separate bending and membrane strains. The membrane strains and bending strains 
are of the same order and remain at a relatively constant ratio. Significant strain peaks are observed in the region 
with fibre fracture. The membrane strain concentrations in the first two cases would require a compressive 
modulus below zero, which is unphysical. The relative modulus in the 4.8 mm 28 J case would be 0.3 if 
considering the delamination zone and 0.12 if considering the fibre damage zone, which is too low to be 
explained by the reduced in-plane stiffness, as the effect of fibre fracture should be larger in tension. 

This initial study demonstrates that impact damage in tension causes fairly moderate strain concentrations 
confined to the small central zone with fibre damage. Thus, designs replacing the entire delaminated region by 
an open hole are overly conservative. Strain concentrations under compression cannot be explained by reduced 
in-plane stiffness and are clearly induced by buckling, which seems to be enhanced in the region with fibre 
fracture. Thus, predictive models assuming a “notch type” in-plane compressive failure appear to be incorrect. 

Earlier experiments have validated the theoretical prediction of a uniform strain field in uniform inclusions [6]. 
The significant strain variations within the current damage zones demonstrate that assumptions of a uniform soft 
inclusion are inapplicable, and further work is planned to study the spatial stiffness variation in the damage zone. 
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Figure 1- Strain distribution in tension (for different 

levels of applied strain). 
Figure 2- Strain distribution in compression. 
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ABSTRACT 

The use of composite materials in mechanical, aerospace, automotive, shipbuilding, and other branches of 
engineering, is constantly increasing [1]. The demand for these materials is also expected to rise considerably in 
the near future because of reduced manufacturing costs and improvements in product quality. 

A knowledge of the elastic properties of composite materials is essential for design and application and the 
measurement of these properties during manufacturing offers the potential for improvements in quality control. 
Traditional test procedures based on static loading of test specimens tend to be slow and expensive. At least three 
separate static tests are required to measure the four elastic constants describing the linear-elastic stress-strain 
relationship of thin uni-directional laminates [2]. Moreover for properties such as shear modulus, these tests 
often yield poor results. As an alternative to tensile testing, mixed numerical experimental techniques have 
received increasing attention [3, 4]. 

In the present paper a method is proposed, which combines finite element analysis and genetic algorithms to 
identify the elastic properties of isotropic or orthotropic materials by the full-field measurement of the surface 
displacements of plates under flexural loads. An optimising process updates the elastic constants in a numerical 
model in such a way that the outputs from the numerical analysis fit the experimental data. As a result the 
unknown parameters can, simultaneously, be identified in a single test and without damaging the structure. 
Genetic algorithms (GAs) have recently attracted attention for solving optimization problems [5] and have 
proved to be suitable for this. They are based on the mechanics of natural selection and genetics and seek the 
optimal solution through random probability methods without auxiliary conditions such as continuity of the 
variables, and intelligently chosen starting points. 

The genetic algorithm used for the identification of the elastic constants was developed on a personal computer 
using the MATLAB language. It applies the general-purpose numerical code MSC-NASTRAN to carry out the 
static analysis. The block diagram of the algorithm is shown in figure 1. The process starts with the generation of 
a random initial population of sets (individuals of the population) of elastic constant values. The generic 
individual is randomly formed by choosing the elastic constant values within an interval of positive values given 
by the operator. 

 
Figure 1- Flow-chart for optimal design by GA. 

To take the proper set of elastic constants into account, for each individual of the population, in the NASTRAN 
pre-processor stage, the MSC/NASTRAN input file is adjusted by modifying the MAT1 or MAT8 bulk data 
entry (defining isotropic and two dimensional orthotropic stress-strain relationship, respectively). Then the real 
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static analysis is carried out. In the post-processing stage, by using the displacement field extracted from the 
NASTRAN result file, the objective function (fitness) for each design, is evaluated. It consists in the sum of the 
differences between the numerical results and the experimental ones. After that, either the fitness and the relative 
elastic constants are saved, all the FEM output files are removed to release the computer memory and the cycle 
restarts. The fitness processor begins to operate at the end of the processing of the population, arranging the 
fitness values of the population in decreasing order and checking the convergence criteria. If the convergence 
criteria are not met the most suitable solutions are selected and then processed using the genetic operators to 
create the new population. The process is repeated until convergence. To explore the search space more 
efficiently, the algorithm described above was used with the adaptive range technique [7]. Then, three additional 
steps were incorporated into the structure of the algorithm. In the first step, every M generation the top half (the 
fittest individuals) of the previous generation is selected as a group; the average and standard deviation of this 
group is calculated. In the second step, a new search range for elastic constants is calculated using the average 
and the standard deviation computed in the previous step. In the final step, all but two individuals in the 
population are generated randomly according to the new range. The population is completed including the two 
fittest individuals of the old population. 

The procedure was carried out and adjusted on some numerically simulated test cases. The displacement fields of 
test models on different materials were, initially, calculated by the numerical code. Then, these results were used, 
as experimental data, to find the elastic constants in the backwards procedure. To analyse the thin plates, 2-D 
finite element models were used. Laminated composite analyses were carried out using PCOMP bulk data ntries. 

It was verified that the values of the elastic constants identified by the GA accurately approximate the values 
assumed in the forward calculation. 

The authors have already shown that the procedure works well when dealing with thin square plate in isotropic 
materials [8]. In this case, two elastic constants are unknown and they can be identified rapidly by analyzing a 
fraction or the whole displacement field of the surface. The procedure is robust and gives good results when the 
out-of-plane component of the displacement field is analysed even if the field is affected by noisy information 
[8]. In this paper the feasibility of using more simple and practical loading configurations than that used in [8] 
was investigated. Moreover, the applicability of the methodology to characterize isotropic specimens of different 
shapes using out-of-plane or in-plane components of the superficial displacement field has been shown. 

Finally, the applicability of the procedure to characterize thin square laminate composite was also investigated. 
In this case, there are four elastic constants that have to be found simultaneously. Numerical tests showed that 
the methodology only works for suitably chosen loading and constraint configurations. Such behaviour is due 
not only to the low sensitivity of the displacement field to the variation in some the elastic constants (Poisson 
ratios, in particular), but, mainly, to a strong correlation among the displacements caused by the variations in the 
elastic constants. In the paper, this problem is discussed and an automatic numerical procedure is proposed to 
define the most suitable loading and constraint configurations. 
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ABSTRACT 

The design of bolted joints of timber structures is currently based on the Yield Model of Johansen, published in 
1949 [1]. Although the fundamental concepts remain unchanged over the years, the Yield Model has suffered 
several revisions supported by an extensive testing, and was included in the European design code for timber 
structures [2]. In the framework of the Yield Model, the elastic foundation modulus (Ke) is one of the inputted 
material parameters. The identification of this parameter is covered by the EN 383 (1993) standard [3], which 
suggests embedding tests in the directions parallel and perpendicular to the grain. Although the test principles 
and the specimen geometry are well defined (Figure 1), the standard does not provide a precise operational 
definition of Ke, leading to widely different assessments of this parameter [4]. The main goal of this paper is to 
present a finite element analysis and an experimental study of the embedding tests of EN 383 (1993) standard, 
focusing on the proper evaluation of the elastic foundation modulus under compression loading (Figure 1). 

The ANSYS software was used to create 3D finite element models of the embedding test in compression along 
and perpendicular to the grain. A typical finite element mesh is shown if Figure 2a, which includes SOLID95 
quadratic brick elements. In order to model the contact effects between the fastener and the wood specimen 
special contact elements available in ANSYS was used along with the Coulomb friction law. The elastic 
constitutive behaviour was considered for both wood specimen (Pinus pinaster Ait.) and fastener (steel). 

Twenty specimens for each test configuration (compression parallel and perpendicular to the grain, Figure 1) 
were tested in an INSTRON 1125 universal testing machine, using a stiff loading rig. The displacement field of 
the surface of the specimens were measured by Digital Image Correlation Technique, using a Dolphin F201C 
CCD camera with a spatial resolution of 1660(V) ×1200(H) pixels. Additional point-wise relative displacements 
were also measured using LVDT displacement transducers. 

The results show the dependency of Ke on the base points selected for the measurement of relative displacement 
between the loading rig and the wood specimen, confirming the lack of uniqueness of this parameter arising 
from different interpretations of the EN 383 (1993) standard. Moreover, the knowledge of the displacement field 
allows the definition of a reproducible and meaningful Ke value. 

 
Figure 1- Specimen geometries for the embedding test parallel and perpendicular to the grain. 
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Figure 2- (a) Finite element model and (b) numerical ν-displacement field at the specimen surface. 
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ABSTRACT 

There are presently a large number of numerical simulation processes that require the use of highly non-linear 
algorithms, constitutive models and formulations. This is the case of some fabrication processes involving 
largescale plasticity and/or strong stress gradients. Numerically, non-linear formulations inevitably lead to the 
implementation of incremental algorithms and, consequently, often complex time integration procedures. Thus, 
the need for efficient and low-cost time step optimisation algorithms is ever more needed. 

Many time step optimisation algorithms, adequate for non-linear behaviour models, can be implemented with 
automatic formulations that anticipate the evolution of the constitutive model parameters and correct the time 
step in order to avoid divergence and withdrawal from the constitutive behaviour of the material. This 
constitutive evolution is often highly unstable. 

Previously, the authors have proposed a numerical stabilisation method based on an analogy with the dynamic 
damping of a classic vibratory system [1, 2]. This methodology is based on the mathematical treatment of the 
evolution of a chosen state variable — the control state variable. The authors developed a set of numerical 
damping algorithms and implementation techniques, which were applied and tested with a non-linear finite 
element example, using a rate dependent constitutive model and considering a constant time step increment. 
These techniques were used in a set of numerical tests, which consisted on the optimisation of the simulation of 
the fabrication process of particle reinforced metal matrix composites (MMC). For a constant time step, the 
application of this damping algorithm refrained the dispersion of the oscillating numerical signals (cf. figure 1). 
Its application increased the performance of the process and forced the convergence of the numerical solutions, 
allowing the execution of simulation processes using greater time steps, i.e. saving CPU time, and increasing the 
precision of the numerical results. 

In this context, with the present work, the authors aim to validate the applicability of this algorithm to more 
generic situations, considering variable time step simulations in the visco-elastoplastic constitutive modelling of 
AlSiCp MMCs [3, 4]. In order to evaluate the performance of the proposed algorithms, several results are 
obtained with and without the application of the variable-step damping algorithm. These results are presented 
and thoroughly compared. 

 
Figure 1- Feedback damping effect on the numerical results for a constant time step [1]. 
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ABSTRACT 

Non-crimp fabric (NCF) composites due to their excellent performance and relatively low cost have become an 
attractive alternative for aerospace, marine and even automotive applications. One of the features of the NCF 
composite is that it is an inherently multiscale material. Each layer due to stitching is divided in fiber bundles. 
On the microscale each bundle with orientation φ is a UD composite with a certain fiber content Vφ

f and the 
homogenized bundle properties may be calculated using micromechanics expressions for long fiber composites. 
On the mesoscale the bundle is considered as homogeneous transversely isotropic material surrounded by matrix 
and other bundles of the same or different orientation. A mesoscale characteristic of the composite is bundle 
content Vφ

b in the composite. Combining (multiplying) these two volume contents, Vφ
f and Vφ

b , average content 
of fibers in laminate with certain orientation, Vφ

fa , can be obtained. Micrographs presented in Figure 1 
demonstrate the hierarchical structure of the NCF composites. 

 
Figure 1- Hierarchical structure of the NCF composites. 

The geometrical shape of bundles (cross-section and axial alignment) is complex and depends on bundle 
orientation in the blanket, surface compression during production, resin pockets etc. The described mesoscale 
configuration determines the NCF composite properties on macroscale and is typically used in simulations of 
macro behaviour [1-4]. These studies demonstrated the importance of geometrical parameters of the micro/meso 
structure of the material on different mechanical properties of NCF composites. For instance, bundle waviness is 
a crucial parameter that defines compressive strength of composite laminates and it has also a strong influence 
on tensile strength and Young’s modulus of the composite. While cross-section characteristics and fiber content 
of bundles are required to analyze intrabundle cracks and delaminations. Significance of the different parameters 
for certain property can be graded with respect to its importance. Based on our previous studies on NCF 
composites such ranking is present in Table 1 where grade from 1 to 5 is given to different parameters of 
composite microstructure (number 5 refers to the highest significance). 

Table 1- Influence of mesostructural parameters on different mechanical properties of the NCF composite. 

Property Vφ
fa Vφ

b Vφ
f 

Shape of the 
cross-section Waviness 

Stiffness 5 1 1 1 5 
Failure in Tension 1 3 3 3 5 
Failure in Compression 2 3 3 1 5 

 

Although the internal structure of the NCF composite directly affects their mechanical performance, there is no 
comprehensive study which describes and identifies all microstructural parameters in a structured way and gives 
methodology and practical recommendation on quantification of these parameters. Mesoscale structure of NCF 
composites is affected as much by processing of composites (impregnation of NCF with resin) as by geometry of 
the fabric itself. Therefore, in order to deal successfully with prediction of mechanical properties and failure 
events in NCF composites, final structure of the material has to be well known. This investigation is intended to 
identify and characterize critical parameters of internal structure of NCF composites which are important for 
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certain in-plane mechanical properties. This paper is focused on structural parameters and therefore it is not 
analysing the role of fiber and matrix properties which is, certainly, of great importance. 

In this study classification and quantification of bundle shape and size as well as methodology for the 
measurements of fiber volume fractions (on different scales) and bundle waviness is introduced and applied to 
cross-ply and quasi-isotropic laminates. 

The micrograph in Figure 2a shows waviness in quasi-isotropic laminate and quantitative representation of this 
waviness is shown in Figure 2b where bundles are represented by function of axial coordinate. Example of 
classification of bundles by shape of the cross-section is presented in Figure 3. 

 
Figure 2- Bundle waviness: (a) micrograph of quasi-isotropic laminate and (b) quantitative representation of 

waviness. 

 
Figure 3- Classification of bundles by their shape. 

A clear and consistent methodology is suggested to determine the identified basic parameters by optical 
microscopy investigation. Errors and artifacts introduced by abnormalities in internal structure and practical 
limitation of equipment are also considered. Proposed methodology is applied to cross-ply and quadriaxial NCF 
composites to demonstrate details and quantify characteristics of micro-structure dependent on the used 
manufacturing parameters. Parameters of internal structure of these laminates are compared between each other. 

Approach and results presented in this paper demonstrate simple, yet useful method of reasonable accuracy to 
characterize structure of NCF composites. Due to its affordability in terms of equipment and time, this technique 
can be used not only by scientific community but also by manufacturers of NCF composite structures to monitor 
quality of their products. 
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ABSTRACT 

A method has been developed to characterise the strength parameters to a failure criterion for non-crimp fabric 
(NCF) composites by testing. The parameters are to be used in a criterion predicting failure of NCF laminates 
subjected to combined compression and shear loading. The criterion is a linear interaction between the 
compressive stress in the longitudinal fibre direction and the shear stress acting on the most highly loaded ply in 
the laminate. 

The strength parameters input to the criterion are the uniaxial compressive strength and the pure shear strength 
when the mode of failure is fibre microbuckling (kinking). Since the fibres of NCF composites are not ideally 
straight, the material properties are affected accordingly. The material meso-structure (fibre waviness, fibre tow 
shape etc.) are affected by e.g. the composite manufacturing process, laminate stacking sequence and NCF 
preform configuration. Determination of the longitudinal compressive strength is thus not possible from tests on 
isolated UD laminates, as is commonly done with prepregs. Instead, the strength need to be measured in tests on 
the complete laminate. 

Determination of the shear strength is even more complicated, since the mode of failure by definition (the 
criterion only predicts kinking failure) need to be fibre kinking. A standard shear test, e.g. Iosipescu shear test or 
a ±45°-tensile or -compressive test (in-plane shear), does not produce this mode of failure. 

In the present study the strength parameters were determined from off-axis compression tests on a quasiisotropic 
(QI) laminate. Specimens were cut at five different off-axis angles (angle between specimen longitudinal loading 
direction and 0°-fibre direction); 0°, 5°, 10°, 15° and 20°. By performing compression tests of the laminate at 
different off-axis angles it was possible to vary the ratio compressive axial stress / shear stress in the specimens. 
When evaluating the ply material strength, it was assumed that the most highly loaded plies (the plies closest to 
0°) controlled failure of the entire QI laminate. With the laminate failure strain from the tests and using 
conventional laminate theory (CLT) the stress state in the plies could be calculated at failure. The data extracted 
from the tests were plotted in a normal and shear stress diagram, as shown in Figure 1. Since the failure criterion 
predicts a linear interaction between compressive and shear stress, a linear fit to the off-axis test data was 
performed and extrapolated to the two stress axes. The crossing points of the extrapolated best fit with the axes 
in the diagram were chosen as the strength parameters (σL0 and τLT0 in Figure 1) to be used in the criterion for 
analysis of components and structures made from the particular composite system. 
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Figure 1- Ply strength data extracted from tests at different off-axis angles. 

 

Post-mortem analyses of the failed specimens revealed that fibre kinking was the mode of failure for the tested 
specimens. In addition to the specimens loaded to failure, some specimens were interrupted prior to failure. 
Fractographic analyses of these specimens revealed that individual fibre tows had failed by kinking at loads 
lower (typically 90%) than the load at catastrophic failure. 
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ABSTRACT 

Background: 

“Tufting” is essentially one-sided stitching (Figure 1) which avoids the 
addition of crimp onto the fibre architecture induced by standard 
stitching. The tufting stitch is never ‘locked’ and only remains in 
position because of frictional forces acting on it, leading to an almost 
tension-free structure. As such, tufting represents a very novel 
approach to localized through-the-thickness reinforcement in composite 
structures for the dry preform/liquid resin injection manufacturing 
route. A single needle takes a yarn through the fabric layers and returns 
back along the same trajectory, leaving a loop of the yarn on the back 
side of the plies (Figure 2). 

The concept of tufting for dry fabrics is analogous to Z-pinning for 
prepregs: they both intend to reduce the problem of delamination by 
introducing along the Z axis of the laminate a medium capable of bridging the propagating interlaminar crack. 
Similarly to Z-pinned structures, the increased delamination resistance of the cured tufted composite can be 
expected to be accompanied by a reduction in the in-plane properties [1]. Although the dry fabric fibres are 
relatively free to move apart during the tufting, the penetrating action of the 2mm diameter metal hollow needle 
inevitably damages some filaments in the fabric yarns. In addition, the presence of the thread itself introduces 

into the preform layers a certain degree of in-plane waviness which is 
expected to have an effect on the in-plane mechanical behaviour [2]. 

This work intends to draw some general baselines on the in-plane/out-
of-plane properties balance in a Non-crimped Carbon Fabric/epoxy and 
in a 5 harness satin carbon fibre/epoxy composite reinforced by tufting 
in square 4mm×4mm and 3mm×3mm arrangement respectively with a 
Vetrotex Saint Gobain glass thread (EC9 68X3 S260 T8G H5). The 
crack bridging laws required for the analysis and modelling of the out-
of-plane properties are defined by building and validating an analytical 
model of the mechanical behaviour of a single tuft within this 
composite. 

 

Experimental: 

The dry preforms were tufted using a commercially available tufting head 
interfaced to a 6 axis computer controlled robot arm (Figure 3). The reinforced 
woven fabric preform was resin injected by Resin Transfer Moulding technique 
using 1 bar pressure and cured at 180°C for 185 minutes whereas the tufted NCF 
preform was vacuum infused, cured at 80°C for 8 hours and post cured at 120°C 
for 5 hours. 

Compression After Impact specimens were manufactured following the Boeing 
standard (BS 7260) and locally reinforced over a 50mmx50mm central area. 
After being impacted with energy of 15J, the ultimate compression strength was 
evaluated. The reinforcement resulted in a significant increase in the CAI value 
(Figure 4). 

In addition to the standard coupons for the determination of the quasi-static 
mechanical properties, some cured single-tuft miniature specimens were also 
prepared (Figure 5). These are tested in both uniaxial pull-out and in a mode II 

 

Figure 1- Top side of a tufted 
preform, with an enlargement in the 

top LH corner. 

 

Figure 2- Schematic of the yarn 
arrangement in a tufted preform. 

 

Figure 3- Kawasaki FS 20N 
robot arm with a KSL 
KL150 tufting head. 
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(Z-shear) configuration (Figure 6) in order to measure the bridging actions of the tufts and to determine the 
micromechanical failure mechanisms. 

 
 

Figure 4- Comparison of CAI values for control and 
tufted specimens of the cured 5HS carbon fabric/epoxy 

material. 

Figure 5- Dry 5HS preform bed showing individual 
well separated tufts in carbon, aramid and glass 

threads. 

 

Modelling Approach: 

There exists a strong analogy between the modelling 
approaches which can be employed to predict the mechanical 
response of Z-pins and tufts bridging delaminations; both 
these through-the-thickness reinforcements can be considered 
as embedded in Winkler’s type foundations which exert 
distributed loads. Nevertheless the tuft behaviour differs from 
that of the Z-pin, because it can carry load only in tension and 
its shear/bending stiffness is usually negligible. A constitutive 
model for the mechanical response of Z-pins has been 
developed [3] for predicting the characteristic bridging 
actions in pure mode I and mode II loading conditions; 
according to this approach the Z-pin is described as an Euler-
Bernoulli’s beam. This model can be extended to the analysis 
of tufts by neglecting the shear and bending actions involved 
in the local equilibrium, thus assuming very large compliance 
to transversal loads. The constitutive equations for a tuft 
bridging under pure mode I and pure mode II loadings will be 
summarised and discussed together with a comparison of the 
model predictions with the experimental tests on the single 
tuft specimen. 
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Figure 6- Schematic of ‘Z-shear’ test rig 
designed to test the shear resistance of 

through-the-thickness reinforcement elements, 
such as Z-pins or tufts [4]. 
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ABSTRACT 

Improving interlaminar fracture toughness is a major concern for reducing the strength risk of composite 
structures. The technology called “Zanchor” was developed by Mitsubishi Heavy Industries, Ltd. and Shikibo 
Ltd as a solution for this risk [1]. That is a unique technology for through-thickness reinforcement. Laminated 
dry fabrics are stuck by a special needle and in-plane carbon fibers are entangled to other layers shown as Figure 
1(a). After the needling, the dry fabric is infused and cured by resin film infusion or resin transfer molding. 
Figure 1 (b) is a cross-sectional observation of the needling point of a quasi-isotropic Zanchor CFRP laminate. It 
can be found that the fibers in 0-degree layer are entangled to the adjacent 45-degree layers by the needling. This 
Zanchor process makes through-thickness reinforcement of entangled in-plane fibers. Intensity of reinforcement 
can be adjusted by the number of needling, i.e. Zanchor density. The Zanchor CFRP laminates of different 
Zanchor densities are prepared Z=0, 1, 2, 4 for every type of test specimens. Z=0 is non-Zanchor as a control. 
Z=1 is a baseline of the Zanchor density and increasing number means proportional increasing of needling 
number compared with Z=1. For example, the specimen of Z=2 has two times Zanchor density of Z=1 specimen. 

First, DCB tests for the CFRP specimen of different Zanchor densities were carried out. Mode I energy release 
rates (GIR) were calculated from load-COD (Crack Opening Displacement) curves and crack lengths by using 
area method. Figure 2 shows load-COD curves and crack propagation curves for different Zanchor densities. In 
this figure, the maximum load of Z=4 is 2.5 times as higher as Z=0. The load-COD curves are also shifted 
upward in accordance with Zanchor density. Furthermore, delamination propagation rate became slower with 
Zanchor density increases. The GIR is averaged value for each Zanchor density. The GIR of Z=4 is over 3 times 
larger than Z=0. 

Figure 3 shows some of the major experimental results of tensile, compression, OHC, CAI tests. It was found 
that the technology provides significant reductions of impact damage area and increasing CAI strength. There is, 
however, degradation in in-plane mechanical properties caused by needling itself. Therefore, the mechanism of 
interlaminar reinforcement and in-plane degradation due to Zanchor must be well understood to utilize the novel 
technology. 

In this study, a numerical method is developed to evaluate the Zanchor CFRP laminates. The analytical model 
with different Zanchor densities is first applied to simple tension tests, and then to the DCB tests. The analysis 
results are compared to the experimental results. 

 
Figure 1- Overview of Zanchor technology: (a) 

schematic view of the Zanchor process, (b) 
Crosssectional observation of the needling point of 

a quasi-isotropic Zanchor CFRP laminate.  
Figure 2- Load-COD curves and crack length. 
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A numerical method is developed to evaluate 
the Zanchor CFRP laminates with interlaminar 
reinforcement and in-plane degradation by 
needling. The Zanchor locations and density 
are defined by arbitrary function f(x,y) in three 
dimensional finite element models. In present 
analysis, the function f(x,y) is selected as 
follows 

( )
1

, 1 sin cos
2

x y
f x y

p p
π π⎡ ⎛ ⎞ ⎛ ⎞⎤⎟ ⎟⎜ ⎜= − ⋅⎢ ⎥⎟ ⎟⎜ ⎜⎟ ⎟⎜ ⎜⎝ ⎠ ⎝ ⎠⎢ ⎥⎣ ⎦

       (1) 

where p indicates the Zanchor spacing, x and y 
is global coordinate systems of the finite 
element model. Equation (1) takes the form of 
a periodic function, which takes 0 to 1.0 in x-y 
plane shown as Figure 4(a). This function is 
applied to finite element model to give the 

information of Zanchor distribution to each integral point as a material field valuable (see Figure 4(b)). In 
present study, it is assumed that the integral points given the value of 0.9 to 1.0 are defined as Zanchor part and 
specific material properties are given to the points. In-plane elastic modulus at Zanchor location is degraded and 
out-of-plane properties are strengthened. General material properties are given to the other part, i.e. at f(x,y) = 0 
to 0.9. The finite element model is implemented in the commercially available finite element code ABAQUS 6.5 
using the user subroutine UEL and UFIELD. 

The analytical model with different Zanchor densities is applied to tensile and DCB tests. In DCB test 
simulation, progressive delamination is considered by using a cohesive interface element [2]. The cohesive 
element is a threedimensional second order 16-node element, which is formulated in terms of fracture criterion 
based on fracture energy and traction. The cohesive law is governed by exponential function of the relative 
displacement in each separation mode. The analysis results of the tension test show the good agreement with the 
experimental results. The progressive delamination analyses on DCB tests have been conducted and acceptable 
results were obtained. 

  

Figure 4- Schematic view of Zanchor model: (a) Schematic 
view of function, (b) Distribution of the field valuable in FE 

mesh 

Figure 5- Comparison of elastic modulus 
against Zanchor density 
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Figure 3- Comparison of strengths and delamination area. 
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DELAMINATION RESEARCH: PROGRESS IN THE LAST TWO DECADES AND THE 
CHALLENGES AHEAD 

Paul Robinson 
Department of Aeronautics, Imperial College London, United Kingdom 

ABSTRACT 

Delamination has long been recognised as a significant weakness of fibre reinforced, polymer matrix laminated 
composites – indeed it is often referred to as the Achilles Heel of what, in many other respects, can be justifiably 
termed high performance structural materials. This weakness initiated a considerable research activity which has 
addressed a range of aspects associated with this problem. This paper will summarise the progress of this 
research over the past two decades and identify some of the remaining challenges. 

The development of test methods to characterise the resistance to delamination has seen considerable progress. 
Research has focussed primarily on test methods for determining the critical energy release rates in Modes I, II 
and mixed mode I/II, with a smaller effort directed to Mode III. The double cantilever beam test devised for 
Mode I has achieved national and international standard status but, perhaps surprisingly, no single accepted test 
has been developed for Mode II. 

The ability to reliably measure the interlaminar toughness, at least in Mode I, and therefore rank competing 
materials has lead to the development of composites with improved delamination resistance. These materials 
developments have not simply concerned improvements of the matrix; the addition of reinforcement through the 
thickness of a laminate has also been investigated in a variety of forms including ‘2.5D’ fabrics, stitching, z-
fibres, and tufting. These additions can considerably improve the resistance to delamination growth but this 
improvement is often at the expense of other mechanical properties – particularly the in-plane compression 
strength. (The development of such materials has also had a consequence for research into interlaminar test 
methods. These through-thickness reinforced materials can exhibit large fibre-bridged zones in the wake of the 
delamination front and this can invalidate existing test procedures). 

Research has also been conducted to develop analysis methods to model the growth of delamination so that 
engineers can assess the susceptibility to, and consequences, of delamination during the design of laminated 
composite structures. Some simple formulae exist for particular situations but to properly represent the 
complexity of practical structures it is necessary to use finite element (FE) analysis. Early FE-based approaches 
focussed on the evaluation of energy release rate (most commonly by the virtual crack closure method but others 
have also been proposed). This energy release rate could then be compared to the critical values measured in 
tests to decide whether the delamination under investigation would grow. Strategies for automatically advancing 
the crack front within the FE model were also proposed but for practical structures, in which, for example, 
delaminations might grow under stiffeners, very complex re-meshing strategies are required. An alternative 
which can avoid these remeshing difficulties is the use of ‘cohesive zone’ or ‘interface’ elements which have 
been developed more recently. These elements are incorporated in the FE model at interfaces between plies and 
have a constitutive law which ensures the correct amount of energy is absorbed as the adjacent plies separate. 
This approach has become widely adopted and is available in a number of commercial FE packages. 

Despite the considerable research that has been performed it is clear that there is still some way to go before all 
the tools to address the problem of delamination can be considered routine. The methods to fully characterise the 
interlaminar toughness are not yet available. As noted above an international standard for Mode II testing is yet 
to be established and to date these interlaminar test methods have nearly exclusively examined unidirectional 
materials with the fibre reinforcement lying in the crack growth direction, although there have been a number of 
research papers attempting to drive this issue. The modelling tools and choice of interface element laws still need 
further development – it is clear that for some situations there is a wide choice of form of the interface 
constitutive law and this needs to be fully resolved. Real delamination growth often progresses with migration. 
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LONG-TERM AGING AND DURABILITY OF HIGH TEMPERATURE POLYMER COMPOSITES 

G. A. Schoeppner1, K.V. Pochiraju2, and G. P. Tandon3 
1Air Force Research Laboratory, Wright Patterson AFB, OH, USA 

2Steven’s Institute of Technology, Hoboken, NJ, USA 
3University of Dayton Research Institute, Dayton, OH, USA 

ABSTRACT 

Durability and degradation mechanisms in composites are fundamentally influenced by the fiber, matrix, and 
interphase regions that constitute the composite domain. The thermo-oxidative behavior of the composite is 
significantly different from that of the fiber and matrix constituents as the composite microstructure, including 
the fiber-matrix interphases/interfaces, introduces anisotropy in the diffusion behavior. In this work, neat resin 
PMR-15 high temperature resin and unidirectional G30-500/PMR-15 composite specimens were aged at 
elevated temperatures. PMR-15 has been used in the aeronautical industry for over 20 years due to its high glass 
transition temperature and thermo-oxidative stability [1]. It is well known that the free surfaces of high-
temperature Polymer Matrix Composites (PMCs) are susceptible to oxidation that leads to the development of 
surface and ply cracking and accelerated degradation when in the presence of thermo-mechanical loading. Once 
ply cracking has initiated, new free surfaces are introduced into the composite providing pathways for oxidants 
that inevitably lead to degradation of the fiber matrix interfaces, reducing the lifetime and durability of these 
material systems [2]. Therefore, it is essential to fully characterize these high-temperature composites on a 
constituent level so that their physical and chemical responses from the oxidation process are fully understood. 

A primary measure of the thermal oxidative stability of PMR-15 and other high temperature composite materials 
is the percentage weight loss as a function of isothermal aging time and temperature. In general, the relationship 
between weight loss and property changes can be highly nonlinear and does not provide any measure of the 
spatial variability of degradation within the specimen. The reliability of predictive methods based on weight loss 
in which small changes in weight can result in significant declines in mechanical properties, is highly 
questionable. However, in the absence of methods to predict end of life properties, weight loss is an accepted 
screening tool to compare the thermal oxidative stability (TOS) of different materials. To accurately predict the 
performance of polymer matrix composite (PMC) components and structures subjected to thermo-mechanical 
loading, knowledge of the individual aging mechanisms, their synergistic effects, and the spatial variability of 
the thermo-oxidative degradation is critical. The findings of the present investigation along with the results of 
ongoing work to characterize the influence of the fiber-matrix interface on thermal oxidation will provide the 
necessary basis for predicting the thermo-oxidative micromechanical response of PMR-15 laminates [3]. 

In this work, unidirectional G30-500/PMR-15 composite specimens were aged at elevated temperatures in air 
resulting in oxidation propagation parallel and perpendicular to the fibers. Four different specimen geometries 
were chosen such that different surface area ratios (i.e., ratios of surface area perpendicular to the fibers to 
surface area parallel to the fibers) were obtained. Weight loss and volumetric changes were monitored as a 
function of aging time to study the high temperature anisotropic oxidation process. A new weight loss model has 
been developed. Optical micrographs were taken on polished internal sections and viewed in the dark-field mode 
to measure the degree, depth and distribution of thermal oxidation development from external surfaces 
perpendicular and parallel to the fibers as shown in Figure 1. Additionally in this work, thermo-oxidative aging 
is simulated with a diffusion/reaction model in which temperature, oxygen concentration and weight loss effects 
are considered [4, 5]. A parametric reaction model based on a mechanistic view of the reaction is used for 
simulating reaction rate dependence on the oxygen availability in the polymer. Macroscopic weight-loss 
measurements are used to determine the reaction and polymer consumption parameters. As a first approximation, 
it is assumed that the transport of oxygen within the polymer is controlled by Fickian diffusion. The oxygen 
reacts with the polymer followed by degradation of the material. With C(x,y,z;t) denoting the concentration field 
at any time within a domain with a diffusivity of Dij and consumptive reaction with a rate R(C), the diffusion 
reaction with orthotropic diffusivity is given by Eq. (1) 

 ( )
2 2 2

11 22 332 2 2
C C C CD D D R C
t x y z

⎛ ⎞∂ ∂ ∂ ∂ ⎟⎜= + + −⎟⎜ ⎟⎟⎜∂ ⎝ ⎠∂ ∂ ∂
 (1) 

subjected to the boundary conditions: C = Cs on the exposed boundaries and dC/dt = 0 on symmetry boundaries. 
The boundary sorption on the exposed boundaries is given by Henry’s equation 

 SC SP=  (2) 

where S is the solubility and P is the partial pressure of the oxygen in the environment. The diffusivities are 
temperature dependent typically given in Arrhenius form: 
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 ( )0 0exp /ijD D E RT= −  (3) 

and determined using permeability tests at lower temperatures to determine the pre-exponent (D0) and the 
activation energy parameters (Ea). The reaction rate term, R(C), is modeled with the Arrhenius-type kinetics 
model [6,7] for capturing the temperature dependence of the reaction rates or using mechanistic reaction models 
such as Abdeljaoued [8] for capturing the oxygen concentration dependence. 
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Figure 1- Oxidation of unidirectional G30-500/PMR-15 composites at 288ºC. 
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NONLINEAR CONSTANT FATIGUE LIFE DIAGRAMS FOR CFRP LAMINATES 

M. Kawai and M. Koizumi 
Department of Engineering Mechanics and Energy, 

Graduate School of Systems and Information Engineering, 
University of Tsukuba, Tsukuba 305-8573, Japan. 

INTRODUCTION 

For prediction of the fatigue lives of composite materials and structures subjected to various modes of loading 
that is characterized by variable amplitude, mean, frequency and waveform, it is essential to establish an 
engineering method of calculating S-N curves at any stress ratio [1-4]. The effect of stress ratio on fatigue 
strength can be described using a constant fatigue life (CFL) diagram. Harris et al. [1] examined the constant 
fatigue life diagrams for CFRP laminates for various stress ratios and showed that the CFL envelopes are 
asymmetric and the peak positions are slightly offset to the right of the stress amplitude axis. Ansell et al. [2] 
suggested that the maxima of the CFL envelopes appear at a stress ratio almost equal to the C/T strength ratio, 
i.e. the ratio of compressive strength to tensile one. 

The present study focuses on exploration of the shape of constant fatigue life diagrams for different constant 
values of fatigue life of CFRP laminates. First, the stress ratio effects are observed for a quasi-isotropic  
[45/90/-45/0]2s CFRP laminate. Then, a new methodology to construct a nonlinear constant fatigue life (CFL) 
diagram is developed on the basis of the static strengths in tension and compression and the reference S-N 
relationship for the stress ratio equal to the C/T strength ratio. Validity of the proposed fatigue life rediction 
method is evaluated also for the fatigue behavior of different types of CFRP laminates at various stress ratios. 

TEST PROCEDURE 

Symmetrical quasi-isotropic carbon/epoxy laminates with a [45/90/-45/0]2S lay-up were manufactured by the 
autoclave forming technique. The prepreg tape made of carbon fibers T800H (TORAY) and thermosetting epoxy 
resin #3631 is used. Constant amplitude fatigue tests on coupon specimens in one of the principal directions 
were performed at different stress ratios R = 0.5, 0.1, χ, -1.0, 10, 2, respectively. The value of χ is equal to the 
C/T strength ratio. Fatigue load was applied in a sinusoidal waveform with a frequency of 10 Hz at room 
temperature. Most specimens were fatigue tested for up to 106 cycles, and fatigue tests that lasted over this limit 
were terminated prior to fracture. 

EXPERIMENTAL RESULTS 

The fatigue data on the [45/90/-45/0]2S CFRP laminate at stress ratios of R = 0.1, 0.5, -0.681 are shown in Figure 
1, as a typical plot of the maximum fatigue stress σmax against the logarithm of the number of reversals to failure 
log 2Nf. It is clearly observed that the fatigue data at a larger stress ratio tend to be shifted rightward from those 
for R = -0.681 and the slope of the S-N curve becomes gentler. Figure 2 shows the S-N relationships for fatigue 
loading at R = -1, 2, 10. The reduction in fatigue strength for R = -1 is more significant than that under C-C 
loading. The difference between the S-N curves for R = 2, 10 was insignificant. 

The CFL data on the [45/90/-45/0]2S CFRP laminate for different constant values of life Nf = 103, 104, 105 and 
106 are plotted in Figure 3. The maximum fatigue stresses that correspond to the constant values of life were 
evaluated by curve fitting to the S-N relationships. It is clearly observed that the CFL plots are asymmetric. The 
peak of the CFL envelope is slightly offset to the right of the alternating stress axis. These plots indicate that the 
alternating stress becomes maximum at a stress ratio closely equal to the C/T strength ratio, i.e. R = -0.681. This 
observation is consistent with earlier observation by Ansell et al. [2]. 

DISSIMILAR CFL DIAGRAMS MODELING 

In this study, it has been found that the CFL envelopes for different constant values of life are linear in the range 
of a short life but they turn quadratic in the range of a longer life. Such a dissimilar shape of asymmetric CFL 
envelope can be described by means of the following two functions: 
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Figure 1- The S-N relationships for R = 0.5, 0.1, -0.681. Figure 3- Constant fatigue life diagrams. 

  
Figure 2- The S-N relationships for R = 2, 10, -1.0. Figure 4- Predicted S-N relationships. 
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for R χ≤ , 1R > , where σT and σC denote tensile and compressive strengths, and a
χσ  and m

χσ  represent the 
stress amplitude and mean stress for fatigue loading at the critical stress ratio χ , respectively. The variable ψχ is a 
normalized fatigue stress level for the critical stress ratio χ. Dashed curves in Figure 3 are the predictions using 
this method. Note that the construction of the dissimilar CFL envelopes is based on only the static strengths in 
tension and compression and the reference S-N curve at the critical stress ratio χ. 

Comparison between the predicted and observed S-N relationships is presented in Figure 4 for the stress ratios of 
R = 0.1, 0.5. The fatigue behavior of the quasi-isotropic CFRP laminate and its R-dependence have favorably 
been described using the proposed dissimilar CFL diagram model. It is demonstrated that the proposed fatigue 
life prediction method can successfully be applied also to different types of CFRP laminates: [0/±60]2s and 
[0/90]3s. 
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ABSTRACT 

Fatigue of composite materials is of great concern in load-carrying structures. In fact, most failures of composite 
structures can be attributed to fatigue. Due to the heterogeneity of composite materials at different scales, a large 
variety of interacting mechanisms contribute to fatigue failure. If the incipient mechanisms at the onset of 
damage accumulation could be better understood, bases for a physically based fatigue law may be built and 
measures could be taken in order to extend the lifetime of the material. 

 
Figure 1- Drawing of the formation of debonds and subsequent link-up and transverse cracking (under uniaxial 

transverse horizontal loading in the figure). 

The first observable type of damage in fatigue of composite laminates is generally transverse cracking in plies 
with oblique fibre orientation to the direction of the largest principal ply strain. Microscopic investigations have 
shown that the transverse cracks are initiated from coalescence of fibre-matrix debonds, both in static and cyclic 
loading [1]. A schematic illustration is shown in Figure 1. In paralell, several numerical studies have also been 
developed [2, 3], aiming to clarify the particular case of static transversal tension loads in unidirectional 
composites, leading to the conclusion that this micromechanism of failure can be explained by the appearance of 
cracks in the interfaces between the fibres and the matrix that, after growing to a certain extension along the 
interfaces, change their direction of propagation, kink into the matrix and continue their growth through it. The 
coalescence between them then takes place, leading to the macro failure of the composite in the direction 
perpendicular to the load. 

Focusing on fatigue loading, a relevant aspect is that, for composite materials, tension-compression fatigue has 
shown to be more deleterious than tension-tension fatigue. The physical reason for the adverse effect of 
tensioncompression loading at ply level has not been clarified entirely and remains even more unclear at 
micromechanical level. Details of the detrimental effects of compressive load excursions, for the particular case 
of pure unidirectional transverse composites, can be found in [4, 5]. 

Based on the evidence mentioned above, the present work focuses on the propagation of interface cracks, in 
order to study, by means of a single fibre model, the micromechanical growth of an interface crack in presence 
of both, tension-tension and tension-compression fatigue. The main objective is to analyze, at micromechanical 
level, the origin of the more damaging effect of T-C than T-T cycles. In order to achieve this, experimental and 
numerical studies have been developed. 

The experimental study, consisting in a single-fibre composite test, has shown, at micromechanical level, how 
the debonding angle of the interface crack evolves versus both T-C and T-T cycles, having been able to detect, at 
this level, the more deleterious effect of T-C fatigue than T-T fatigue. A summary of the results obtained is 
presented in Figure 2. 
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Figure 2- Results of the evolution of the debonding angle versus the number of cycles in the single-fibre 

composite test. 

The numerical study, consisting on a single-fibre BEM model, has made possible to analyze separately the 
influence of the different parts of the loading cycles (tension and compression) over the interface crack 
propagation. The results of this analysis, in terms of the Energy Release Rate (ERR), Figure 3, give an 
explanation of the more damaging effect of T-C than T-T cycles, previously observed with the experimental test. 
This micromechanical explanation is based in the different character of ERR for tension and compression and 
the rising character of GI in compression, for the debonding range of interest, as well as the smaller value of GIc 
versus GIIc. 

Thus, the results obtained prove, at micromechanical level, the negative influence on compressive excursions in 
fatigue loading and show the relevant possibilities that micromechanical studies (experimental and numerical) 
have to help in the understanding of the mechanisms of failure of composite materials. 

 
Figure 3- Energy release rate with mode I and II contributions with a far-field stress of 1 Pa in (a) tension and (b) 

compression. 
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A MICROMECHANICAL MODELLING FOR PREDICTION OF BEHAVIOR AND DAMAGE OF 
POLYDISPERSE SYNTACTIC FOAMS 

Rim Zouari, Abedelwahed Ben Hamida, Hélène Dumontet 
Laboratoire de Modélisation, Matériaux et Structures, Institut de Mécanique 

Université Pierre et Marie Curie, Paris, France 

ABSTRACT 

Syntactic foam is a composite material with hollow glass microspheres embedded in a polymeric matrix. These 
materials are known to possess low density, high buoyancy and strength at high pressures. Moreover, their 
thermal efficiency and water insulation properties make them attractive for offshore applications in deep sea. 

Several micromechanical modelling have been used to study the behavior of these heterogenous materials. So for 
example Huang & al. [3] have applied analytical homogenization model for predicting the effective mechanical 
properties of syntactic foams. More recently Bardella et al. [1] have proposed a simplified homogenization 
method based on the works of Hervé et al. [2]. Benhamida et al. [7] have used the periodic homogenization 
method to predict the behavior and the failure under combined stress states of syntactic foams. Contrary to 
explicit methods, the periodic method is not limited to composites with low rates of filling and gives an accurate 
description of the local fields. In return it requires simulations on a basic cell and then is limited to consider all 
microspheres with the same size or as much as possible to two different sizes. 

The objective of this paper is to propose a homogenization method which can take into account the dispersion of 
the size of the microspheres and gives access to accurate local stresses for the prediction of the damage. An 
iterative process which can be coupled to various simplified homogenization methods has been previously 
proposed by Benhamida et al [6]. This process consists to construct the composite in introducing the 
heterogeneities progressively into the matrix. Thus, to reach the given medium with a known volume fraction of 
heterogeneities, a number of intermediate states of composite must be created. For a given step, the effective 
constitutive law of those intermediate composite is obtained by any homogenization method. All 
homogenization methods, the dilute strain and stress approximations, the Hashin’s bounds, the periodic media 
method, the differential effective method or for example the N-layered inclusions method, coincide after 
convergence of the iterative process. Moreover this convergence of homogenization methods is obtained 
whatever the volume fraction of heterogeneities, even for significant fractions. The method brings too a 
correction of micro structural stresses and failure criterion based upon these more accurate stresses delivers a 
better forecast for the onset of material ruin. This process has been applied successfully by Brini et al. [5] to the 
study of the damage by the wet ageing of glass. With a population of identical microspheres, a rough estimate of 
the material lifetime has been obtained under the influence of glass chemistry. 

In this paper, we extend these previous works by introducing into the iterative process the realistic dispersion of 
the size of the hollow microspheres. The effective behavior of polydisperse foams is thus estimated and shows 
the contribution of the various sizes of the microspheres by comparison to the behavior obtained with identical 
microspheres. The study of the local stresses coupled to failure criterion shows the fragility of the thin 
microspheres under pression. By this approach it is possible to follow the successive damage of the foam. Each 
damaged microsphere can be then suppressed and the process repeated in order to study the evolution of the 
damage. 

So Figure 1 shows the importance on the behavior of polydisperse modelling by comparison to monodisperse 
equivalent modelling, the thickness of all microspheres being equal to the average of the different thicknesses. 
The results are validated by comparison with results of periodic method in the case of two families of 
microspheres. Comparisons with other modelling, Bardella et al. [1], Huang et al. [3] and experimental data, Dan 
[4] are too carried out. The evolution of the radial microstresses at the interface between the matrix and the 
different microspheres compared to the Timoshenko’s buckling criterion shows at Figure 2 that the finest 
micropshere with ratio thickness/diameter equal to 0.01 is damaged and the microsphere with ratio 
thickness/diameter equal to 0.02 is only damaged for strongly reinforced composite. 
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Figure 1- Equivalent bulk modulus (MPa) of polydisperse foams versus the volume fraction of microspheres in 
the case of two different thicknesses of microspheres. Comparison with monodisperse equivalent modelling by 

periodic homogenization and iterative process. 

 
Figure 2- Radial microstresses at the interface matrix/microsphere in the case of two different thicknesses of 

microspheres. Comparison with Timoshenko’s buckling criterion. 
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ABSTRACT 

Full-field data captured equating to the real-time stress state in a composite material has the ability to provide 
useful information to understand stress redistribution due to damage. One process that offers this capability is 
Thermoelastic Stress Analysis (TSA) [1]. The process has been used to investigate damage in composite 
materials by calculating a ratio of the stress states recorded from data sets from damaged and undamaged 
specimens [2 - 5]. Predominantly the specimens used in these tests are fatigued at purposefully low load levels. 

Fatigue tests at realistic loading levels introduce a challenge in analysing TSA data, this is due to an expected 
change in the absolute temperature of the specimen under observation. Temperature increases are recognised in 
laminated composite materials due to internal heat generation during cyclic loading [6]. The rise in the absolute 
temperature of the specimen under observation increases the theromelastic response [5, 7]. The increase in 
response due to temperature rise instead of stress change is significant because of the inherent characteristics of 
the infra-red photon detectors utilised by the commercial TSA operating systems [7]. It has been concluded in 
published work [5, 7] that the thermal input must be understood and corrected for during the analysis of 
thermoelastic data collected from damaging composite components. 

Recent work [8] has characterised the thermoelastic signal / temperature relationship and developed a correction 
factor so that stress data may be decoupled from any absolute thermal input. A validation study has been carried 
out using metallic specimens subjected to artificial heating that showed the correction process adequately 
eliminated the effect of thermal variations [9]. 

This paper extends the use of the correction process and applies it to fatigue tests carried out on composite 
specimens subjected to fatigue load in tension. Damage is initiated at a known position by introducing a circular 
hole notch in GFRP composite specimens manufactured from various ply lay-ups. Damage propagation is 
monitored visually and the stress redistribution mapped with TSA. Temperature increases due to friction at the 
crack faces are recorded, calibrated and the thermoelastic signal is modified accordingly to remove the effect of 
the temperature rise. The manipulation of the data is carried out by a MATLAB process developed by the 
authors. Post correction, quantitative stress data is normalised and used to obtain damage indices at various 
stages during the life of the component as well as providing a quantitative insight into the stress redistribution. 
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ABSTRACT 

The use of long fibres embedded in a polymeric resin matrix (FRP) is a common procedure for reinforcing 
concrete structures. The FRP can be presented in different formats (i.e. wet lay-up laminates). Likewise, this 
material provides advantages such as lightness, minimum size, chemical and environmental attack resistance [1], 
easy installation and high strength. 

The technical research in last years is very active, since the early applications in the 80s in concrete bending in 
bridges [2] or in concrete columns confinement. Recently some guides and recommendations are appearing 
issued by scientific and standardization bodies, with open specifications about the calculation and installation 
(CEB-FIP, ACI), besides the user manuals of the companies that produce these materials. 

The general calculus method is somehow enough developed for FRP. There is, however, a lack of design and 
calculus criteria for defining anchorage requirements which are compatible with concrete substrates and with 
geometries of structural elements. In this context, several points need to be clarified and researched; above all, 
those concerning the anchoring behaviour and the modelling of its influence zone. 

This paper deals with the study of the bonding performance provided by FRP-based materials (resins, primers 
and laminates) as well as with the substrate preparation which must aim at increasing the anchorage loads. These 
new developments require an optimum impregnation of both, the concrete and the fibre, high interlaminar lap 
shear strength and wide range of reactivity to vary the reaction time related to on-site conditions. 

In order to verify the bond behaviour between the FRP and concrete substrates, different experimental 
techniques have been applied: tension tests (Figure 1), hardness (Shore, Persoz, etc.), etc. Figure 1 lay test is 
adequate for analysing, experimentally, the anchorage performance by different combinations of FRP component 
materials, primers and curing conditions. 

Finally, in order to simulate and predict the FRP laminate behaviour in the concrete substrate, several models 
have been checked by applying computational techniques (FEM) together with a constitutive model of 
continuous damage. 
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Figure 1- Pull-out test configuration. 
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ABSTRACT 

Recent advances in composite manufacturing technology allow the fabrication of laminates in a completely 
automated fashion. This technology, kwon as tow-placement, revolutionises the traditional way to build 
composite structures by manual labour. It leads to improved quality, reduced production time and, overall, 
product costs. Tow-placement machines also allow fabrication of laminates with fibres that follow curvilinear 
paths, which are termed variable-stiffness laminates, as opposed to traditional straight-fibre laminates. 

One of the primary advantages of using fibre-reinforced laminated composites in structural design is the ability 
to change the stiffness and strength properties of the laminate by designing the laminate stacking sequence in 
order to improve its performance. This procedure is typically referred to as laminate tailoring. Traditionally, 
tailoring is done by keeping the fibre orientation angle within each layer constant throughout a structural 
component. The added flexibility given by the possibility of spatially changing the fibre angles allows for 
designs with improved stiffness and buckling properties in comparison with straight-fibre laminate designs. In an 
effort to integrate realistic fabrication techniques into the design of laminates with curvilinear fibre layers, 
research carried out by Gürdal et al. [1] introduced a fibre path definition and formulated closed-form and 
numerical solutions for simple rectangular plates. Promising results generated by analytical and numerical 
research were validated by experiments [2]. 

Little is known about the strength characteristics of variable stiffness composites. The present work is the first 
step in the effort to fully characterise these structures in terms of strength, especially the ones that have regions 
where tows are dropped or overlap other tows. Such locations may be spots of premature damage initiation, 
which may lead to failure of these structures at lower load levels than expected from idealised designs. Based on 
numerical simulations, the present work demonstrates the advantages, of variable-stiffness over straight-fibre 
laminates in terms of strength. A physically-based set of failure criteria (LaRC) [3], able to predict the various 
mechanisms of failure of composite laminated structures, is implemented in finite element models of straight and 
variable-stiffness panels under compression. Nonlinear analyses are carried in the post-buckling phase since 
first-ply failure is expected at loads higher than buckling load. 
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ABSTRACT 

Sandwich panels are interesting structural elements that present a good stiffness-weight relation and allow the 
introduction of damping capability by using high loss materials in the core. However, modelling difficulties 
usually arise when considering high skin/core modulus ratios or when the core is made up several layers of soft 
materials. 

The application of the classical laminate plate theory (CLPT) or the in-plane/transverse shear decoupling, usually 
applied by the commercial finite element packages, is not able to accurately account for the high deformation 
shear pattern developed in the soft layers of the core. Alternatively, layered models using several brick element 
through the thickness are usually applied. This modelling approach, which can effectively account for the shear 
deformation of the core, requires an expensive and cumbersome spatial modelling task [1-3]. 

Recently, some layerwise finite elements [4-6] based on the discrete layer theory have been developed to solve 
the described modelling difficulties, while providing a relatively low spatial modelling cost. These finite 
elements have been successfully applied in the simulation of sandwich structures with viscoelastic layers and 
plates with active patches. Despite the accuracy of these novel finite elements, the consideration of the through-
thickness stiffness can not be easy accessed, requiring the introduction of expensive shell formulations with this 
capability [7]. 

In this work a different approach is applied by using a modified layerwise model where the out-plane 
displacement is considered constant within each layer but not necessary identical among the layers. The 
displacement field is of the form: 
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where the displacement continuity between the layers is directly imposed. 

To account for the through-thickness stiffness, an additional stiffness matrix, that is formulated considering that 
each layer is additionally represented by four transversal bar finite elements (Figure 1), is added to the plate 
stiffness. 

 
Figure 1- Through-thickness stiffness representation. 
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To verify the proposed finite element performance it was compared with a layered model using a stack of brick 
finite elements (HEXA8) and the MSC.NastranTM commercial package. The natural frequency values of a 
cantilever sandwich plate (300x200mm) are presented in Table 1. The plate skins are made of 1050A aluminium 
alloy and have a thickness of 1mm. The thick core (40mm) has a very low modulus when compared with the 
skin material and represents a soft compressible and incompressible foam. The acronym HHH represents the 
layered model using brick elements in MSC.NastranTM [3], layw4E is the present finite element and layw4m [6] 
is a similar layerwise finite element without through-thickness deformation. 

Table 2- Natural frequencies of symmetric and antisymmetric modes for the cantilevered sandwich plate [Hz]. 

Core: compressible foam ν=0.25 Core: incompressible foam ν=0.49 

Mode Shape Model HHH layw4E layw4m Model HHH layw4E layw4m 
F1 3.25 3.26 3.26 3.23 3.24 3.24 
T1 10.62 10.70 10.70 10.58 10.66 10.66 
F2 19.50 19.67 19.67 19.47 19.64 19.64 
T2 35.13 35.64 35.64 35.10 35.61 35.61 

F1E 11.34 11.37 -- 41.27 41.40 -- 
T1E 14.99 15.17 -- 42.06 42.84 -- 
F2E 22.16 22.40 -- 45.03 45.93 -- 
T2E 36.60 37.18 -- 53.39 54.84 -- 
Properties: Skins: h=1mm, E=72GPa, ν=0.32, ρ=2710kg/m3; Core: h=40mm, E=1kPa, ν=0.25/0.49, ρ=1140kg/m3 

The symmetric and antisymmetric modes for the cantilevered sandwich plate with a core made of compressible 
foam, calculated by using the proposed model, are represented in Figure 2. 

    

    
Figure 2- Symmetric and antisymetric mode shapes of a sandwich plate with soft core. 

The proposed finite element was able to predict the symmetric and antisymmetric modes, providing results close 
to the reference results obtained by the expensive layered model formed by a stack of brick finite elements. 
Furthermore, the proposed model guarantees directly the displacement field continuity between the layers. 
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ABSTRACT 

In the field of Civil Engineering, one of the most actual topics is the need for repair and strengthening of 
reinforced concrete and masonry structures. Among the different kinds of reinforcing materials and techniques, 
the use of Fiber Reinforced Polymers (FRP) is gaining more and more assents. The reasons for this success, first 
of all, lies in the low weight of these materials in relation to their high mechanical properties and the good 
durability. As a consequence the application of this kind of reinforcement is particularly promising [1-4]. 

However the success of retrofitting techniques depends on more extent on the bond performance between the 
FRP reinforcement and the substrate. That is, only through a good connection between FRP and concrete or 
masonry the reinforcement can be effective. In fact, in spite of the high performance of FRP materials, research 
and practice have demonstrated that the most common type of collapse in FRP reinforced structures is by 
debonding of composite materials [5-7]. Therefore it is necessary, to investigate about the bonding behaviour 
between the two materials in order to understand the main properties that mostly affect the interface 
characteristics and to enhance, consequently, the bond performance. 

This paper deals with the study of the bond behaviour of FRP sheets bonded to masonry substrate (Figure 1), In 
particular, the work focuses on the bond performance of Carbon FRP (CFRP) sheets, with epoxy matrix, applied 
to a particular kind of limestone ashlars widespread in the Salentine peninsula, the so called “Leccese Stone”. 

Such material is commonly used, in the region, for historic vaulted buildings, but the presence of curvature 
causes the addition of a radial normal stress to the shear stress acting at the FRP-substrate interface, and the 
combination of the two stresses can cause a premature failure [8-11]. In the work, the influence of curvature on 
the reduction of the bond performances was investigated by means of four point bending tests carried out on 
small arches with FRP bonded at the intrados. The influence of the sheet width and of the sheet modulus was 
also studied. The bonding performance was evaluated in terms of the maximum load and of the strains and 
stresses distribution along the CFRP sheet at different loading steps. 

On the basis of the obtained results, it can be said that increasing the curvature value the ultimate load decreases, 
as well as the maximum bond stress, i.e. the bond stress value at incoming debonding. In addition, the presence 
of curvature was found to be influential also on the type of failure; in particular, a more fragile failure was 
observed when the radial stresses increases as consequence of a curvature increase. The influence of the 
reinforcement width was finally observed, although further analyses are required in order to better investigate the 
effect of such parameter. 

In order to interpret the obtained experimental results, a theoretical analysis of the stress and strain fields was 
performed; such analysis appeared effective to predict the interface behaviour at the first stage, up to the 
debonding start. 

Finally, a finite element model of the performed tests was built, in order to make it possible to predict the bond 
capacity in different conditions and to extend results to more complex structural members. 

In consequence of symmetry considerations, only a quarter of the beam was modeled with non-linear solid (for 
the substrate) and shell (for the FRP) elements. The Drucker – Prager criterion was used to model the plastic 
behaviour of masonry, while the William - Warnke model allowed to take into account cracking and crushing 
failure modes. A good agreement with the experimental results was obtained, in terms of maximum load and 
strains and stresses distributions. 
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The final aim of the work is to provide affordable and handeable design criteria for repairing curved masonry 
structures by FRP taking into account the effect of curvature on the interface stress field. 

    
Figure 1- Detail of a tested specimen: four point bending test causes detachment of FRP Sheet bonded to the 

intrados of the beam 
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ABSTRACT 

One of the most common handicaps in static testing of interlaminar fracture strength in Mode I by means of the 
Double Cantilever Beam test (DCB) is the amount of time spent to prepare the specimen. According to the 
ASTM standard D5528 [1] there are only two normalized fixtures to transfer the load from the testing machine 
to the specimen: piano hinges and end blocks. Both of them require a time consuming specimen preparation to 
obtain a right alignement of the fixture and to cure the adhesives used to bond them onto the specimen. 
Moreover, because of the presence of the adhesive joint between the metallic hinge or end block to the 
composite specimen, these kind of fixtures may pose problems during fatigue testing (the adhesive may fail 
during the delamination growth) or during experiments at controlled ambiences (temperature, humidity, etc.). 

The aim of this work is to present two new load fixtures which are mechanically fixed to the specimen, thus 
avoiding the use of adhesives, to perform double cantilever beam tests. Therefore they also provide the choice to 
be used in fatigue test without risk of delamination. A round robin test has been carried out in three laboratories, 
Universitdad de Oviedo (UniOvi), Instituto Nacional de Tecnologia Aerospacial (INTA) and Universitat de 
Girona (UdG) to compare the results obtained with these new fixtures to those obtained with “traditional” piano 
hinges. 

 
Figure 1- The new tools during a DCB test. 
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One of the laboratories participants in the round robin test used piano hinges as ASTM D5528 recomend. The 
other two laboratories used the new tools. The newness characteristic introduced by these new tools is the way 
that they are fixed at the specimen. One of the new tools is formed by two inverted T-shaped parts. On top of 
each part there is a hole to fix the tool to the testing machine with a pin. The specimen is placed between the two 
parts and fixed at the lateral edges of the specimen with screws. The load during the test is introduced by these 
contacting screws. The other tool has two main parts aswell, but they are formed by different pieces that are 
fixed by screws. The point of interest of this tool is that one of these pieces is placed in the middle plane of the 
specimen and introduces the force during the test by contact surfaces. An insert is required to use this tool. This 
plane metalic part of the load fixture, once introduced in the specimen, is fixed to the rest of the tool using 
screws. The use of this tool avoids the use of adhesives during the conditioning of the specimen and also permits 
to introduce the load at the middle plane of each beam. This is an advantatge because it eliminates the need for 
correction factors related to the fact that the load point is not on the neutral plane of the beam and to the 
stiffening effect of the end blocks. 

To validate the reliability of these fixtures in different conditions, the round robin test was performed on three 
different materials under static and fatigue conditions. It was concluded that these new fixtures did not have an 
influence on the obtained results, but reducing the time required for preparation of the specimens and avoiding 
bonded jints that can prove to be critical, specially for fatigue tests. 

 

 
Figure 2- Results from the round robin test classified for materials. 

REFERENCES 

[1] ASTM D 5528-01. Standard Test Method for Mode I Interlaminar Fracture Toughness of 
Uniderectional Fiber-Reinforced Polymer Matrix Composites. ASTM Standards., 15.03. 

 



 

94 
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ABSTRACT 

Many engineering and scientific problems require a full understanding of physical phenomena that span two or 
more spatial length scales. The thermomechanical modelling of the behaviour of Metal Matrix Composites 
(MMCs) is such a case. In fact, constituent thermoelastic properties of metal matrix composites are generally 
temperature dependent, which affects the effective behaviour of the overall composite. 

In this context, the Asymptotic Expansion Homogenisation (AEH) method [1, 2] appears to be the most suitable 
technique to address this multiscale dependence. Frequently referred to as mathematical homogenisation, AEH is 
an established approach for determining effective properties of periodic composites, consisting in a suitable 
approach to estimate the effective thermoelastic properties of complex microstructures. 

In the AEH methodology, governing differential equations with rapidly varying coefficients are replaced by 
differential equations with constant or slowly varying coefficients, derived by asymptotic expansions of the field 
variables along with the assumption of periodicity. Then, a modified problem, usually denoted by the Y-periodic 
problem, is generally solved by finite element methods [3]. In fact, several AEH frameworks have been applied 
to the solution of linear and non-linear structural problems [3, 5]. Moreover, in contrast to other homogenisation 
approaches, this methodology is useful due to its inherent capability to perform both homogenisation and 
localisation seamlessly within a single method by considering the microstructural details within a macrolevel 
analysis. 

In the present work, the AEH methodology is applied to the two-scale modelling of the thermomecanical 
behaviour of metal matrix composites (e.g. AlSiCp MMCs), focusing mainly on engineering issues related to its 
finite element implementation and applications. Illustrative examples for linear/non-linear and 
stationary/transient thermomechanic simulations are obtained and validations are provided. These results are 
presented and thoroughly compared. 

 
Figure 1- (a) Finite element mesh of a MMC unit-cell and (b) reinforcement displacement field obtained by 

Asymptotic Expansion Homogenisation (AEH). 
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DAMAGE EVOLUTION IN COMPOSITE LAMINATES WITH MATRIX CRACKS AND FIBER 
BREAKS 
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ABSTRACT 

Several damage modes may develop during the service life in long fiber composites with unidirectional or 
multidirectional orientation of the reinforcement. The most typical modes are related to fiber fracture 
(statistically distributed individual fiber breaks with or without debonding at the interface) and matrix dominated 
cracking (intralaminar cracks). The modes of microdamage in composites considered in this paper are: a) fiber 
breaks in unidirectional layers; b) intralaminar cracks in off axis layers of prepreg tape composites, see Figure 1 
showing a system of intralaminar cracks in 90-layer of a cross-ply laminate and fiber breaks in 0-layer, which are 
most typical during fatigue loading. 

 
a) intralaminar cracks 

 
b) fiber breaks in longitudinal layer 

Figure 1- Microdamage modes in laminates 

These damage modes occur when the material is subjected to mechanical or thermal loading and cause 
degradation of thermo-elastic properties. Independent on the scale, each damage mode is usually localized in a 
certain phase (in a fiber, matrix, at the interface, inside a layer etc.) and is characterized by a certain orientation 
and size. The objective of this study is to use experimental data for modulus and Poisson’s ratio degradation in 
order to analyze the damage modes in laminates. We use the methodology for stiffness calculation of a damaged 
laminate developed earlier [1-3] to find the current damage state. The procedure is applicable for damaged 
composite constituents which are continuous at least in one direction. The used closed form expressions describe 
the cracking caused macroscopic property change through the constituent properties, composite architecture and 
local characteristics of the damage- crack face opening (COD) and crack sliding (CSD) displacements. The COD 
and CSD are determined using simple power laws established based on FEM analysis. 

The calculated reduction of the elastic properties of the composite for a fixed state of damage is used to quantify 
the damage state. In contrast to continuum damage models which also often use stiffness reduction to calculate 
macroscopic damage parameters, here we obtain a quantitative characterization of each micro damage mode in 
terms of crack density. The quantification of each damage mode separately is possible because fiber breaks and 
intralaminar cracks have different effect on the laminate longitudinal modulus and the Poisson’s ratio. The fiber 
breaks are mainly affecting the modulus whereas the intralaminar cracks have significant effect on Poisson’s 
ratio as well. 

The stiffness matrix of the damaged laminate [ ]LAMQ  is calculated as 
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In (1) [ ]0
LAMQ  and [ ]0

LAMS  are the stiffness and compliance of the undamaged laminate, [ ]I  is identity matrix, 
ρkn is normalized crack density and E2 is the transverse modulus of the unidirectional composite. The [ ]kU  
matrix represents the COD and CSD of a crack in a layer symmetry axes. For intralaminar cracks 
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 2 12
2 1

'
            

nn

an ans s
x xy

E G
u A B u A B

E G
⎡ ⎤⎛ ⎞⎛ ⎞ ⎟⎜⎟ ⎢ ⎥⎜= + = + ⎟⎜⎟⎜ ⎟⎟⎜ ⎟⎜⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦

 (3) 

Fibers are usually broken only in layers oriented in the main load direction and therefore the crack opening is 
significantly larger than the crack face sliding. The effect of fiber ends on other elastic properties considering 
aligned short fiber composites, which is a particular case of the analysed, is usually neglected. Then the [ ]kU  has 
the form 
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 (4) 

The value of u1 in (4) depends on the extent of the debonding at the fiber/matrix interface. FEM calculations 
were performed to calculate the COD of the penny-shaped crack and the effect of fiber volume fraction and 
elastic properties was described by a simple law. 

The predicted elastic modulus reduction due to intralaminar cracks in the 90-layer is shown in Figure 2a) 
whereas the modulus reduction in unidirectional composite due to fiber breaks is shown in Figure 2b). 

 
Figure 2- Stiffness reduction in laminates: a) intralaminar cracking effect on shear modulusin cross-ply laminate: 

model and FEM calculation; b) fiber break effect on longitudinal modulus of UD composite. 

The fiber crack density in afiber is limited by the ineffective fiber lengths which for the considered composite is 
about 0.15mm. 

The curves in Figure 2 are used to determine the crack density development with strain using the known elastic 
modulus versus strain data [4]. 
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THE DESIGN OF ASPHALT PAVEMENTS 
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ABSTRACT 

Asphalt is a complex, heterogeneous material that is composed of differently sized aggregates, binder and air 
voids: in other words, it is a particulate reinforced composite. The focus of the present work is to investigate the 
structural effectiveness of this material composition following the introduction of recycled asphalt pavement 
(RAP) into the mix. The virgin mortar mix (i.e., matrix) consists of an asphalt binder, sand and crushed rock 
fines (CRF), while the RAP-containing mix additionally includes fine aggregates ranging in size from fine dust 
(≤ 75μm diameter) up to small particles (≤ 3.35mm diameter). The stress distribution throughout such a material 
and the resulting mechanical response is strongly related to the interaction between the mix constituents. 
Previous work has shown that this performance is less influenced by the presence of larger aggregate than it is by 
the mortar composition and it is for this reason that the present work attempts to model damage evolution in 
various mortar mixes. 

EXPERIMENTAL 

A special laboratory procedure similar to [1] has been adopted to obtain material parameters required for 
simulation of asphalt pavement behaviour subjected to the Indirect Tensile Test (ITT). Also, a digital image 
mapping technique was employed to obtain graphical representation of the material mix: the specimens were cut 
in multiple horizontal plane cross sections using a circular masonry saw. The cut sections were dried and 
digitised using a desktop scanner. Subsequently, a series of greyscale images were imported into a graphical 
package and the edges of large stone aggregates were mapped as shown in Figure 1 b). After the aggregates were 
mapped, a sieving algorithm was used to digitally remove all objects smaller than 3.35mm in diameter. The 
remaining surfaces were scaled and imported into ABAQUS CAE (see Figure 1 d). 

 
Figure 1- Two-dimensional digital image processing. a) Scanned image of the cut specimen; b) mapping of the 

stone aggregates; c) created surface large aggregates and mortar mix; d) ABAQUS CAE 2D representation of the 
binder course asphalt pavement mix. 

COMPUTATIONAL 

The composite behaviour was simulated by developing a micromechanics damage model in which the 
constitutive law has the form ( ) ( )1 1Dσ ω ε ω σ= − = −  where D is the elastic material stiffness matrix, ε is 
strain, σ  is effective stress and ω is a scalar quantity corresponding to the amount of localised damage. 
Following the damage model developed by Mazars [2] for concrete analysis, two damage parameters are 
introduced in the model, ωt and ωc, the first of which is identified from uni-axial tensile tests and the latter from 
compression tests. For general stress states, the value of ω is obtained as a linear combination of these, i.e., 

t t c cω α ω α ω= + , where the coefficients αt and αc account for the character of the stress state. The damage 
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model was implemented within the ABAQUS finite element code using a UMAT subroutine which calculates 
whether the local stress state exists within a linear loading regime (ε≤ε0), one close to a failure level (ε0<ε≤ε1) or 
in a viscoelastic softening regime (ε>ε1), as is shown schematically in Figure 2. 

  

Figure 2- Constitutive damage model Figure 3- Predicted damage in ITT mortar sample 

The model accounts for the initiation and evolution of damage and is easily implemented in existing FE codes 
and only modest computational effort is required in addition to the usual elastic analysis. This model is suitable 
for the study of quasi-static problems where monotonically increasing loads are applied. Numerical predictions 
of damage and failure agree well with experiments, as illustrated in Figure 3 using the Indirect Tensile Test 
(ITT). 

CONCLUSIONS 

A damage mechanics model has been developed in order to compare the behaviour of RAP-containing mortar 
with virgin mortar and to properly predict the post-failure softening response of such particulate-reinforced 
composites. The damage model developed successfully predicts quasi-static monotonic behaviour of mortar 
mixes within a binder course mix. However, if it is desired to simulate problems involving cyclic or dynamic 
loads, it would be necessary to formulate alternative damage models such as [3] or [4], which are capable of 
accounting for the recovery of stiffness and rate dependent effects. Future work will use this current model to 
characterise the performance of mortar containing varying compositions of RAP: this will form the basis of a 
subsequent publication. 
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PROGRESSIVE DAMAGE MODELING IN FIBER-REINFORCED MATERIALS 
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ABSTRACT 

This paper presents an anisotropic damage model suitable for predicting failure and post-failure behavior in 
fiber-reinforced materials. In the model the plane stress formulation is used and the response of the undamaged 
material is assumed to be linearly elastic. The model is intended to predict behavior of elastic-brittle materials 
that show no significant plastic deformation before failure. 

In the model four different failure modes -- fiber tension, fiber compression, matrix tension, and matrix 
compression -- are considered and modeled separately. The onset of damage is predicted using Hashin's 
initiation criteria [I], which are expressed in terms of effective stresses. Once the damage process starts, it is 
assumed that its effect can be taken into account by modifying the stiffness coefficients. In this model, we adapt 
the formulation of Matzenrniller et al. [2]. In this formulation the damage is simulated by four internal variables 
(a different variable is used for each failure mode). An important characteristic of the formulation is that the 
thermodynamic forces are always positive. Therefore to assure positive dissipation during the damage process it 
is sufficient to require that the damage variables either remain constant or increase their values. To describe the 
evolution of the damage variables we use a law that is a generalization of that proposed by Camanho and Davila 
[3] for cohesive elements. The evolution law is based on energy dissipation during the damage process, which 
can have a different value for each failure mode. Once an initiation criterion is satisfied, the damage variable will 
increase if appropriately defined equivalent displacements increase. 

Mesh sensitivity is a common problem that occurs when the behavior of materials with damage is modeled 
numerically. In this model the problem is alleviated by introducing a characteristic length into the formulation. 
The characteristic length is based on the element geometry; it is assumed to be equal to the square root of the 
integration point area. 

Material models exhibiting softening behavior and stiffness degradation often lead to severe convergence 
difficulties in implicit analysis programs. In order to overcome some of these convergence difficulties viscous 
regularization of the constitutive equations is used, which causes the tangent stiffness matrix of the softening 
material to be positive for sufficiently small time increments. In this model different values of viscous 
coefficients can be specified for different failure modes. 

The model is applied to predict strength of a blunt notched laminate, and the numerical and experimental results 
show a good agreement. 
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ABSTRACT 

This paper presents a newly developed 3D constitutive model for numerical simulation of the response of 
composite materials subjected to impact loading by means of explicit finite element analysis. The development 
was motivated by the requirements raised in aircraft and aeroengine manufacturing industries as a result of the 
deficiencies of constitutive models in commercial software. The research was inspired by the established 
methodology for experimental characterisation of composite materials at elevated rates of strain. 

The new material model relies upon the continuum representation of material behaviour within a representative 
volume element (RVE). The size of the RVE is given by the 'characteristic length' of the finite element under 
consideration and the material orientation within this finite element. The element’s load carrying capacity is 
assessed by means of stress based failure criteria which address all experimentally observable failure modes. A 
damage mechanics approach is adopted in which the evolution of damage is determined by the rate at which the 
failure surfaces separating the admissible from inadmissible stress states are exceeded. The evolution of damage 
in specific materials is controlled by a set of physically based material parameters which define the rate at which 
the failure surfaces shrink, thus representing the observable strain softening, strain localization and fracture of 
experimentally assessed materials. A numerically stable stress return mapping algorithm is employed to calculate 
the admissible stress state during the softening process. 

The formulation of the constitutive model allows for its application to different generally orthotropic long fibre 
composite materials including laminated (UD, X-ply, woven), 3D woven fabrics as well as fibre metal laminates. 

The model has been implemented into the in-house software DEST as well as into DYNA which is used by the 
industry for prediction of composite materials response during impact events such as bird strike. The rate 
dependent material properties for the model verification have been determined and identified using Split-
Hopkinson-Bar devices and inverse modelling. The performance of the developed model is assessed using 
impact bending experiments in order to illustrate the improvements in accuracy and numerical stability of the 
model over previously available models. 
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PHOTOELASTIC CHARACTERISATION OF THE STRESS TRANSFER AT FIBRE-BREAK IN 
MODEL COMPOSITES 
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ABSTRACT 

Knowledge of the matrix stress distribution in the vicinity of fibres in a composite material under external load is 
necessary to describe the stress transfer at the interface more precisely. Many works have been done for 
obtaining indirectly information relevant to the interface from Raman and fluorescence spectroscopy through 
measuring strains and stresses in the fibres in single fibre model composites [1, 2]. 

Recently, we have indicated that by a phase-stepping automated polariscope, the local matrix stress field and the 
interfacial shear stress can be measured directly for single glass fibre model composites with interfacial 
debonding and matrix crack [3,4]. The results show that the stress distribution in the matrix and at the interface, 
as well as the stress concentration around the ends of debonded and fractured fibres can be monitored 
continuously with applied matrix stresses and quantified. In the paper, the shear stress field in the vicinity of a 
fractured fibre in the presence of a transverse matrix crack is measured and the effect of matrix crack and 
interfacial debonding on stress transfer examined for single fibre model composites. 

The simultaneous capture of four images required for contour maps of isochromatic and isoclinic parameters 
over a full field of view has been realised with a phase stepping automated polariscope. It has been combined 
with a microscope on a mini-tester for applying to the micro-measurement of a two-dimensional model. Figure 1 
shows contour map of fringe order in the matrix in the vicinity of a fractured sapphire fibre, where a transverse 
matrix crack formed. The contour map represents the shear stress field in the matrix region of 1.554 mm by 
1.238 mm at the instant moment of fibre fracture. Therefore, there is a maximum in shear stress around the tip of 
the matrix crack. Another maximum in shear stress appeared in the interfacial region at the distance of 
approximately 0.7 ~ 0.8 mm away from the broken-end, which is a direct consequence of stress transfer to the 
fibre through the matrix at the interface. The location of this maximum is determined by the length of the matrix 
crack which propagated from the fibre break and the property of the interphase to yield [4]. With a poor 
interfacial bond a debond can grow as a result of the shear stress. The matrix crack delays the stress transfer 
leading to a larger ineffective length. 

 
Figure 1- Contour map of fringe order in the matrix in the vicinity of a fractured sapphire fibre at the applied 

matrix of 8.59 MPa. 
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Furthermore, at a higher applied matrix stress, the shear stress concentration in this region causes a debond to 
propagate which results in a significant change in the photoelastic response. We observe that yielding of the 
matrix in the interface region is followed by the propagation of a debond. These shear stress profiles at the 
debonded and bonded interface will be described in detail, providing a quantification of the effects of the 
interfacial adhesion, matrix cracking and debonding on stress transfer. 
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ABSTRACT 

Advanced composites are usually designed to maximise stiffness and load bearing capacity; this generally results 
in a semi-brittle fibre dominated rupture when failure occurs. This approach is desirable for most applications; 
however, composites can also be designed to absorb high levels of impact or crash energy. In this case a different 
design approach is desirable in which fabric shearing mechanisms that enable large material strains and energy 
absorption prior to ultimate fibre failure must be activated. This paper presents work on material characterisation 
and damage modelling of braid reinforced composites that have the capacity to undergo large shear strains and 
energy absorption. These material types are currently being considered for certain automotive applications, such 
as a front bumper and cross members where high stiffness, low weight and good crash behaviour is required. 

Shear strain measurement 

An elasto-plastic with damage constitutive law [1] is currently under 
investigation by the authors to describe shear damage in braid reinforced 
composites. Characterisation of this model requires experimental shear strain 
measurements. Conventional strain measuring techniques, such as strain 
gages and extensometers, are unable to cope with the extensive surface 
damage and large deformations (>3%) that occur, Figure 1. Consequently, an 
alternative optical method based on the Digital Image Correlation technique 
(DIC) [2] is used. 

The Digital Image Correlation technique involves application of 
a speckle pattern to the specimen surface; strain evolution is 
monitored during loading by a sequence of photographs and 
digital post-processing of movement between the speckles to 
determine deformations and strains (εxx, εyy, εxy). Figure 2 shows 
the equipment setup for tensile loading a [±45°]2S STS/LY3505 
carbon fibre braid reinforced composite coupon. This technique 
allows the complete strain field to failure to be determined. 
Tensile (and compression) testing in the fibre direction is readily 
undertaken to determine stiffness and failure data in these 
directions. 

Theoretical model to describe intra-ply failure 

The mechanical model used for failure and post-failure prediction is based on the meso-mechanical damage 
model first proposed by Ladevèze and Le Dantec for uni-directional laminates [3] and adapted [1] for glass and 
carbon braided composites. Model calibration is based on a simple test procedure such as loading a [0-90]2S 
coupon under tension and compression and a [±45°] coupon under cyclic loading which allows determination of 
orthotropic ply stiffness data (E11

T, E11
C, E22

T, ν12
T, G12), fibre failure strain limits (ε11

T, ε11
C), shear damage and 

plasticity laws. Latest improvements on the failure law characterisation have been realised due to DIC which 
enables full measurement of the material strain field even for large shear deformation and surface degradation as 
shown in Figure 3. The slightly erratic data acquisition in the later stages of the shear stress versus shear strain 
plot are due to surface degradation causing the speckle pattern to break up; never-the-less meaningful data points 
are still obtained. 

 

Figure 1- Strain gage failure 

 

Figure 2- The DIC setup and test specimen 



 

109 

 
Figure 3- Cyclic tension loading of a [±45°]2S STS/LY3505 fibre braided composite: a) Shear strain map, b) Plot 

of cyclic shear stress versus shear strain, c) Fibre re-orientation leading to necking. 

For validation, the new model has been implemented into shell elements of a commercial explicit Finite Element 
code [4] to predict damage evolution, fibre rotation and failure of the braided composite. Figure 4 shows 
example test and simulations results for a [±30°]2S carbon fibre braided beam loaded under four point bending. A 
good correlation between experimental and simulation results was found for both the maximum load capacity of 
the beam and the location and mode of failure. 

 
Figure 4- Test and simulation results for the 4 point loading to failure of an STS/LY3505 carbon fibre braided 

composite beam. 
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ABSTRACT 

Composite patches are presently used to reinforce damaged structures. On the one hand this technique allows 
repairing the damaged structures. On the other hand it improves mechanical properties and extends life of 
structures. 

The response in terms of strains, displacements and stresses of an adhesive bonded joint and particularly the 
stress transfer between substrate and adherent has been already studied. Many theoretical and numerical 
mechanical models are available in the literature [1] [2]. The load transfer from the substrate to adherent induces 
shear stress concentrations in the adhesive near the free edges, along the so-called “transfer length”. There is 
however few experimental studies which made it possible to characterize the in situ mechanical response of the 
adhesive. 

The main purpose of this paper is to present an experimental way to determine the strain and stress field in the 
adhesive layer during loading of the structure. The initial state of stress in the adhesive, resulting from the 
bonding process, is also assessed in the present work. 

The initial stress state of adhesive is first determined by X-ray diffraction (XRD). As adhesive is a non-
crystalline material, aluminium powder has been embedded in the adhesive during the bonding process. The 
strain is measured in the aluminium. By considering an elastic behaviour of the aluminium powder, the stresses 
are reduced. Thanks to a homogenisation method, initial stresses in the adhesive are then calculated. 

Particles have a maximum diameter of 15 μm. Volume concentration of aluminium particles reaches 6.7%. The 
X-ray diffraction stress measurement is made using a Phillips X’Pert Goniometer with a Cu Kα radiation. 

Two components of the stress tensor are obtained: σxx and σyy. Measurements are performed at different points 
along the adhesive joint (Y direction, Figure 1). Experiments are performed twice to improve the reliability of 
results. 

 
Figure 1- Sample used for XRD. 

In the aluminium particles, σxx value range between -4 and 7 MPa and σyy value range between -3 and 2 MPa. 
Those measured stresses correspond to a low level of stress in the adhesive (less than 3 MPa). That's why we can 
consider initial stress state as negligible. 

As the initial mechanical state is known, strain field under loading of the structure can be measured and the 
corresponding stress field can be determined. Therefore digital image correlation (DIC) seems to be an 
appropriate technique. 

DIC allows the determination of the displacement field on the surface of specimens during mechanical loading. 
Images are taken with a CCD video camera connected to a computer. As the thickness of the adhesive layer is 
smaller than 0.5 mm, it is necessary to use a long distance microscope. CorreliLMT software carries out the 
algorithm of correlation, which calculates the displacement field and then the strain field. 
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Specimens consist of 2024-T3 aluminium plates reinforced with carbon epoxy unidirectional composite. The 
adhesive is a structural epoxy resin. Two types of specimens are tested to assess the influence of the stiffness 
ratio between composite and aluminium substrate: carbon fibres oriented at 0° (direction of the load) and carbon 
fibres oriented at 90°. For each type, 4 different thicknesses of adhesive layer are tested: 0.1mm, 0.2mm, 0.4mm, 
and 0.5mm. Specimens are subjected to tension loading. Several pictures are taken along the load transfer length 
(see Figure 2). 

 
Figure 2- Loading of the sample and stress transfer area. 

CorreliLMT gives the displacement field in the Region of Interest (ROI) selected before calculation. The strain 
map is then deduced, especially the shear strain in the adhesive layer. A typical shear strain contour at the eft-
hand side of the corresponding selected area is plotted in Figure 3. 

 
Figure 3- Picture of the selected area and shear strain corresponding cartography. 

Results are then compared with a finite element simulation (see Figure 4) and with some theoretical models 
developed under the assumption of a linear elastic response of the different materials. 

The various experimental devices used in the experiments will be described in the presentation. The comparison 
between experimental, numerical and theoretical results will also be discussed. 

 
Figure 4- Result in terms of shear strains of a finite element simulation carried out by Ansys. 
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ABSTRACT 

This paper deals with the application of an optical full-field measurement technique to investigate the damage 
process in a laminated composite submitted to an open hole tension test. This study is part of a wider project at 
the University of Bristol to study scaling effects in notched composites. 

A schematic of the test configuration is given in Figure 1. The material is Hexcel E Glass/913 epoxy composite. 
Two different lay-ups were studied: [-454/904/454/04]S and [-45/90/45/0]4S to investigate the effect of two 
different scaling procedures: ply-level scaling (PS) and sublaminate scaling (SS). 

 
Figure 1- Test configuration. 

The specimens are equipped with cross-line grids transferred using the procedure described in [1]. The grids are 
digitized using a PixelFly 12 bit camera. Pictures are taken throughout the loading at regular intervals, so that 
between two consecutive images, the maximum relative displacement of any point remains less than the grid 
pitch, so that no spatial unwrapping is necessary. All the images are then processed using spatial phase shifting 
to produce the two components of the displacement field all along the test. 

Figure 2 shows an example of the displacement maps obtained. 

 
Figure 2- Displacement field for a load of 4.8 kN, ply scaling specimen. 

In order to derive strains from these noisy displacement maps, different procedures are available. It was found 
that polynomial fitting of the data was a very efficient way of filtering the noise. A systematic study based on FE 
simulated maps showed that degree 17 was necessary to reproduce the local gradients near the hole. Then, from 
the fitted displacements, a closed-form differentiation gives the three in-plane strain components, as shown on 
Figure 3. The interesting thing is that such strain maps are obtained throughout the loading history of the 
specimen. Assuming that the beginning of the response is linear elastic up to 4.8 kN (about one third of the load 
before the first surface crack that appears at about 14 kN for this specimen), it is then possible to construct for 
each subsequent strain map the difference between the current strain map and the linear extrapolation of the map 
at 4.8 kN. Therefore, one can see the onset and the development of the material non-linearity near the hole. 
Figure 4 gives the evolution of this non-linearity on the longitudinal strain map. 
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Figure 3- Strain maps for a load of 4.8 kN, polynomial fitting degree 17, ply scalling specimen. 

         

    
Figure 4- Evolution of the non-linearity in the longitudinal strain map. 

It is clear that nothing much happens until 8.5kN and then, suddenly, the non-linearity appears near the hole and 
evolves steadily until the end of the test (the colours around the edges are caused by the instability of the 
polynomial fitting and should be ignored). This was shown to be the effect of the onset and propagation of a 
subsurface crack in the 90° ply, which was seen experimentally by microscopic observation. 

In the paper, these results will be compared against FE modelling and the difference between PS and SS will be 
discussed. 
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ABSTRACT 

Experimental investigations of interlaminar strength properties for Carbon fibre [1] and Kevlar® stitched CFRP 
laminates were carried out. The used Kevlar® thread thicknesses are 400 denier (d), 600d, 800d, 1000d and 
1200d. The stitched carbon fibre (CF) preforms were cured with RTM (Resin transfer molding) technique. 
Stitching types employed to CF dry preform (T300 and T700) are a modified lock stitch (MLS) which has the 
stitch inter-locking position on the CFRP laminate surface and a lock stitch (LS) which has the inter-locking 
position in the CFRP laminate where an industrial sewing machine was used. Test specimens containing a single 
stitching thread were cut from the stitched CFRP laminates. The test specimens were loaded to the out-of-plane 
direction by a screw driven testing machine (Figure 1). Load-displacement curves were obtained and sectional 
observations for broken test specimens were executed. 

Maximum tension load (Figure 2) and consumption energy (Figure 3) for the single stitch-thread specimens were 
obtained. There can be found a trend that MLS cases show larger maximum load and consumption energy than 
LS case for each stitch thread thickness. Averaged maximum load of the test specimen increases with stitch 
thread thickness. On the other hand, averaged consumption energy of 1000d indicates the highest value among 
all the stitch thread thickness specimens. The reason why the 1000d MLS case shows the highest energy is an 
intense pull-out phenomenon. 

It is revealed that the maximum load and consumption energy of the stitched CFRP laminates was governed by 
an inter-locking position of stitching in the CFRP laminates (Figure 4). It is also suggested that the allowable 
strength and load distribution along the stitch thread affects the breaking position of the stitch thread in the 
CFRP laminates. A similarity is unveiled in the relationship between the values of GI by double cantilever beam 
(DCB) tests and failure modes of stitching threads and in the relationship between the value of consumption 
energy by the present tests and failure modes of stitching threads (Figure 5(a)(b)). 

 
Figure 1- Stitched CFRP tension test set. 
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 Figure 2- Maximum load-Thread thickness plots. Figure 3- Consumption energy-Thread thickness plots. 

 Min. Load/Energy Max- Load Max. Energy 

800d 

   

Figure 4- Fracture modes of the tension test specimens. 

 
Figure 5- Fractured stitch threads after DCB tests: (a) 800d MLS; (b) 1200d LS. 
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ABSTRACT 

The study of the thermal distribution and heat dissipation in Metal Matrix Composite materials (MMCs) is of 
extreme relevance for the understanding of the behaviour of these materials and their applications. The influence 
of the temperature distribution in the thermomechanical behaviour of a metal matrix composite material starts 
right after its fabrication process, when the material is often subjected to non-homogeneous temperature 
variations. This fact leads to an increase of the residual stress gradients. These residual stresses are induced in 
the composite material due to the large time-temperature variations and as a consequence of the mismatch 
between the thermal expansion coefficient of the matrix and reinforcement materials. 

When modelling the residual stresses derived from the cooling down from fabrication temperature to room 
temperature, it is common procedure to assume that the temperature field in the composite is homogeneous at all 
times. It is also often considered that the evolution of temperature in time is linear [1, 2]. Although this approach 
leads to computationally inexpensive simulations, it does not take into account the thermal heterogeneities 
induced between the different component materials in the MMC. 

The influence of the temperature distribution in the calculation of thermally induced residual stress fields in 
Metal Matrix Composites is numerically studied in this paper. A large deformation thermomechanical coupled 
approach is presented. This model considers that the reinforcement material has thermoelastic behaviour and the 
matrix material exhibits thermoelastic-viscoplastic behaviour [3]. The constitutive model for the matrix material 
is based on the additive decomposition of the strain rate tensor in its elastic, thermal and viscoplastic parts. The 
flow rule is a function of both the equivalent stress and the deviatoric stress tensor, of the temperature field and 
of a set of internal state variables. 

An optimisation approach based in a continuous evolutionary algorithm (EA) is used in order to determine the 
material parameters for the thermoelastic-viscoplastic internal variable constitutive model [4]. This method is 
briefly described. 

The non-linear transient thermal problem is solved by a prediction-correction algorithm. The prediction stage 
uses a semi-implicit integration procedure and provides a first estimation of the temperature field. The correction 
stage, performed with a Newton-Raphson implicit scheme, improves the solution until a satisfactory result is 
found. The thermomechanical coupled problem is solved using a staggered approach. 

In this work the authors presents several thermomechanical numerical simulation tests performed on short 
cylindrical particle MMC unit-cells. Three-dimensional representative unit-cells are used. Temperature, residual 
stresses and deformations are determined in the Metal Matrix Composite material. The results obtained with and 
without thermal heterogeneities are thoroughly compared. 
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ABSTRACT 

In France composite materials are used for the construction of 95% of small boats and the most widely used 
materials are E glass reinforced polyester. These materials have been used for many years and extensive 
knowledge of their behaviour in service exists. However, in order to remain competitive in terms of performance 
and cost, and in order to respect new legislation on manufacturing conditions and standards on dimensioning 
(ISO/DIS 12215-5) there is a need to understand and optimise material properties. This study was initiated in 
2003 in collaboration with the French Nautical Industry (FIN) to examine the mechanical behaviour of these 
materials, with particular emphasis on new low styrene resins. Three aspects will be presented. 

First, the procedure for the design of composite vessels proposed in the new draft standard ISO/DIS 12215-5 will 
be presented, together with its implications in terms of material testing. Minimum mechanical properties are 
defined according to the manufacturing route and reinforcement form (mat, woven, stitched…). 

Material tests have been performed at different scales [1]. First, resins, both standard and low styrene grades, 
have been tested and single glass fibres from different types of reinforcement have been evaluated in tension. 
Then fibre/matrix interfaces have been evaluated by interface debonding tests, using the droplet method. 
Composites with unidirectional and mat reinforcements have also been tested, and the appearance of damage has 
been related to component properties. Micro-mechanics expressions have been used to quantify the contributions 
of the different components to the overall composite performance. 

Finally, the behaviour of these materials in structural components under more complex loading has been 
examined using a transverse pressure ‘Bulge Test’ [2,3]. This has enabled the consequences of modifications to 
fibre, resin or interface properties to be examined at a scale more relevant to the end user. The bulge test has 
been analysed using finite element analysis in order to validate the boundary conditions and data reduction 
methods. 
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ABSTRACT 

The paper reports the study carried out for the realization of a composite-to-metal tubular joint of a steel flange 
adhesively bonded to a carbon fiber epoxy composite shaft subjected to traction and torsion. In particular a finite 
element method has been employed to study the yielding of the adhesive and to characterize the stress 
concentration associated with the boundary effect at the ends region of the adhesive layer. For this analysis, 
essential data are the actual mechanical properties of the adhesive, such as Young’s modulus, Poisson’s ratio and 
yield shear deformation, that are independent of the joint geometry, adherends properties and load. In this work a 
critical analysis of the factors that influence strength and other stress measurements is reported and a method to 
obtain useful data using single-lap specimen is described. 

The correct determination of the adhesive mechanical properties is the key point for the correct development of a 
finite element model. Several samples have been tested for predicting yield shear stress and deformation of the 
adhesive. Single lap shear tests on samples with different adherends thickness provided significant values for the 
maximum shear stress, while a great dispersion has been observed for yield shear deformation. A proper 
experimental set up has been developed to evaluated Poisson’s ratio and shear modulus of the adhesive. 

The first step in the development of the finite element model of the joint has been the simulation of the single-lap 
shear test with thick adherends, which helped to find the right combination of parameters for the simulation of 
the joining. 

In a second step, non-linear numerical analyses have been carried out applying yield criteria of maximum 
deformation to the adhesive, thus evaluating the yielding at different load levels. The results of these analyses 
have confirmed that the area interested to adhesive yielding increases with the load. 

In the third and final step a finite element model for the joint of the steel flange with the composite shaft has 
been developed in order to individuate the location and magnitude of the significant stress of the joining 
subjected to torque and axial load. The results of the finite element method analysis have been used to optimize 
the joint geometry in order to reduce the peak stress and its gradient. By the results of this evaluation some 
design guidelines were obtained. 

Figure 1 shows the results of a simulation for a particular geometry of the joining, in which peak stress have 
been reduced. Other analysis for different geometry will be presented. 
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Figure 1- Result of a simulation for a particular geometry of the joining. 
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ABSTRACT 

Honeycomb sandwich panels are widely used in aeronautic industry, and more particularly in the construction of 
airplane and helicopter trim panels. The current study is motivated by aircraft cabin noise reduction applications, 
where Active Structural Acoustic Control of the trim panels through piezoelectric patches is considered. As an 
initial step to such control, predictive models of the panel dynamics are needed for design. 

Honeycomb models currently used in industry are either two dimensional (2D) shell models or layered shell-
solid-shell models. The later being more accurate for thick layer configurations will be preferred here. 

This paper describes a numerical homogenization approach, illustrated on Figure 1, to get a Shell-Volume-Shell 
(SVS) finite element honeycomb sandwich model from a detailed three dimensional (3D) Shell one. The finite 
element modeling and the modal computations are supported by the Structural Dynamics Toolbox (SDT [1]) of 
Matlab software. 

In order to obtain numerically an accurate Shell-Volume-Shell model, in a first step, it is generated from a very 
detailed model (3D FEM, Figure 1 - left) much closer to the physical honeycomb structure. In a second step, the 
two models are correlated with the dynamical criterions of the modes and the in-plane and out-plane 
displacement fields of the laminates. 

The 3D detailed model is considered as reference, it takes into account the geometry of the honeycomb with a 
high accuracy and each element of the FEM possesses shell properties. However, the high number of degrees of 
freedom (DOF) makes difficult the implementation of this model for a whole structure. 

The SVS homogenized model is a simplified FEM with shell elements for laminates and solid elements for the 
honeycomb core. The geometry of SVS FEM is generated from the 3D detailed FEM. About the material 
properties of homogenized honeycomb core, different theories of prediction exist in the literature [2]. Here, the 
Gibson and Ashby formulation of honeycomb material properties, calculated from the constitutive material of 
the cell, is taken as reference for the correlation loop. 

The procedure of numerical homogenization is based on a comparison of the eigenfrequencies and the in-plane 
and out-plane displacement fields of the laminates for a same mode calculated for the two FEM with the 
Structural Dynamics Toolbox. For a given structure of composite material, the homogenization is carried out on 
a sample test in both directions of orthotropic honeycomb (x, y) with periodic conditions. The influent 
parameters ECz, GCxz, GCxz, among the nine orthotropic properties of honeycomb, are optimized numerically to 
assume the same dynamical behavior quoted above for the both FEM for different lengths of periodicity. The 
good Shell-Volume-Shell modeling is obtained, when the correlation is correct for all lengths of periodicity. 

The procedure of homogenization and correlation of the two FEM is described and results of comparison on a 
reference Aluminium/honeycomb Nomex® sandwich is presented. 
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Figure 1- Homogenization from the detailed 3D model to the SVS model. 
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ABSTRACT 

The increasing number of applications for glass-fibre reinforced plastic (GRP) pipes demands further 
investigation on the long-term behaviour of such structures. Once these structures are to be exposed to complex 
service environment conditions of a range of combinations of stress, time, temperature, moisture, radiation, 
chemical, and gaseous environments, the lack of confidence in the prediction of the residual properties in a 
longterm basis leads to over-design and in-service prototype evaluations and, furthermore, inhibits greater 
utilization. 

Within this research project, experimental tests were conducted to evaluate the behaviour of GRP pipes under 
ring-deflection conditions. Static, creep and relaxation tests were developed and different preconditioning 
conditions were applied to different specimens so that its influence could be assessed [1]. 

The existing standards for predictions of the long-term behaviour specify methods which do not take into 
account a fundamental characteristic of the influence of liquid environment: the slow liquid diffusion at room 
temperature. Depending on the material’s composition and the thickness of the pipe wall, the specimen 
saturation can only be obtained after several months. Hence, only the results achieved after several thousands of 
hours show the influence of the liquid environment. 

First results achieved didn’t show a relevant dependence on the preconditioning environment on the 
instantaneous stiffness (Figure 1) and on creep failure. Further results shall allow us to conclude on the 
macroscopic phenomena induced by the preconditioning conditions on the behaviour of GRP pipes under ring-
deflection condition. 

 
Figure 1- Initial deflection of virgin and preconditioned GRP pipes under ring deflection conditions. 
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Figure 2- Creep failure of virgin and preconditioned GRP pipes under ring deflection conditions. 
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ABSTRACT 

Polymer concrete is a material where a polymer binds together natural or artificial aggregates. This material 
combines high compressive strength with very high corrosion resistance. However its general mechanical 
behaviour is brittle. In this work, wood shavings are added to the formulation in order to improve the ductility 
and reduce weight, taking advantage of its low stiffness and low density, respectively. In addition, wood is an 
organic material that also exhibits large compressive strains, which may lead to a more energy absorbing 
concrete material. Flexural and compressive tests were performed and load vs. displacement curves were plotted 
up to failure. Both the influence of organic aggregate weight fraction and organic aggregate type were 
considered in the mechanical behaviour. The results anticipate a very interesting expectation in terms of lighter 
modified polymer concretes with a less brittle behaviour. 

 

Keywords: polymer concrete, unsaturated polyester resin, epoxy resin, lightweight organic aggregates, wood, 
flexural behaviour, compressive strength. 
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ABSTRACT 

In recent years, fibre – reinforced composite laminated plates have been widely used in the aerospace, marine, 
automobile and other engineering industries. During the operational life, the variation of temperature and 
moisture reduces the elastic moduli and degrades the strength of the laminated materials [1-2]. Also, in previous 
studies [3-4], the transient hygroscopic stresses induced by the hygrothermal stresses have been well 
investigated. It seems that there are few studies concerning transient hygroscopic stresses in laminated plates due 
to the non-uniform moisture distribution. Hahn and Kim [5] have discussed the distribution of such stresses in 
three particular cases of stacking sequences. We studied the effect of the accelerated moisture diffusivity on the 
hygrothermal behavior laminated plate with symmetrical environmental conditions [6] and the effect of 
temperature on the hygrothermal behavior of unidirectional laminated plates with asymmetrical environmental 
conditions [7]. 

The present study the computation of residual stresses within laminated plate induced by constant and 
symmetrical environmental conditions with the taking into account the variation of elasticity modulus due to the 
temperature. The material used for the present study is a Graphite/Epoxy (T300/5208) in which, its mechanical 
and environmental properties are summarized in Tsaî [8] and the thickness of the laminated plate is 1.12 mm. 
The maximum moisture content cmax is 1.90%. To evaluate the effect of mechanical characteristics variation on 
residual stresses, the temperature has changed between 20 °C to 120 °C. For the following examples, the cure 
temperature is assumed equal to 122 °C. 

To study the effect of temperature on the residual stresses distribution through the thickness of the laminated 
plate, we have examined such stresses for three values of temperature: T = 20° and 120°C. 

Figures 1 to 4 represent the variation of the transverse residual stress through the thickness of the laminated plate 
for the different laminates [θ/-θ]S (θ = 0,10,20,30 and 45). In figures 1 and 2, we presented the transverse 
residual stresses at initial time (t=0). It is noticed that the laminate [0]2S gives the maximum stress, contrary to 
laminate [45/-45]S which give the minimum one. At the saturation time, the transverse residual stress plotted in 
figures 3 and 4 is zero for the laminate [0]2S, but, it takes maximum values for the laminate [45/-45]S (-92.21 
MPa for T = 20 °C, and -48.60 MPa for 120°C). The maximum transverse residual stresses represent 37.74 % for 
T = 20 °C and 63.28 % T = 120 °C of the Transverse compressive strength Y’. 

 

 

CLEFS WORDS: Residual stresses, Stacking sequences, Temperature variation, Laminated composite, 
environmental conditions. 
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Figure 1- Residual transverse stresses σY
r through the 

thickness for [θ/- θ ]S composite at the initial time 
(t = 0) and T = 20 °C. 

Figure 2- Residual transverse stresses σY
r through the 

thickness for [θ/- θ ]S composite at the initial time 
(t = 0) and T = 120 °C. 

  

Figure 3- Residual transverse stresses σY
r through the 

thickness for the [θ/- θ ]S laminate at the saturation 
time and T = 20 °C. 

Figure 4- Residual transverse stresses σY
r through the 

thickness for the [θ/- θ ]S laminate at the saturation 
time and T = 120 °C. 
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NOISE REDUCTION OF STRAIN MAPPING DATA AND IDENTIFICATION OF DAMAGE 
INITIATION OF CARBON-EPOXY TRIAXIAL BRAIDED COMPOSITE 
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Belgium 

ABSTRACT 

Carbon epoxy triaxial braided composite is studied. The focus of the work is meso analysis (scale level of the 
fabric unit cell) of composite deformation and failure. Since the unit cell of the composite is quite large (14 mm) 
the surface strain measurement give a sound base for meso strain distribution study. The investigation has been 
done by means of digital speckle photography (strain mapping) provided by Aramis system. 

The strains have been measured in uniaxial tension tests. Load has been 
applied to the direction of inlay yarn, braiding yarns and to the cross-
direction (normal to inlay) (Figure 1). The width of the specimens 
corresponds to the double unit cells size in the machine and cross 
directions. Specimens were covered with fine black and white spots for 
the sake of better image recognition. Facet grid is of rectangular pattern 
with the size of the facet about 1 mm. Applied quasi static load was 
displacement controlled. Digital pictures were produced with the step 
of 0.033 % of macro deformation. 

Linear elastic behaviour was expected up to a certain level of load. Non-elastic deformations relate to matrix 
crack occurrence. Thus one can expect of the strain fields in the linear regions: 1) Proportionality. Strain field on 
each load step should be proportional to the applied strain. 2) Periodicity. The periodicity is expected at least in 
direction of loading (the studied region covers only two unit cells in width, hence boundary effect can play a 
role). 3) Smoothness. A thin layer of matrix covers all the surface of the composite. Hence there is no inner 
interface boundary, which would lead to sudden changes in the fields. 

The fields directly obtained from experiments hardly suit the requirements (Figure 2). It has been concluded that 
deviation from a smooth proportional periodical fields is caused by a noise of the measurements. Negative values 
of the strains (those in the direction of loading), calculated by the system, confirmed the assumption (Figure 3). 

 

Figure 2- Relation between local strain at 
a point εloc and average (applied) strain 
εave (εloc- approximation by the least 

square method) 

Figure 3- Local normalised strain fields along a 
line in the direction of loading (MD) (1- 

original field; 2- filtered field; 3- filtered and 
smoothed field; 4- a sinus function with the 

period of the structure) 

Relation between the local and average (applied) strain was considered for all the points of the studied zone. Any 
tendency of the curve (taken for a single point) is not clearly seen. The relation was approximated by the least 
square method, which reproduce an ideal case (error free) of linear elastic deformations. The deviation from the 
idealised straight line was analysed for all the studied points statistically. It occurred that the distribution of the 
noise is normal with the standard deviation similar for all initial load steps. Thus the linear regression of local-
applied strain curve might be used as filtering of the noise. 

Additional smoothing of the strain fields is used since the filtered fields still present a ragged character. It is 
based on the local approximation around a considered point. The value of a plane approximating strain at 

 
Figure 1- Triaxial braid and its 

WiseTex model. 
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neighbourhood of a point is taken instead of the original value. The comparison of initial and processed fields is 
given on the Figure 4. The minimum and maximum values of filtered and smoothed field present good 
coincidence with finite element modelling of the process. Periodicity of the studied field is further analysed by 
means of Fourier transform. 

Reduction of the noise can also be achieved by gradient matrix differentiation of displacement fields. The 
method is based on differentiation of discrete displacement data around a considered point by a specifically 
defined gradient matrix. It is readily recalculated for whichever number and arrangement of involved points, thus 
ensuring the best compromise between the structure resolution and accuracy of derived strain field. 

   

Figure 4- Normalised strain fields in the direction of loading (MD). (a) Initial field at applied strain 0.1%; (b) 
Filtered field; (c) Filtered and smoothed field. 

Apart from the filtering, analysis of the noise allows identification of the on-set of damage, which causes 
deviations from the linearity of behaviour. In order to define the range of pure elastic deformations the 
dependence of relative error on the average strain has been calculated for 16 points placed in a square grid 
(Figure 5). The curves are accompanied by the subjection of the standard deviation of the relative error to the 
average strain. 

As it is seen the error tends to 
have a convergence to zero up to 
a certain level. However it 
changes at the point of the 
transition strain. Several curves 
come out of the “probable” value 
range and stay there while the 
load is increasing. The 
dependence has clearly bilinear 
character. It leads to the 
conclusion on the reason of such 
strain disturbance. Apparently it is 
caused by a sudden crack 
occurrence. The crack keeps its 
size with the load increase up to a 
next critical deformation level. 

The determination of transition 
strain is supported by acoustic 
emission measurements: at 0.3% 
of applied deformation (machine direction) accumulative energy of the emission give a sudden change. Thus the 
approximating of strain measurements over the load steps presents reasonable filtering technique, where the zone 
of approximation is naturally defined by relative error considerations. The filtered strain field doesn’t possess 
negative values. 

To sum up, statistical features of the strain-mapping field have been investigated. Filtering technique has been 
proposed based on a linear regression of data over the load steps. The filtering in combination with area 
smoothing gives quite a reasonable estimation of the studied “error-free” strain. The initiation of damage has 
been identified by means of statistical study of the strain fields. 

 

 

Figure 5- Relative error of the measurements for 16 points placed in 
square grid. 
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ABSTRACT 

Composite patches are used in several fields of engineering such as civil engineering [1] or aeronautics [2]. 
Designing at best the bonded joint between substrate and composite patch is a key-issue because a correct 
loading transfer between both components must be insured in practice. 

The present work deals with the mechanical response of the bonded joint when some temperature variations take 
place. In aeronautics, bonded joints are indeed subjected to temperatures which lie between 100°C and -50°C. 
The difference of the coefficients of thermal expansion (CTE) between the metallic substrate and the composite 
induces some shear stress peaks in the adhesive, especially near the free edge. These shear stress peaks are a 
consequence of the load transfer mechanism between metallic substrate and composite patch. Some well known 
theoretical models are available for describing this load transfer mechanism owing to a thermal load [3]. To the 
knowledge of the authors, all these approaches are unidimensional and cannot take into account two-dimensional 
effects due for instance to the difference of Poisson’s ratios and the difference of CTE in the transverse direction. 

The aim of this work is to compare some results obtained during a thermal test with their numerical counterparts. 
A rectangular carbon/epoxy patches is first bonded on each side of an aluminium specimen (see Figure 1). The 
specimen is then cooled with a refrigerator and its averaged temperature reaches 5°C. Once the temperature is 
homogeneous, the specimen is removed from the refrigerator. It is finally put on two supports at room 
temperature and two cameras are used to capture both the temperature and the displacement fields at the surface 
of the patch while the temperature increases (see Figure 2): 

- the infrared camera is supplied by CEDIP. Using a focal plane array of 320 by 240 pixels, it measures 
the temperatures on the surface of the first patch. Its resolution is about 20 mK; 

- the CCD camera has a 1 million pixel Philips CCD grid. Its capture the very small displacements of 
the lines of a grid bonded on the surface of one of the other patch [4]. A software called Frangyne developed by 
Y. Surrel [5] enables the determination of the displacement field from the measurements during heating of the 
specimen. The resolution is about 1E-06 m and the spatial resolution (the shortest distance between two 
independent measurements) about 360E-06 m. 

 

 

Figure 1- Schematic view of the specimen under test Figure 2- Experimental setup 

A 3D finite element model is also developed with the ANSYS package in order to analyse the experimental 
results. SOLID90 elements are used to perform the thermomechanical analysis. This FE model provides the 
stress field in the substrate, the composite patch and the adhesive. It clearly shows the shear stress peaks near the 
free edge. These stress peaks are due to a load transfer mechanism between substrate and composite patch which 
is clearly evidenced by the full-field measurements. 
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Typical examples of measured temperature variations as well as calculated and measured displacement fields are 
shown in Figure 3, 4 and 5 respectively. They illustrate the temperature and displacement gradients which take 
place while heating of the specimen. 

 
Figure 3- Temperature difference at the surface of the specimen (one quarter of the patch) 

  

Figure 4- Numerical displacement field (one quarter of 
the patch) 

Figure 5- Experimental displacement field (one quarter 
of the patch) 

The main features of the experimental/numerical comparison will be developed in the paper. Various results in 
terms of length of the transfer zone, amplitude of the shear stress peak, shape of the patch or comparison 
between theoretical unidirectional models and numerical bidirectional models will be discussed in the 
presentation. 
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ABSTRACT 

Compared to monolithic composite structures, a sandwich structure consisting of a lightweight core and CFRP 
face sheets enables an even more weight efficient design. Furthermore, the outer face sheet serves as an impact 
detector and the core provides acoustic and heat insulation. However, the application of sandwich structures in 
the aircraft industry is restricted by their sensitiveness against out-of-plane loads, like low and high velocity 
impacts. As a consequence, considerable stiffness reduction occurs resulting from material degradation in the 
core and face sheets. Therefore, the out-of-plane stiffness and progressive failure behaviour of sandwich 
structures is of particular importance for the impact resistance. Concerning this problem, the Finite Element 
design tool CODAC was developed to analyse the impact behaviour and the residual strength of sandwich 
structures. The core stiffness and strengths as well as the nonlinear behaviour of the damaged core is described 
by homogenised material models. In order to develop and validate the applied models, experimental impact and 
compression after impact tests are used. Moreover, quasi-static tests are needed to characterise the stiffness and 
failure behaviour of the applied materials. 

Core materials of sandwich structures are characterised by high transverse shear and compression strength 
combined with low mass. Core structures of Nomex materials, like honeycombs and folded structures, show a 
high potential in this regard and have good mechanical properties. In order to suitably describe the failure 
behaviour of these core structures, experimental tests under combined loading of transverse shear and 
compression were conducted. Based on the measured strength values, appropriate failure criteria for honeycomb 
and folded structure cores were deduced. The stiffness behaviour of the intact core structures under combined 
loading as well as the crushing behaviour of the damaged core was examined and analysed. Furthermore, the 
performance regarding damage resistance was compared between honeycomb and folded cores. 

 

 
Figure 1- Test facility with double-core specimen under combined shear and compression loading. 
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INTRODUCTION 

A full-scale 34 m composite wind-turbine blade was tested to failure under flap-wise loading as shown in Figure 
1. Strain and displacement measurements were recorded throughout the loading history. Different non-linear 
bending responses in the load carrying cap were observed during the full-scale test. These behaviours are 
simulated in FE and explained in this paper. Particular focus is put on the bending behaviour in the 8.5-17m 
segment. An explanation of transverse strain measurements is also explained in the full paper. 

The work is a continuation of work presented in [1] where local deflections were observed and numerically 
simulated using a sub-model. This detailed sub-model included solid elements in the webs and spar caps. The 
boundary conditions in this sub-model were extracted from the global finite element analysis of the blade. 

  

Figure 1- Full-Scale Test – Flap wise loading Figure 2- Blade with a load carrying main spar 

 

 

EXPERIMENTAL TEST AND NUMERICAL MODELLING 

Longitudinal strains of upper spar cap and outer skin were measured at five locations chordwise in the 8.5-17m 
segment. Different bending responses are observed, see Figure 2. 
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Figure 3- Strain on the outer surface compared with strain inside the box in 8.5m and 17.0m. 

 

The transverse strains in 10.3m from the root were measured and are shown in figure 4. The non-linear strain 
responses seen in figure 4 are caused by the Brazier effect [2+3]. 

  

Figure 4- Transverse strain measurement of section 
10.3m 

Figure 5- Rib/bulkhead to prevent crushing pressure 

 

CONCLUDING REMARKS 

Longitudinal and transverse strain values measured at the full-scale test have shown that bending occurs in cap 
due to Brazier and Anticlastic effects. The transverse and longitudinal strains can be eliminated if ribs are 
implemented in the load-carrying box, see figure 5. 
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INTERLAMINAR DEFORMATION ALONG THE CYLINDRICAL SURFACE OF A HOLE IN 
LAMINATED COMPOSITES 

David Mollenhauer 
Air Force Research Laboratory, Dayton, OH, USA 

ABSTRACT 

The deformation along cylindrical surfaces of holes in tensile-loaded specimens was measured using Moiré 
interferometry techniques. The techniques were developed and validated using an isotropic, homogeneous 
aluminum specimen. Two composite tensile specimens, fabricated from IM7/5250-4 pre-preg with ply lay-ups of 
[0°4/90°4]3s and [+30°2/-30°2/90°4]3s, were then examined with Moiré. Circumferential and thickness direction 
displacement fringe patterns (each 3° wide) were assembled into 90°-wide mosaics around the hole periphery for 
both composite specimens. Distributions of strain were calculated with high confidence on a sub-ply basis at 
selected angular locations. The measured strain behavior was complex. Ply-by-ply trends were revealed. Large 
ply-related variations in the circumferential strain were observed at certain angular locations around the 
periphery of the holes in both composites. Extremely large ply-by-ply variations of the shear strain were also 
documented in both composites. Peak values of shear strain approached 30 times the applied far-field axial 
strain. Residual viscoelastic shearing strains were recorded in regions of large load-induced shearing strains. 
Large ply-group related variations in the thickness direction strain were observed in the [+30°2/-30°2/90°4]3s 
specimen. An important large-scale trend was observed in which the thickness direction strain tended to be more 
tensile near the outside faces of the laminate than near the mid-ply region. These experimental results were 
compared with predictions made using a unique spline-based numerical method that has been shown to have 
great fidelity. Comparisons between the experimental and analytical techniques were extremely close. 
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ABSTRACT 

In a wide range within the application of composite and sandwich materials structural instability phenomena are 
present, which under some conditions can be critical for the integrity of the structure. The suction side of the 
aerofoil in a wind turbine blade during operation is loaded considerable in compression, which can trigger 
instability or local buckling due to geometric and/or material-wise imperfection fields. The consequence of local 
buckling is delamination as a failure mechanism, which ultimately results in a progressive collapse of the 
structure. 

Thus the driving design parameter within the wind turbine blade industry has shifted from fatigue issues to 
structural instability as the blades become larger and new materials are taken into use. 

For this reason there is a general consensus in the industry that this issue must be addressed. Hence new design 
rules and methods must be addressed in order to estimate under which conditions the structural integrity of the 
blade is compromised. 

The objectives of this work are geometric nonlinear structural response analyses derived from a degenerated 
finite shell element with a linear material law formulation and a continuum-based shell element with a cohesive 
zone formulation, initial derived in [1, 2] and further developed by [3-6], of a 25-meters wind turbine blade from 
a V52 wind turbine manufactured by Vestas Wind Systems A/S. 

A geometrically nonlinear analysis is performed for predicting the failure of the blade due to local buckling on 
the suction side of the airfoil, and the objective is to compare the shell element solutions, linear material law and 
cohesive zone formulation, with the static test results preformed on the wind turbine blade. 

The continuum-based shell element model is to be incorporated in the in-house finite element program 
MUltidisciplinary Synthesis Tool (MUST) developed at Aalborg University, see [7], and the finite element 
model based on the degenerated shell element is being generated using Patran Command Language (PLC) in a 
blade builder program using MSC.Patran and MSC.LaminateModeler and MSC.Marc as numerical solver. 

The mixed-mode decohesive element for analysis of the progressive delamination in the wind turbine blade is 
formulated using a continuum based three-dimensional shell element for laminated structures, see [8]. The 
Assumed Natural Strain (ANS) interpolation in the transverse shear strain and thickness strains practically makes 
the element locking-free and capable of shell and cohesive zone modelling. 

Full scale experiments of the static collapse of the wind turbine blade have been performed, see [9], and are used 
for comparison with the predictive models in order to either confirm or reject hypotheses set forth during the 
evaluation of the experimental data of the flap-wise static test. Experimental data includes local strain and 
displacement values together with global deflections and load multipliers recorded during testing. Additionally 
an acoustic emission system is employed in order to triangulate high energy bursts at crack initiation and 
propagation. 

The two chosen element formulations are both capable of predicting global values as the equilibrium path and 
deformation together with the local strain and stress state in the individual layers of the laminated composite 
structure. However, if a sufficient fine discretization through the thickness is employed with the continuum 
element, then a correct description of interlaminar shear stresses and normal stresses is obtainable, whereas the 
degenerated element calculates the interlaminar stresses by post-processing derived from the equilibrium 
equations. 

It is expected that the two element formulations will agree until structural instability, where the decohesive zone 
model will show that the primary load-carrying structure in the wind turbine blade will deform in a local 
buckling shape mode, which will produce progressive delamination in the adjacent corners between the flange 
and web of the composite structure. 
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STATUS OF WORK 

The degenerated finite shell element model is generated using PCL in a blade builder program using MSC.Patran 
and MSC.LaminateModeler and the geometrically nonlinear analysis is performed using MSC.Marc. The 
continuumbased shell element formulation with a cohesive zone model is still to be implemented and solved in 
the in-house finite element program MUST. 
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ABSTRACT 

Bolted joints are a commonly used technology for assembling composite structural components in aircraft. In 
practice, joints are subjected to multi-axial loads yet failure data are very poor especially for thick composites in 
the bi-axial area. 

We developed and validated an economic test rig to perform biaxial tests in the tension/compression envelope 
with bearing (Figure 1). 

With the support of the DPAC [1] we carried out a study on a thick carbon composite (IM/epoxy) in the quadrant 
tension/compression with bearing. 

The calibration has been performed with a plain coupon fitted with 32 strain gauges, and after drilling without 
and with double shear bearing. 

The partial results on the plain specimen (Figure 2) are in good accordance with the laminate theory. 

During the loading, the compression has been proportional to the tension when the bearing was constant. 

The strength envelope results (Figure 3) present with bearing a regular trend from tension to compression. The 
first “damage” appears between 78 and 83% of the combined loading. 

Without bearing, significant low values are obtained for a flux ratio between –0.25 and –0.45 when the first 
“damage” appears between 90 and 96 % of the combined loading. 

The morphology of the failures varies with the biaxial ratio. 

Further understanding of the failure mechanisms will be necessary to explain the disruption on the failure 
envelope and make possible the damage process modelling for accurate strength prediction tools development. 

 
Figure 1- Test rig with transverse bearing. 
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Figure 2- Calibration results on the y axis (failure area). 

 
Figure 3- Failure envelopes with and without transverse bearing. 
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ABSTRACT 

Finite element analysis (FEA) studies have been carried out on bonded and bolted T-joints of similar geometry 
in order to predict local and global deformation, and failure load and failure location within these components. 
Strain distributions around stress concentrators in bonded and bolted joint configurations, and within the 
adhesive of the bonded T-joints have been determined using numerical analysis. A series of simulated 
experiments using FEA have been conducted on both 2014 aluminium alloy and glass fibre-reinforced plastic 
(GRP) T-joint configurations for this purpose (see Figure 1). The T-joints were subjected to direct tension, 
lateral tension and 45° (to horizontal) tension loads. 

The FEA results are compared with experimental data. Global deformation was measured using linear voltage 
displacement transducers (LVDTs), whilst digital image correlation (DIC) and strain gauges were used to 
monitor localised strains (Figure 1). Strain gauges (Figure 2) were strategically located in the vicinity of key 
features in order to measure localised strain and to monitor the onset of localised damage. The exponent 
Drucker-Prager materials model was used to characterise deformation behaviour of the rubber-toughened epoxy 
adhesives used for bonding the T-joints. Experimental and predicted results were in reasonable agreement for the 
two test geometries (Tables 1 and 2). The FEA results provide further evidence that the combination of a new 
cavitation model, developed at NPL, and the hydrostatic stress yield criterion can be used to predict deformation, 
failure load and failure location within joints bonded with rubber-toughened epoxy adhesives. Closed form 
solutions were also derived to predict joint stiffness for the basic T-joint configurations and loading modes. 
Good agreement was obtained between the closed form solutions and experimental results. 

  

FEA of lateral loaded GRP T-joint Direct tension loaded aluminium T-joint 

Figure 1- Bolted aluminium T-joint (with strain gauges) 

  
Failed GRP T-joint Failed aluminium T-joint 

Figure 2- Failure of direct-tension loaded bolted T-joints 
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Table 1- Strength and Stiffness for Direct and Transverse Tension Loading of Bonded T-joints 
(* FEA failed to converge) 

Experiment FEA/Analytical Solution 
Configuration PMAX 

(kN) 
Stiffness 
(kN/mm) 

PMAX 
(kN) 

Stiffness 
(kN/mm) 

Direct 
Aluminium 
GRP 

30.76±3.54 
14.27±4.53 

58.58±4.38 
17.15±2.38 

31.16 
15.44 

56.80/59.88 
16.05/15.41 

Transverse 
Alluminium 
GRP 

13.60±0.51 
6.27±1.54 

3.88±0.38 
1.25±0.11 

7.41* 
5.13* 

3.74/3.90 
1.06/1.00 

 

Table 2- Structural Properties for Direct Tension Loading of Bolted T-joints 

Experiment FEA/Analytical Solution Configuration P (kN) S (kN/mm) P (kN) S (kN/mm) 

Aluminium 
Ultimate 
Gross Yielding 

79.75±0.67 
48.43±3.01 

10.93±0.48 
 

96.13 
49.20 

14.72/9.82 
 

GRP 
Ultimate 
Localised Yielding 

20.47±3.79 
~10.00 

2.94 
 

18.53 
10.52 

2.50/3.31 
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ABSTRACT 

The concept of the R-curve was first introduced in 1958 by Irwin [1] and more clearly in 1961 by Kraft, Sullivan 
and Boyle [2], stating that crack growth resistance is not invariable but increases with the crack length da, 
frequently expressed through R=f(da). Experimental and theoretical investigations in materials that exhibit 
toughening behaviour have proved however, that the R-curve is not an intrinsic material property but depends on 
many factors. These include test specimen geometry [3], relative crack size [4], mode of loading [5], and 
specimen size [6]. To the authors knowledge the influence of the specimen size on the R-curve is not well 
understood in wood. As a result, experiments in spruce (Picea abies L.) have been conducted inducing fracture 
(Mode I) in geometrically similar Single-Edge-Notched composite beams in Three Point-Bending (SEN-TPB) 
(Figure 1), under displacement control. The experiments involved 6 series of specimens resulting in a size range 
of 1:12 (Table 1) and a span-to-depth (L/h) ratio fixed to 6. Fracture was chosen to occur in wood fracture 
system TL (Figure 1). 

The experiments generated a total of 158 load-displacement curves (Figure 2) with initial stiffness Rexp(a0), 
ultimate load P)(0expaRu and corresponding load-point displacement δu values reported in Table 2 for each 
series. The results revealed that mean values of the initial stiffness, Rexp(a0), as well as the ultimate load, Pu, 
increase with the specimen size. Displacement values corresponding to the ultimate load Pu were found to 
increase with the specimen size h as well. 

 
Figure 1- SEN-TPB specimen’s parts set up before bonding. Anatomic axis directions in wood: (L) Longitudinal, 

(R) Radial and (T) Tangential. h: characteristic structure size. a0: initial crack length. b: thickness. 

 

Table 1- Series and corresponding dimensions (in mm). h: Characteristic structure size, b: Specimen thickness, 
a0: extension of the initial crack notch. (Series h4 is the reference characteristic structure). 

Series 3h h b a0 Span (L) 

h1 840 280 80 140 1680 

h2 630 210 60 105 1260 

h3 420 140 40 70 840 

h4 210 70 20 35 420 

h5 105 35 10 17.50 210 

h6 70 23.33 6.67 11.67 140 
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Figure 2- Superposition of typical load-deflection curves obtained in wood (Picea abies L.) fracture tests for 
each tested series using specimen shape SEN-TPB. Series: h1: h=280; h2: h=210; h3: h=140 ; h4: h=70 ; h5: 

h=35 and h6: h=23.33(mm). 

 

Table 2- Resume of mean values obtained in performed fracture tests. Rexp(a0): experimental stiffness for a0; Pu: 
ultimate load; δu: displacement corresponding to Pu. Standard deviation is presented in parentheses. 

Series 
label Quantity Rexp(a0) 

(N/mm) 
Pu 
(N) 

δu 
(mm) 

h1 11 282.66 (56.85) 464.79 (83.02) 2.53 (0.56) 

h2 31 258.07 (64.09) 401.75 (102.73) 2.20 (0.48) 

h3 34 158.03 (31.66) 214.32 (39.49) 1.65 (0.19) 

h4 29 123.36 (27.16) 93.53 (13.77) 0.92 (0.12) 

h5 33 49.96 (10.80) 31.63 (3.54) 0.75 (0.14) 

h6 26 46.72 (7.52) 18.37 (1.67) 0.45 (0.05) 

 

R-curves in tested wood have been evaluated according to a recently proposed method by means of an LEFM 
approach based on the unloading stiffness of a composite beam (SEN-TPB) together with FE analysis [7], using 
the elastic properties of wood. Typical rising tendency of the R-curve (GR(a)) was observed for every specimen, 
revealing a quasi-brittle behaviour of wood during fracture. Subsequent to a characteristic equivalent crack 
length ac, the R-curve is levelled off, revealing that the energy release rate is independent of the equivalent crack 
length. Critical energy release rate vales GRC were determined through the horizontal asymptotic value of GR(a). 
Influence of the specimen size h is shown comparing fracture parameters determined from the R-curve. 
Conclusions are drawn on the typical configuration of the R-curve of wood (Picea abies L.) for different 
characteristic sizes h of the specimen SEN-TPB. Nominal stress σN = Pu/bh is determined for every specimen 
size h, enlightening the dependence of the structural strength on the structure size which came to be known as 
the “size effect”. 
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ABSTRACT 

The difference between the thermoelastic properties of longitudinal (0º) and transverse (90º) plies causes 
bending curvatures and bending stresses in an unsymmetric cross-ply composite laminate [1]. If the longitudinal 
direction of the laminate is much greater than its width, it can be considered as a beam and only the stresses in 
longitudinal direction are considered. Figure 1 shows the cross section of an unsymmetric cross-ply beam. 

 
Figure 1- Cross section of an unsymmetric cross-ply composite beam. 

Under the assumptions of classical beam theory, the variation of longitudinal strains along the cross-section is 
linear: 

 yε
ρ

=  (1) 

where ρ is the radius of curvature of the neutral axis (N.A.). The coordinate y has its origin in the neutral axis 
and it is positive downwards. Considering only thermal effects in the longitudinal direction of the beam, normal 
strain is: 

 T
E
σε α= + Δ  (2) 

where E is the elastic modulus, α is the coefficient of thermal expansion and ΔT is the variation of temperature. 
From Equations (1) and (2) the normal stress σ is: 

 yE Tσ α
ρ

⎛ ⎞⎟⎜= − Δ ⎟⎜ ⎟⎜⎝ ⎠  (3) 

Considering only thermal effects, the resultant of the normal stresses is 0: 

 0 0
T L

T T T L L L
A A A

y ydA E T dA E T dAσ α α
ρ ρ

⎛ ⎞ ⎛ ⎞⎟ ⎟⎜ ⎜= ⇒ − Δ + − Δ =⎟ ⎟⎜ ⎜⎟ ⎟⎜ ⎜⎝ ⎠ ⎝ ⎠∫ ∫ ∫  (4) 

Defining the ratio between the elastic moduli as L

T

E
E

λ = TLEE=λ, the curvature of the neutral surface from 

Equation (4) is: 

 ( )
( )

1 T T T T

T T L L

T A A
y A y A
α λα

ρ λ
Δ +=

+
 (5) 

where yT and yL are the distances from the centroids GT and GL according to Figure 1 and AT and AL are the 
respective areas. Imposing the condition that the bending moment is 0: 
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 0 0
T L

T T T L L L
A A A

y yydA E T ydA E T ydAσ α α
ρ ρ

⎛ ⎞ ⎛ ⎞⎟ ⎟⎜ ⎜= ⇒ − Δ + − Δ =⎟ ⎟⎜ ⎜⎟ ⎟⎜ ⎜⎝ ⎠ ⎝ ⎠∫ ∫ ∫  (6) 

The position of the neutral axis with respect to the centroid of the cross section G is obtained from Equation (5) 
and (6), being: 

 ( )( ) ( )
( )

4
2

T T L L T L T L T T L L

T L L T

A A I I A A h h h
y

A A h
α λα λ λ α α

λ α α
+ + + +=

−
 (7) 

where IT and IL are the moments of inertia of AT and AL with respecto to their respective centroidal axes. After 
calculating yfrom Equation (7), yT and yL can be calculated and the stress field can be obtained from Equation 
(3): 

 
      

2 2

        
2 2

T T
T T T T T

L L
L L L L L

y h hE T y y y

y h hE T y y y

σ α
ρ

σ α
ρ

⎛ ⎞⎟⎜= − Δ − − < < − +⎟⎜ ⎟⎜⎝ ⎠
⎛ ⎞⎟⎜= − Δ − < < +⎟⎜ ⎟⎜⎝ ⎠

 (8) 

Being the radius of curvature constant, the deformated shape of the beam is an arc of circumference. According 
to Figure 2, the displacement of the extreme point in a cantilever arc of length L is: 

 ( )1 cosδ ρ θ= −  (9) 

Where Lθ
ρ

=  

 
Figure 2- Deformated shape of the beam due to thermal effects. 

Figure 3 shows the deformation at room temperature of a T6T/F593 carbon/epoxy composite [906/06] from 
Hexcel Composites cured at 180ºC. 

 

Figure 3- Cross-ply composite at room temperature after curing at 180º. 
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ABSTRACT 

Sandwich structures are present in many of the current composite construction. Typical materials used for the 
core include polymer foams and aluminium or aramid paper honeycomb structures. For environmental reasons, it 
would be useful to consider using, for the sandwich core, a natural material, as long as it retains a structural 
strength and stiffness comparable with the classical materials, to name only a few important properties. Natural 
cork is an abundant material in Portugal, and the cork agglomerate industry is a well established one. Its density, 
thermal and mechanical properties make it suitable for application as a sandwich core material. To validate its 
usefulness for this application, a series of experimental tests must be performed, to determine the mechanical 
properties of these composite cork agglomerate materials. A previous work by the authors has established a term 
of comparison between natural cork agglomerate composites and other materials in compression [1]. Since the 
sandwich core acts primarily in shear, the current work presents an experimental study of a particulate core of 
natural cork agglomerates, tested in shear according to ASTM C273. The same study is carried out on polymer 
foam and aramid paper honeycomb. Both the foam and honeycomb are currently being used as core materials for 
aerospace sandwich structures. 

Further studies will involve three and four point bending, impact and fatigue tests with composite sandwiches 
using different core materials. Comparisons will be made and conclusions will be drawn from the experimental 
tests, evaluating the usefulness of natural cork agglomerates as an alternative to the polymer foams and 
honeycombs in aerospace sandwich structures. 
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ABSTRACT 

The demands put on the application of composite materials lead to a strong need for the modelling of the 
mechanical behaviour of structures built with such materials. On the work here presented, special focus is given 
to the modelling of aluminium matrix composites reinforced with spherical Silicon Carbide particles (AlSiCp). 
Some evaluations must be made in order to face the difficulties that arise both from the geometrical modelling 
and the computational weight of the simulations. A correct geometrical modelling must be associated to an 
accurate control of all the geometrical parameters involved such as reinforcement distributions and volume 
fractions. On the other hand, to model the whole structure with all microstructural details, the number of 
geometrical elements and of finite elements leads to a prohibitively high computational cost, even in linear 
elasticity problems. 

The solutions to the referred limitations require some kind of problem optimisation. The approach assumed in 
the present case involves homogenisation procedures. Assuming that the material may be represented by a 
periodic micro-structure, the basic material properties can be considered upon the analysis of a representative 
unit-cell. The Asymptotic Expansion Homogenisation (AEH) is used to determine the average material 
properties for periodical structure composite materials, i.e. materials which representation may result from a tile 
arrangement of representative unit-cells [1, 2]. From the analysis of material property gradients within the 
unitcell, the method returns a homogenised elasticity matrix (Dh), representative of average, directional and 
distribution effects. Thus, a double-scale definition of the problem is needed. In this approach a microscale 
analysis is used to process the material properties. These properties are then used in the macroscale where the 
material is considered to be homogenous. The developed methodologies were additionally implemented with the 
use of parallel computation techniques (e.g. Message Passing Interface standard) in order to further limit the 
computational time. 

The presented analyses are run on programs developed by the authors. Program SPHERECELL [3] is used to 
automatically generate the unit-cells, with control over the distribution of the reinforcement particles and their 
volume fractions. Continuity is always guaranteed using periodic unit-cell boundaries. The procedure SLAVERY 
specifies the periodicity constraints needed for the microscale finite element problem [4, 5] on both structured 
and non-structured meshes. This procedure works within the main program – 3DFRAN. The program computes 
the results for linear elasticity problems with AEH in uni- and multiprocessor (parallel) machines. METIS [6] is 
used for the domain decomposition in multiprocessor machines, dividing the problem in different data packages 
for an optimal distribution of processes. 

However, the main objective of this work is to show the benefits of using tetrahedral meshes in multiscale 
problems, with the obvious gains in computational work. The use of this type of elements on unit-cell modelling 
is validated by comparison with a problem presented by Chung et al. [2] in which the microstructure is 
composed of an polymeric matrix composite reinforced with orthogonally organised continuous glass fibres (cf. 
Figures 1 and 2). On a second stage, the analysis moves to the referred aluminium matrix composites reinforced 
with spherical SiC particles. Subsequently, besides testing the stability of the automatic boundary node 
association and problem solving for non-regular meshes, the study is centred on the analysis of the influence of 
the geometrical properties of the microscale on the overall structure behaviour. This is done varying volume 
fractions and particle distributions. The elasticity matrixes (Dh) that result from the homogenisation procedure 
are analysed and compared, not only in terms of absolute numerical magnitudes but also in terms of value 
distributions. Conclusions are derived on both directional and numerical effects. 
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Figure 1- Multiscale analysis of a bending problem – equivalent stress plot. 

 

 
Figure 2- Y-periodicity of the corrector displacements – illustration of the χ23 shear mode using 8 Unit-Cells with 

a (a) hexahedral and (b) tetrahedral mesh. 
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ABSTRACT 

In the case of SOFCs incorporating Ni-based anodes, damage of the bilayer ceramic structure usually takes place 
during the service of operation, it is important to concern about the failure behaviour of the anode and halfcell 
application in SOFC. But it is difficult to measure the tensile fracture stress due to brittle feature, so the Ring on 
Ring and bending approaches are usually used to test the failure stress. In this study, the strength of bilayer 
structure laminated ceramic was measured in tensile test, the residual stress in the bilayer at room temperature 
were estimated from their curvature, the residual stress in thin electrolyte (YSZ) is good agreement with the 
expected thermoelastic stress. The traditional tensile method was used to measure the failure stress of the brittle 
laminate. Several means to prepare the specimens after the tape cast were conducted in order to find the best way 
of obtaining specimens with highest possible strength: (a) punched before sintering, (b) laser cutting, (c) 
grinding after laser cutting. It is found that grinding the laser cutting surface can remove the cracks occurred 
during the laser cutting and gave the highest value among the ways. The tabs with holes for tensile test were 
bonded to the end of specimen and epoxy was added to corner between tabs and layer so as to reduce the stress 
concentration. The pretty results demonstrated that tensile test approach proposed in this paper is a good way for 
obtaining the strength of ceramic bilayer structure. 

 

KEYWORDS: tensile test, ceramic bilayer, failure stress. 
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ABSTRACT 

Composites knew a very significant evolution opposite traditional materials. This evolution is represented by the 
fast extension of the composite materials use in multiple industrial applications. The composite materials give 
indisputable industrial advantages [1, 2], from the point of view, design, manufacture, rigidity, weight, 
hygrothermal insulation… etc. Following many industrial applications, the users noted that the environment 
effect, such moisture and temperature, produce an inevitable deterioration of the mechanical characteristics [3] 
and a clear degradation during long years of service. This shows that it’s essential to obtain a good 
comprehension on composite materials exposed to severe and complex cyclic environmental conditions. 

In this oblique, some works, illustrate the consequences of the environmental conditions on the composites with 
polymer matrices. Anisotropic three dimensional models of the Fickian diffusion were developed by C.H. Shen 
and G S. Springer [4]. These models were checked later with experimental data of moisture absorption produced 
by sea water for the graphite/epoxy and glass/epoxy [5]. In the same framework, a series of research was 
proposed by Adda Bedia [6, 7] for the analytical resolution of the moisture diffusion under the cyclic 
environmental conditions. These studies noted that the stacking sequences and the volume fraction of fibers 
influence incontestably on the diffusivity coefficient and the moisture contents. Rao [8] studies the effects of the 
sea water temperature and the environment relating humidity on the diffusion constants and the mass profit at the 
saturation time. A detailed characterization of the moisture absorption in the epoxy resins was reported by Crank 
[9] where the simultaneous effect of the temperature and the relative humidity on the diffusivity was studied. Of 
all quoted work, have can say that the polymeric matrices ensure a very good maintenance of fibers, but find 
enormous difficulties when they are exposed to environmental conditions such as the temperature and moisture. 
From all quoted works, we often envisage hybrid or sandwich composites. The hybrid composites are obtained 
by the combination between two materials or more to ensure, a better rigidity, or a suitable insulation against the 
extreme environmental conditions. 

Within this framework we developed this work which belongs to a series of works recently presented [10 - 11]. 
The aim of this work is the calculation of the moisture concentration of the hybrid composite under cyclic 
environmental conditions (6 hours cycle) in order to backward the saturation time and to envisaging the 
additional lifespan for our plate. In the literature, very rare are the works which have studied this type of 
problems which are considered as extremely complicated. 

Then to reach this aim, we presented some cases of a hybrid composite, on which, we varies gradually the 
thickness of each material opposite the other, but the total thickness of our plate is maintained constant. 
Therefore, the problem is reduced to make a progressive variation of the geometrical relationship (h1 and h2) 
between the two materials (AS/3501-5 and T300/5208) which form our hybrid composite (Figure 1). This 
procedure will enable us to find the best configuration which will offer favourable conditions to us, i.e., initially 
to push back the saturation time and secondly to reduce the maximum concentration reached during saturation 
time. 

Figures 2, 3 and 4 represent the evolution of the moisture concentration from the initial time (6 days) until the 
saturation (9000 days), according to the thickness of the hybrid plate for the various applications; Figure 2 (h1 = 
1.8 mm, h2 = 0.6 mm), Figure 3 (h1=1.2 mm, h2 =1.2 mm) and Figure 4 (h1 = 0.3 mm, h2 =2.1 mm). In these 
three figures, we observe an abrupt change of moisture concentration in the passage from the first to the second 
material; i.e. from h1 to h2. It is noticed that the maximum value at the saturation time (value plate) is higher 
when the thickness h2 is more important. Figure 4 shows us a phenomenon similar to the edge effect which was 
already studied by the Adda bedia [6, 7]. This phenomenon generates fluctuations on the moisture concentration 
in the vicinity of the edges of the hybrid plate. 

 

CLEFS WORDS: Moisture concentration, Hybrid composites, Edge effect, cyclic evolution, Graphite/epoxy, 
diffusivity. 
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Figure 1- Composite hybride en graphite epoxy. Figure 2- Concentration d’humidité en fonction de 

l’épaisseur de la plaque pour un composite hybride 
avec h1= 1.8 mm, et h2 0.6 mm. 

  
Figure 3- Concentration d’humidité en fonction de 
l’épaisseur de la plaque pour un composite hybride 

avec h1=1.2 mm, et h2=1.2mm. 

Figure 4- Concentration d’humidité en fonction de 
l’épaisseur de la plaque pour un composite hybride 

avec h1=0.3 mm, et h2=2.1 mm 
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ABSTRACT 

In autoclave processing of thermoset composites, two flow phenomena occur before gelation of the curing resin: 
percolation of the resin through the fibre bed, and shear flow of the resin and fibre-bed together. An extensive 
amount of work has focused on modeling the percolation flow of resin in autoclave processing of thermoset 
composites (Hubert et al. [1]). With the introduction of newer generations of thermoset resin and use of highly 
viscous epoxies in manufacturing of prepregs, shearing behaviour of resin and fibres is of particular importance. 

Hubert et al. [2] carried out a series of transverse squeeze flow experiments on samples of uncured unidirectional 
thermoset composites. He presented profiles of the lateral barrelling deformation measured at various time 
intervals. The observed response history strongly suggests that this mode of deformation has a viscoelastic 
nature. Similar experiments on thermoplastic fibre reinforced composites have been modeled in the literature by 
assuming that the composite behaves as a Newtonian or non-Newtonian fluid [3]. Figure 1 shows a schematic 
representation of the transverse squeeze flow experiment and the two different flow phenomena observed. 

In this work, we present a numerical model based on flow through deforming porous media that aims at 
capturing both percolation and shear flow mechanisms. To account for a more general momentum balance 
equation for the fluid phase, the Brinkman term is included in Darcy’s law. A volume averaging method [4] is 
incorporated to arrive at macro-mechanical governing equations of flow in deforming porous media. The 
Brinkman equation considers shear stress components as well as pressure in the fluid phase, which leads to a 
complete representation of stress in the resin. This also allows the treatment of a purely viscous flow problem as 
a special case of the general two-phase model. 

When Darcy’s law is used, it is usually substituted in the mass conservation equation and the resulting 
differential equation is solved coupled with the solid phase equilibrium equation (e.g. the approach taken in [5-
6]). Here, the above substitution is not trivial and we will solve three simultaneous equations; namely, mass 
conservation, resin equilibrium, and the total equilibrium equation. Therefore, the current FE model has three 
major independent variables: the total displacement field, the resin relative velocity field, and the resin pressure. 

A specialized element used for modelling viscous incompressible flow is modified to accommodate for the extra 
variables. Special treatments are considered to account for the gradient of resin volume fraction, which is present 
in the element formulation. These considerations include evaluation of the second derivatives of the shape 
functions, and computation of the value of the gradient of resin volume fraction at integration points using those 
derivatives. 

To account for the viscoelastic nature of the response history of the transverse squeeze flow experiments, 
different viscoelastic models are introduced in the constitutive equation of the two phase medium. 
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Figure 1- Schematic representation of the transverse squeeze flow experiment and the two flow mechanisms. 
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ABSTRACT 

Above some critical length to thickness ratio, square unsymmetrical 0.90 carbon fibre/epoxy laminates exhibit 
two stable geometrical states as shown in Figure 1. Such laminates have been widely studied [1, 2, 3] and can be 
used as simple models to explore the sorts of responses that may be required in the development of morphing 

structures. Recently, more complex lay-ups potentially giving many 
stable states, rather than just two, have been reported [4], but the 
work discussed here is generally limited to the simpler structures. 

Some papers have discussed the snap-through behaviour of the 
square unsymmetrical 0.90 carbon fibre/epoxy laminates in terms 
of the loads required to make the laminate snap between states [5], 
but in general the two states seem to have been treated as if there 
are no intermediate steps between the two extremes. This paper 
presents some data on the load/deflection behaviour of the square 

unsymmetrical 0.90 carbon fibre/epoxy laminates when measured using point loading under displacement 
control so that the shapes may be studied in more detail during the deformation. The use of displacement rather 
than load control reveals some unexpected features of the snap-through phenomenon. The load / deflection curve 
is of the form shown in Figure 2 and shows a clearly 
defined step in the region where the load is falling rapidly 
as deflection increases towards the snap-through point. 
Even though there is a steep effective negative stiffness at 
this point the behaviour is entirely stable and the sample 
can be wound both ways through the step region without 
triggering the gross snap-through or similar effects. 

Examination of the geometry of the laminate at this point 
shows that one side of the laminate has in fact 
experienced the snap-through so that at that point the 
laminate exhibits some characteristics of both the stable 
states available to it, see Figure 3. Leaving aside at this 
stage the question of how such bistable laminates might be actuated between states, if we are to use such 
structures in morphing arrangements it is also necessary to understand something about the speed of response 

and the fatigue performance. This has been measured 
for samples identical to those used for the quasi-
static measurements at 150mm x 150mm. In this 
case the samples were supported between pairs of 
rods at two diagonally opposite corners to minimize 
constraint; and actuated by a displacement applied, 
as before, at the centre of the plate. The 
displacements were applied by two solenoids, set to 
operate on a sinusoidal waveform 1800 out of phase 
with each other so that one solenoid just pushes the 
plate past the snap-through point and the other 
pushes it back. 

 

Figure 1- The two stable cylindrical 
states of an unsymmetric 0.90 laminate. 

 

 

Figure 2- Load/displacement for snap through. 
 

 

Figure 3- Geometry of intermediate state. 
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This set-up was used in two ways. Firstly, to measure the flight time and other features of the snap-through; and 
secondly to allow multiple cycles to be applied to take an initial appraisal of the fatigue performance. To 
measure the flight time the distance between solenoids was set so that the plate just contacted the ‘receiving’ 
solenoid to generate a signal that could be compared with the signal from the ‘sending’ solenoid. Typical outputs 
are shown in Figure 4. The receiving signal 
shows multiple peaks giving evidence of a 
reverberation of the sample, indicating that there 
is a ‘settling time’ to be accounted for as well as 
the ‘flight time’ if we are to avoid dynamic 
effects in multiple excitations. A better estimate 
of the settling time was arrived at using the time 
taken for the decay of the sound signal. From 
these measurements a value for the maximum 
cycling rate could be arrived at, which was 
estimated to be about 6Hz on the assumption 
that the actuation time is of the same order as the 
‘flight time’. For the set-up used here the actuation time is about 10 times longer than the flight time so that the 
cutoff actuation frequency to avoid dynamic effects would be expected to be below 3Hz. Early cycling trials 
used a cycling rate of 3.2Hz and experienced significant wear at supports. A long-term, 2,000,000 reversals test 
used a lower cycling rate of 1.5Hz and largely eliminated the wear, indicating the importance of taking account 
of the dynamic effects. The samples survived 2million reversals with little damage and associated reduction in 
both distortion and the loads to force the snap-through. In general the effects of increasing moisture content were 
seen to be greater than the effects of long-term fatigue. 

Results will also be presented for the snap through behaviour of a somewhat more complex laminated structure, 
which is not unsymmetrical in the conventional sense but exhibits a torsional snap through between two different 
twisted states, rather than a change in principal curvature direction between two different curved states. In this 
case the torsional load/deflection response was measured and compared to the torsional loads required to 
generate the same levels of twist in the absence of the snap-through behaviour. Structures of this form offer an 
interesting approach to developing elements of morphing structure elements as their actuation may be more 
readily achieved than that of the square unsymmetrical 0.90 carbon fibre/epoxy laminates. Lastly some 
conclusions are drawn about the use of structures with multiple stable states in practical morphing applications. 

REFERENCES 

[1] Hyer, M.W., “Some Observations on the Cured Shape of Thin Unsymmetric Laminates,” Journal 
Composite Materials, Vol. 15, page 175-194, 1981. 

[2] Hyer, M.W., “Calculations of the Room-Temperature Shapes of Unsymmetric Laminates,” Journal 
Composite Materials, Vol. 15, page 296-310, 1981. 

[3] Gigliotti, M., Wisnom, M.R., Potter, K.D., “Loss of Bifurcation and Multiple Shapes of Thin [0/90] 
Unsymmetric Composite Plates Subject to Thermal Stress,” Composite Science and Technology, Vol 
61/1 Jan 2004, 109-28. 

[4] Potter K. D. and Weaver P. M., “A Concept For The Generation Of Out-Of-Plane Distortion From 
Tailored FRP Laminates”, Composites Part A. Vol 35/12 Dec 2004, 1353-51. 

[5] Hyer, M.W., Dano, M.L., “Snap-through of Unsymmetric Fibre-Reinforced Composite Laminates,” 
International Journal of Solids and Structures 39, page 175-197, 2002. 

 

 

 

 

Figure 4- Load traces showing time of flight between states. 





 

161 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

SESSION 10 – NOVEL METHODS AND RESIDUAL STRESSES II 

Chair: Prof. John Botsis 
Swiss Federal Institute of Technology, Switzerland 

Wednesday 12th April 
11:15 – 12:55 

 
 



 

162 
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ABSTRACT 

Sandwich structures with composite face sheets and lightweight core are nowadays intensively used in 
engineering fields where high stiffness and strength combined with a reduced weight is of prime importance. 
Typical applications where this construction type is attractive include among others ship hulls, aircraft wings, 
racing car frames or sporting goods. Despite their attractiveness, sandwich constructions can only be used with 
confidence in engineering applications if their elastic properties are thoroughly characterized. The high 
orthotropy and het-erogeneity of these materials, as well as their specific production process, increase however 
the difficulty to identify their constitutive parameters in comparison to multilayered composites or usual 
materials such as met-als, so that a powerful and effective parameter identification method is highly desirable. 

Modal identification procedures have shown great advantages over static characterization methods. Instead of 
performing a specific static test per elastic parameter on several specimens of the material to be identified, a dy-
namic identification requires only one full-field measure on a sole specimen, which reduces significantly the 
parameter characterization time. In addition, dynamic identification is a non-destructive technique which allows 
a measurement without altering the physical properties of the structural components under investigation. In this 
paper, the development of a modal method for identifying the elastic properties of composite sandwich structures 
is presented. Based upon a mixed numerical-experimental dynamic identification already validated on multilay-
ered composite plates, the proposed method is extended to sandwich constructions and exhibits excellent char-
acterization properties. 

Dynamic identification techniques rely on the minimisation of the discrepancies between the natural frequencies 
and mode shapes of structures modelled with a highly accurate composite finite element formulation with adjust-
able elastic properties and the corresponding experimental quantities. By choosing appropriate error functionals 
which take into account not only the discrepancies between the predicted and measured natural frequencies but 
also the differences in amplitude, position or orthogonality between the simulated and measured mode shapes, 
the convergence of the estimated elastic parameters to the true values can be improved. 

On the computational level, different finite element models have been investigated in order to define the most 
suitable numerical formulation for modelling sandwich structures. Since the sandwich plates considered were 
made of face sheets in a rigid orthotropic material such as carbon/epoxy embedding a softer core with a low den-
sity like foam or honeycomb, the difficulty in modelling such type of material lies in the proper representation of 
the discontinuity of the through-the-thickness displacement derivative at the interfaces of the sandwich compo-
nents. As the displacement in the thickness direction shows a well pronounced zigzag variation due to the strong 
difference of the elastic properties between the face sheets and the core of sandwich constructions, the true dis-
placement field can not be well estimated when using a multilayered shell finite element formulation based upon 
the first- or higher-order shear deformation theory. A p-order shell finite element model including also piecewise 
linear functions for the through-the-thickness displacement has been formulated. This model has been compared 
to several other numerical models such as the 3D solid orthotropic formulation in order to find the most powerful 
model in terms of accuracy and computation time in the identification process. 

On the experimental level, a measurement setup, formed by a scanning laser vibrometer Polytec PSV200, a con-
trolled pseudo-random and periodic chirp signal generator and an electro-dynamic shaker to generate the excita-
tion of the specimens, has been mounted in an anechoic chamber (Figure 1). The correlation between the experi-
mental tests and the numerical simulations is improved by choosing free boundary conditions for the structures 
tested, which ensures a good repeatability of the measures. Three sandwich composite plates have been selected, 
all of them being made of 0°/90° carbon/epoxy face sheets and a honeycomb (Nomex) core or two foam core of 
different thicknesses. They have been subjected to an excitation in the frequency range from 200 Hz to 15 kHz in 
order to find the lowest 15 natural frequencies and the corresponding mode shapes. Measured with a dynamic 
load cell, the input load ranged from 0 to 45 N. Captured with the laser interferometer, the response of the 
specimens to the excitation has been treated with a multi-degree-of-freedom curve fitting software to extract the 
modal data of interest (Figure 2). 
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Figure 1- Experimental setup 

On the optimisation level, adequate modal identification criteria have been defined for quantifying the residuals 
on the constitutive parameters during the identification iterations. Sensitive to all the material properties to be 
identified, original error norms which take into account all the modal data available have been developed. Based 
upon the natural frequencies, the mode shape components, the location of the nodal lines, and the diagonal and 
off-diagonal mode shape correlation coefficients associated to the classical modal assurance criterion (MAC), 
these error norms are weighted and combined in a global objective function which is minimized by using a clas-
sical Levenberg-Marquardt nonlinear least square optimisation algorithm. Required as in any minimization proc-
ess, the derivatives of the objective function with respect to the elastic parameters to be identified are computed 
numerically with a finite difference scheme. 

In a first step, different numerical models are compared and discussed using a theoretical test case of a sandwich 
plate with given elastic properties. From these investigations, it is concluded that, among the equivalent single 
layer models, only the finite element formulation based upon the p-order shear deformation theory and including 
a zigzag form for the through-the-thickness displacement approximation is sufficiently accurate for modelling 
sandwich structures. In a second time, several real identification examples with sandwich plates made of 0°/90° 
carbon/epoxy face sheets and a honeycomb or foam core are presented. It is also shown that the uniqueness of 
the parameter estimation is not necessarily guaranteed in sandwich constructions as two different sets of elastic 
properties can yield to the same dynamic behaviour. Overall, the proposed identification method can accurately 
determine the in-plane Young’s moduli of the face sheets and the transverse and in-plane shear moduli of the 
core. 

This work was partially supported by the Swiss National Science Foundation (FNS), grant No. 200020-105524. 

 
Figure 2- First mode shapes of the sandwich plate 
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ABSTRACT 

Due to the mismatch in the thermal properties of the constituents, manufacturing thermal residual stresses are 
always present in laminated polymeric composites and may affect both the strength and the elastic behavior of 
the structure. Therefore, the distribution of the residual stresses may be quite significant in design and should be 
accurately predicted. The study of the variation of the curvature of non-symmetric laminates with temperature 
provides a measure of the residual stresses and the mechanical behavior of the material with temperature. 

In previous works [1, 2], the development of a simple digital camera imaging technique to measure the flexural 
and torsional curvatures of composite non-symmetric laminates above the room temperature was reported. The 
method was proved to be reliable, accurate, easy to implement and presents advantages when compared with 
other alternatives, like strain-gages or the shadow Moiré. The proposed technique was applied to measure the 
curvature of cross-ply and angle-ply strips taken from carbon-epoxy non-symmetric laminate plates. The results 
of geometrically non-linear finite element models (FEM) were correlated to curvature-temperature experimental 
measurements in the range of 20 to 80oC. An approximately constant shift in temperature was observed for all 
[0n/90m] class of laminates investigated. It was shown that the FEM yields excellent approximation to the 
measured curvatures provided that the reference temperature in the FEM is properly shifted. The temperature 
shift was assumed to represent the unmodeled factors in the simulation model: the material viscoelasticity and 
the variations on the material physical properties with temperature; additionally, a portion of the shift was 
credited to the autoclave process. These factors are difficult and uncertain to evaluate. Note that the viscoelastic 
effects were accounted for during experiments by observing a proper dwelling time between measurements. For 
each different laminate a different shift in the reference temperature was found indicating that the required 
change in the reference temperature may depend on the laminate lay-up and thickness. The concept of using an 
“equivalent cure temperature”, determined by curvature-temperature experiments and simulations, instead of the 
stress-free temperature to determine the thermal residual stresses was than proposed. 

The present work discusses the simulation methods used in the current investigation for determination of the 
non-symmetric laminate strips curvatures. The Classical Laminate Theory (CLT) is the base of most calculations 
used to predict the response of composite laminates to static, dynamic and thermal loads. The CLT is a linear 
theory and predicts that non-symmetrical cross-ply laminates of any size should always develop saddle 
curvatures. However, this approach is unable to correctly predict the shape of thin laminates since large out-
ofplane displacements restrict the development of curvatures and the laminate can present a cylindrical shape 
depending on the aspect ratio of the sample [3]. An analytical approach known as the “extended CLT” [3] 
including non-linear terms in the strain-displacement relationship in the sense of von Karman has been proposed 
to deal with the geometrically non-linear nature of the problem. The “extended CLT” models are based on the 
minimization of the total potential energy and on the Rayleigh-Ritz approximations of the displacement fields. 
An alternative approach is used in [4] where one of the curvatures within the CLT analysis is set to zero since 
after a certain aspect ratio of the sample the deformation is shown to be cylindrical instead of the saddle shape. 

Initially a semi-analytical model was built to predict the curvatures of rectangular laminate plates. The model 
used non-linear approximation polynomials of third order and fourteen coefficients as described in [3]. It was 
observed that for those laminates and temperatures where the geometrical non-linearity manifest in a more 
severe degree the approximated polynomials assumed are no longer valid and the model could not accurately 
predict the experimental results. However, the analytical model indicated that the aspect ratio of the laminates 
should be taken into account. Figure 1 shows the change in sample curvature by varying the width while keeping 
the length constant. From the three possible solutions after point B, two do not represent a stable solution, the 
branches BD and BE. The predicted curvature is described by branch ABC that presents a high sensitivity to 
changes in the sample width near point B. This indicates that a judicious choice of the sample aspect ratio must 
be made to avoid large changes in the curvature due to small changes in the sample width. Moreover, it unveils 
that the sample (a narrow and long strip) behaves like a plate rather than a beam. 
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Figure 1- Flexural curvature against sample width (sample length equal to 280 mm). 

Geometrically non-linear finite element models, which do not account either for viscoelastic effects or for the 
variation of material properties with temperature, were then developed for comparison with the experimental 
results [1, 2]. Preliminary analysis results showed that the gravitational effects should be considered in the 
models, particularly for the thin laminates. Figure 2 shows a comparison among the different simulation methods 
for two different laminates, [03/903] and [0/90]. The experiments and simulation data are from temperature steps 
of 15 ºC; the figure shows the data fitted by a quadratic polynomial. As can be seen in the figure, the FEM 
results present the best approximation displayed by an approximately constant shift to the experimental data. The 
CLT could be used for the [03/903] laminate but is quite inaccurate for the [0/90] that has a more pronounced 
non-linear behavior. The extended CLT deviates from the experimental data as the temperature increases, 
particularly for the [0/90]. In the CLT analysis setting one of the curvatures to zero, the results for the [03/903] 
laminate are close to the extended CLT results whereas it presents large discrepancy for the [0/90] laminate. 

  
Figure 2- Experimental data and simulation results for two different cross-ply laminates. 
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ABSTRACT 

A variety of full-field displacement and strain measurement methods [1] have been applied to the testing of 
composite materials and structures. These include methods based on the use of video cameras via normalised 
correlation approaches; the use of grid methods based on moiré fringe methods; the use of laser speckle 
interferometry methods and the use of photoelasticity. The great advantage that all these techniques have is that 
the output is in terms of the distribution of displacement and, with additional processing, strain across the surface 
of the sample. This allows the direct visualisation of strain fields, for example for comparison with FEA outputs 
and may be useful in visualising changes in surface strain caused by sub-surface events. The application of these 
methods has been very valuable in demonstrating how non-uniform the stress fields may be in conventional 
materials test specimens, especially with composite materials. Having said that, the evidence that such methods 
provide an adequately accurate and reliable method of determining materials properties is somewhat mixed, with 
rather variable results being obtained when measuring the moduli of standard engineering materials. For the 
majority of these methods the measurements that are made are arrived by off-line computations, and in some 
cases such as ESPI the individual snapshots that are used to capture a changing load and strain environment are 
taken with the specimens in a fixed position, potentially allowing creep and strain redistribution to occur. 

The work on the Video Gauge that is reported here uses similar algorithms to those used in normalised 
correlation approaches to track and measure the position of targets in a video field, and then applies additional 
and novel algorithms to further refine the estimate of position. However, rather than effectively mapping the 
sample with an array of targets that covers the whole surface 
(which usually requires a speckle pattern to be applied) a set 
of specific targets are identified on or added to the surface 
and the displacements of and strains between these targets are 
tracked and measured. This has several advantages. One 
major advantage is that with a reduced computational load 
the displacements and/or strains can be tracked in real time 
and hence used directly to provide feedback control to the 
test machine. 

It is also very straightforward to compare the outputs of the 
Video gauge to conventional strain measurement methods 
such as strain gauges or extensometers as shown in Figure 1. 
In this test the outputs of the three gauging methods showed a similar level of scatter and all recorded the 
expected value of modulus. In another validation test two targets were applied to the rigid cross-head of a test 

machine and traversed across the field of view whilst the distance 
between the targets was recorded using the Video Gauge. In this case 
the variability in the apparent distance between the targets can be taken 
as a measure of the resolution with which strain can be measured. 
Figure 2 shows the data for the difference between expected and actual 
measurements in terms of pixels. The red line is the RMS value of the 
variability, which can be taken as a measure of resolution. As can be 
seen in Figure 2 the RMS variation in the distance is about 1/200th of a 
pixel. To compare this to a strain resolution we need to look at the 
initial target to target distance. On a conservative basis, taking 1/100th 
of a pixel rather than 1/200th and assuming the use of a megapixel 
camera, if the targets are initially 500 pixels apart the strain resolution 

becomes 20με or 0.002%. This is the sort of target to target distance in pixels that would be appropriate for 
measuring strain in conventional tests, e.g. for moduli determinations allowing for the rigid body movements of 
the sample. If a more localised strain determination were required an initial target to target distance of say 50 
pixels would necessarily reduce the reliability of the computed strains. For this reason, in addition to the use of 
novel and improved algorithms the Video Gauge will give a demonstrably better performance than full-field 
normalised correlation methods, as these must use local comparisons of target region separations. 

 

Figure 1- Sample set up for Video Gauge, 
strain Gauge (on back face) and extensometer. 

 

Figure 2- Measured variation in pixel 
distance between 2 fixed targets. 

http://www.imetrum.com/


 

167 

Figure 3 shows tensile stress vs strain and Poisson’s ratio data measured at a gauge length of 0.5mm on a 0.5 
mm thick fragile and delicate adhesive specimen [2]. This represents the smallest sample size that has been 
measured to date with the Video Gauge, although there is no 
reason in principle that images acquired through microscopes 
could not be processed in exactly the same way, using for 
example individual fibres in a composite as targets. Although the 
proper measurement of the resolution must be defined in pixels it 
is interesting to convert the resolution into absolute measurements 
for various sample sizes (based on the same conservative 
assumptions as used before). For a standard 10mm wide specimen 
the resolution would be 200nm, dropping to 10nm for a gauge 
length of 0.5mm and a 1nm resolution is easily achievable 
through low power microscope images. The Video Gauge can 
then be used as a precision non-contact measurement device when 
calibrated against some standard known target to target distance. It has been used in this way for example to 

monitor the deck displacements on a long span bridge and to monitor 
the compaction and shrinkage processes in the cure of a composite 
laminate. Figure 4 shows the output from that compaction test. The 
resolution of the displacement output was sensitive enough to allow 
values for the expansion coefficients and chemical shrinkage to be 
extracted as well as the gross compaction behaviour. 

Whilst the technique does not have the immediacy of the full-field 
approaches in terms of the ability to compare directly between FEA 
and strain maps it has advantages in terms of resolution, the relative 
simplicity of set-up, use and comparison to calibration standards, as 

well as offering a scale insensitive displacement and strain measurement capability usable from microscopic to 
civil engineering scales in real time on hard to measure samples such as composites or biological materials. 
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Figure 3- Stress/strain curve for adhesive 
specimen with 0.5mm gauge length. 

 

Figure 4 
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ABSTRACT 

Driven by stringent weight saving requirements composite sandwich construction has evolved as one of the basic 
structural design concepts for load-carrying components of advanced aeroplanes and helicopters. Particularly, 
sandwich using laminated carbon fibre reinforced plastics (CFRP) as face sheets and NOMEX® honeycombs as 
core material is increasingly used due to features such as high strength-to-weight and stiffness-to-weight ratios as 
well as an excellent fatigue behaviour. While offering unique advantages, sandwich is also prone to a range of 
defects and damages. Due to the thin brittle skins and the weak core material CFRP sandwich structures are 
particularly susceptible to impact loading which may accidentally occur during assembly or operation of aircraft. 
Since these damages may have detrimental effects on the load carrying capability, they have to be considered in 
the damage tolerant design of aircraft structures. For that purpose it is necessary to determine the extent of 
damage in sandwich structures, resulting from impact events such as tool drop or thrown up debris. Up to now 
this task is mainly done experimentally by using drop weights to simulate the impact loading and NDT methods 
to determine the damage size. Since these experimental procedures are rather costly and time consuming, there is 
a clear need to supplement them by reliable numerical simulation tools. Usually, explicit finite element methods 
are employed for this task. 

As far as the global behaviour of sandwich components is investigated by finite element methods it is sufficient 
to model the structure by using shell elements for the skins and solid elements for the core. In the case of 
honeycombs such models permit only a macro-mechanical description of the core behaviour. Thus, it is not 
possible to account for local failure modes of the hexagonal cell structure. Nevertheless, these local effects are 
important, if impact loading is investigated. For this kind of problem a detailed modelling of the honeycomb cell 
structure is required [1, 2]. 

Impact loading of honeycomb sandwich results in very complex damage modes in the core as can be seen in 
Figure 1a. For example, in the centre of the impact area the honeycomb material is crushed. This damage is 
mainly the result of local buckling of the cell walls and compressive failure of the resin-impregnated NOMEX 
paper. Closer to the edge of the impact area the core is subjected to high shear forces which results in shear 
cracks in the cell walls. This clearly shows that material properties such as stiffness and strength of the 
honeycomb material are crucial parameters for the formation of damage in the sandwich. Therefore, the 
knowledge of these properties are essential for a reliable numerical simulation of impact loaded honeycomb 
sandwich structures as shown in Figure 1b. 

Usually, honeycomb manufacturers provide material data only for honeycomb blocks instead of the impregnated 
papers used as core material. So, one approach is to determine the paper properties from the global core 
properties. This can be done by numerical simulation of the tests used to measure the global properties [1]. This 
approach provides only averaged data and it is difficult to identify the non-linear behaviour of the material. 
Therefore, a research project was initiated which aimed at the determination of material properties of 
resinimpregnated NOMEX paper. 

Two main problems had to be solved. The first one was to get sheets of impregnated paper with a sufficient size 
for testing. Since the hexagons of the honeycombs usually applied in aircraft structures are very small, it is not 
possible to cut test specimens directly from the cell walls. Therefore, larger sheets of NOMEX papers had to be 
produced by a honeycomb manufacturer. The applied process was similar to that used for the production of 
standard honeycomb cores. 

The second problem was to find appropriate experimental methods. In a first move, standard test methods were 
evaluated [e.g. 3, 4, 5] which are normally used to determine material properties of paper and board. The result 
of this evaluation was that only the standard test for tensile properties [3] is applicable. Therefore, two new tests 
have been developed. The first one is used to measure the mechanical behaviour of impregnated NOMEX under 
compression (see Figure 2, left). It is based on the ring crush method of ISO 12192 which was modified to 
prevent premature buckling of the test specimen and to provide well defined clamping conditions. The second 
test fixture was designed for the determination of the behaviour of NOMEX paper under shear loading (see 
Figure 2, right). For this test fixture the concept of rail-shear tests was chosen and adapted to the special 
requirements of the thin-walled material. 
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These test procedures have been used to carry out an extensive test programme on NOMEX paper which was 
impregnated with phenol resin. Several parameters such as the paper thickness and the influence of the 
production process was investigated. One of the findings was that the impregnated paper has a distinct 
orthotropic behaviour. Another basic result was that the stress-strain relation depends strongly on the resin 
fraction. Whereas the plain paper shows a ductile behaviour, paper with a high resin fraction is rather brittle (see 
Figure 3). Further results of this study as well as details on the derivation of input data for the numerical 
simulation will be given in the paper. Additionally, some simulation results will be presented. 

 
Figure 1- a) impact damage of a NOMEX-honeycomb sandwich structure; 

b) numerical simulation of an impact on a NOMEX-honeycomb sandwich structure. 
 

 
Figure 2- Test fixtures (left: compression test; right: shear test). 

 

 
Figure 3- Material characteristics of 0.08 mm thick NOMEX paper with different phenol resin volume fractions. 
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ABSTRACT 

Delamination is one of the predominant forms of failure in laminated composites due to the lack of 
reinforcement in the thickness direction. In order to design structures that are flaw and damage-tolerant, analyses 
must be conducted to study the propagation of delaminations. The calculation of delaminations can be performed 
using decohesion elements1. These elements combine aspects of strength-based analysis to predict the onset of 
damage at the interface, and fracture mechanics to predict the propagation of a delamination. 

Decohesion elements are normally designed to represent the separation at the zero-thickness interface between 
layers of three-dimensional elements (3D). Unfortunately, the softening laws that govern the debonding of the 
plies often result in extremely slow convergence rates for the solution procedure. In addition, it is often difficult 
to model zero-thickness interfaces using conventional finite element pre-processors. 

Shell elements are more efficient for modeling thin-walled structures than 3D elements. Shell models typically 
have fewer degrees of freedom than equivalent 3D models and, because the nodes of the sublaminates in a stack 
are not coincidental, the generation of the decohesion element mesh is easier to perform. The objective of this 
work is to present the construction of an 8-node decohesion element for modeling delamination between shell 
elements on the basis of a 3D decohesion element. 

The stiffness matrix for conventional 3D decohesion elements is constructed using standard isoparametric linear 
Lagrangian interpolation functions. The relative displacement jumps between the top and the bottom faces of the 
element in a local coordinate frame x-y-z are 
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where B is the matrix relating the element’s degrees of freedom U to the relative displacements between the top 
and bottom interfaces. The minimization of the potential energy subjected to the constitutive softening law for 
decohesion leads to the usual integral over the area of the element, which gives the following element stiffness: 

 ( )( )3
T

D
A

dA= ∫K B I - D C B  (2) 

where D is a diagonal matrix representing the damage accumulated at the interface, I is the identity matrix, and 
C is the undamaged constitutive matrix. Because the stiffness K3D is constructed from the displacements U3D, 
only three degrees of freedom can be active at a node, i.e., u, v, and w. In the case of shell analysis, the nodes of 
an element must also account for the three nodal rotations θx, θy, and θz. 

The stiffness matrix Kshell of a decohesion element for shell analysis can be constructed by applying the kine-
matics of shell deformation to determine the 3D displacement field2. For instance, in the coordinate frame of a 
shell node, shell and 3D degrees of freedom at an interface can be related as: 
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where tj is the thickness of the shell at node j. For arbitrary orientations of a shell in space, the rectangular matrix 
R is transformed such that the z-direction is aligned with the normal to the shell. By substituting Equation 3 into 
the virtual work statement for the decohesion element, it can be shown that the stiffness and internal force of a 
shell decohesion element can be constructed from any standard decohesion element formulation using the 
following expressions: 

 3 Shell 3  and   T T
Shell D D= =K R K R F R F  (4) 

Layered shell models for progressive delamination can be easily constructed with shell decohesion elements. The 
model shown in Figure 1 represents a Mixed-Mode Bending specimen, which is used to measure delamination 
toughness. As the results in Figure 2 show, the results of two- and four-layer shell models correlate well with the 
results of the 3D analysis of the same specimen. 

  
 Figure 1- Two- and 4-layer models of MMB specimen. Figure 2- Analysis results. 

The modeling simplicity and computational efficiency of shell element analysis also eases the construction of 
more complex models, such as the structural component shown in Figure 3 [from Ref. 3.]. 

This technical presentation will provide additional details on the formulation of decohesion elements for shell 
analysis as well as several example problems. 

 
Figure 3- Layered shell model of composite lug with decohesion elements.3 
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ABSTRACT 

With the increasing use of polymer composite laminates as structural materials, we need to expand our 
understanding and characterization of their damage mechanisms. In particular, it is important to consider how a 
delamination in a laminated composite changes the surrounding internal strain state. In this work, knowledge of 
the distributed strains near a delamination front is obtained through the use of fibre Bragg grating (FBG) sensors, 
which are interrogated using an OLCR-based technique that measures the phase of the light reflected at 
incremental positions in the FBG [1]. This method allows us to precisely locate the delamination crack tip 
position with respect to an FBG, even under conditions where there is an initial residual strain state that has 
induced birefringence in the sensor. Since this technique allows the determination of the position, length and 
growth direction of a delamination crack propagating parallel to the FBG, it represents an advance beyond purely 
spectral measurements, which may be difficult to interpret and do not uniquely represent a given strain state. 

 
Figure 1- Double cantilever beam specimen, with optical sensor embedded 0.26mm from the crack plane. 

To introduce the advantage of this method, consider in a qualitative manner, how an FBG sensor responds to the 
strains produced by a mode I delamination crack propagation in a double cantilever beam specimen (Figure 1). If 
the period and index of refraction are changed by applying strains to the FBG, then the wavelength of the 
reflected light will shift according to the equations developed by Sirkis [2], assuming isothermal loading: 

 ( )[ ]
2
0

11 122
bx

z x z y
B

n p pλ ε ε ε ε
λ
Δ = − + +  (0a) 

 ( )[ ]
2
0

11 122
by

z y z x
B

n p p
λ

ε ε ε ε
λ
Δ

= − + +  (0b) 

where Δλbx and Δλby are the shifts in Bragg wavelength for the two polarization axes in the fibre, εi (i = x, y, z) 
are the principal strain components in the fibre core, and p11 and p12 are the strain-optic Pockel’s constants. 

  
Figure 2- a) Example of a longitudinal strain (εz) distribution in an FBG embedded at a distance of 0.26mm 

parallel to the delamination plane b) Spectral distribution measured for a similar case. 

Consider an FBG sensor embedded parallel to a bridged delamination crack, and thus subject to a distributed 
strain field εi(z) along the sensor length (Figure 2a). The wavelengths reflected by the FBG, λbx(z) and λby(z), also 
become a function of position (z). As a first approximation, the expected spectral response of the FBG can be 
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obtained by neglecting the influence of the transverse strains (for the simplicity of the illustration), so that 
equations 2a and b both become 

 
( )

( ) ( )1b
e z
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z
p z

λ ε
λ

Δ = −  (1) 

where pe is an effective photoelastic constant. The resulting spectrum should have a large peak at a high 
wavelength, corresponding to the relatively constant strain in the fibre behind the crack tip. It should also have a 
large peak at a low wavelength corresponding to the undisturbed portion of the FBG which will reflect the 
original Bragg wavelength. Finally, there should be a distribution of wavelengths between the two peaks 
corresponding to the strain evolution around the crack tip. This type of spectrum is illustrated in Figure 2b and 
was also observed by Takeda et al. [3]. Although this spectral evolution is quite clear, it lacks spatial correlation. 
A crack could arrive from either end of the FBG and produce the same spectral form, indicating one way in 
which the spectral form is not a unique indication of strain state. Another complication in the interpretation of 
wavelength spectra is encountered when a composite contains a residual strain field that creates unequal 
transverse strains in the embedded FBG, making equation 2 invalid. Under these conditions the spectral response 
will be dependent on the polarization state of the interrogating light, and therefore, wavelength spectral form, 
position and amplitude may vary from one measurement to the next, if the polarization state is not maintained. 

 
Figure 3- Measurements of wavelength shifts due to the progression of a delamination crack below an FBG. 

In this research we use the OLCR-based approach to measure the FBG response to different delamination 
lengths (Figure 3). In this way no assumptions need to be made about the distribution or form of the reflected 
wavelengths and it possible to control the polarization of the light entering the FBG, so that its response is 
measured separately for each of the polarization axes of the fibre (λbx and λby). We observe that transverse 
residual strains are unequal in the FBG, causing a birefringence (λbx ≠ λby); however, this difference disappears 
once the crack front passes below the FBG. Although it is possible to see some effect of the transverse strain 
field in the FBG response, it is clear that the most significant contribution is made by the longitudinal strains. 
This is illustrated by comparing the shape of the strain curve in Figure 2a, and the shapes of the measured 
wavelength curves. In order to provide a complete interpretation of the distributed wavelength measurements, 
they are coupled with appropriate numerical models to allow for a quantitative description of the strain field 
around the delamination. 
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ABSTRACT 

The mechanical response of failure process zones can be described in terms of cohesive laws, which is the 
relationship between the local crack opening and the local tractions across the crack faces. Cohesive laws are 
particular useful to describe failure mechanisms that generate long failure process zones, such as crack bridging 
in unidirectional fibre composites [1]. Examples are delamination of laminates and interface cracks in sandwich 
structures. Crack growth in such structures can be modelled by the use of cohesive laws, e.g. by numerical 
simulation, such as the finite element method. Most simulations have been made with assumed, idealised 
cohesive laws. Then, cohesive law parameters are calibrated e.g. from pure mode I and mode II tests [2]. 
However, regarding cohesive laws material properties (i.e. independent of specimen geometry), methods must be 
developed to measure them. The purpose of the present work is to develop an approach for the determination of 
mixed mode cohesive laws. 

The proposed approach for the determination of mixed mode cohesive laws for large-scale crack bridging 
problems is based on the application of the J integral [3]. The fracture resistance is determined from mixed mode 
crack growth experiments conducted at a Double Cantilever Beam specimen loaded with Uneven Bending 
Moments (DCB-UBM), since for this specimen configuration, the J integral can be determined analytically also 
in the case of large scale bridging [4]. The specimen configuration is shown schematically in Figure 1. 

 
Figure 1- Schematic drawing of the Double Cantilever Beam specimen loaded with Uneven Bending Moments 

(DCB-UBM) test specimen. The end-openings in normal and tangential directions are also indicated. 

The normal and shear stresses of the cohesive laws are obtained by from data of the fracture resistance, JR, and 
the normal and tangential displacements of the cohesive zone. The theory behind the proposed approach will be 
described. 

As an example of measurement, an experimental characterisation of a unidirectional glass-fibre reinforced 
plastic composite was performed [5]. The cohesive stresses as a function of the normal and tangential end-
opening displacements, *

nδ  and *
tδ , are shown in normalised form in Figures 2 and 3. The results were obtained 

by fitting a fourth order Chebyshev polynomials to the measured * *
R n tJ δ δ− − data followed by partial 

differentiation. The cohesive stresses are set to zero in the steady-state region. Three things are obvious from the 
results. First, the cohesive stresses start at the peak value and decrease with increasing crack opening. Second, 
the normal and shear stress depend both on the normal and tangential crack opening displacements. Third, the 
peak shear stress is more than seven times as high as the peak normal stress. 
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Figure 2- Cohesive normal stress (normalised by the peak normal stress) as a function of normalised normal and 

tangential crack opening displacements. 

 
Figure 3- Cohesive shear stress (normalised by the peak normal stress) as a function of normalised normal and 

tangential crack opening displacements. 
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ABSTRACT 

Mechanical fatigue, especially high-cycle fatigue, is a common cause of failure of aerospace structures. In 
laminated composite materials, the fatigue process involves several damage mechanisms that result in the 
degradation of the material. One of the most important fatigue damage mechanisms is interlaminar damage 
(delamination), especially in the case of laminated structures devoid of reinforcement in the thickness direction. 

There are two basic approaches for the analysis of delamination under fatigue: Fracture Mechanics, which relates 
the Fatigue Crack Growth Rate as a function of the Energy Release Rate and Mode Ratio; and Damage 
Mechanics, in which the concept of a Cohesive Zone Model is used to establish damage evolution as a function 
of the number of cycles. With Damage Mechanics, delamination under cyclic loading is modeled with a 
constitutive equation that describes the irreversible material separation in terms of crack surface tractions. 

In a degradation process involving high cycle-fatigue, damage evolution can be obtained as the sum of the 
damage caused by static or quasi-static loads and the damage that results from the cyclic loads. The damage 
evolution produced by cyclic loads is formulated as a function of the number of cycles and strains (or 
displacement jumps) [1],[2], where a damage evolution law expressed in terms of the number of cycles is 
established a priori. However, the damage evolution law must be expressed as a function of several parameters 
that have to be adjusted through a trial-and-error calibration of the whole numerical model. In this paper, an 
alternative approach is proposed whereby the evolution of damage is based on linking Fracture Mechanics and 
Damage Mechanics, and relating the evolution of the damage variable, d, with the crack growth rate. The 
evolution of the damage variable as a function of the number of cycles is related to the evolution of the crack 
surface: 

 A
N A N
∂ ∂ ∂=
∂ ∂ ∂
d d  (1) 

where the term 
N
A∂

∂
 is the crack growth rate, which must be characterized experimentally. The term 

N
∂
∂
d  is 

obtained from Fracture Mechanics theory and the constitutive damage model. 

The present model is implemented by means of a user-written element in ABAQUS by adding the damage 
evolution law formulated from equation (1) to the decohesion element developed by the authors in previous 
work [3]. In order to validate the formulation, several analyses were performed using a model with a single 
decohesion element. The evolution of the interface traction and the maximum (or residual) strength as a function 
of the number of cycles for a displacement controlled high-cycle fatigue test is shown in Figure 1. 
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Figure 1- Evolution of the interface traction and the maximum interface strength. 

The fatigue model is compared with experimental data obtained for a Mode I DCB test. The results obtained by 
the simulation reproduce correctly the Paris law of crack evolution and correlate well with the experimental 
results, as shown in Figure 2. 

 
Figure 2- Comparison of the experimental data with the numerical crack growth rate obtained. 
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MODELING AND IDENTIFICATION OF ADHESIVE BEHAVIOUR FOR MARINE COMPOSITE 
APPLICATION: A DEDICATED APPROACH 
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ABSTRACT 

Composite materials are widely used for the design of marine structures [1]. Adhesive bonding is commonly 
used for these structures but in this context the problem of dimensioning occurs. On the one hand, the behaviour 
of the polymer material, which is the adhesive, is strongly nonlinear and on the other hand, the techniques of 
adhesive bonded joint do not allow a total control of the joint thickness in the case of large-sized panels. Our 
purpose is to develop an interface model [2] to carry out numerical computations of structures at a reasonable 
cost. But the behaviour of such an element has to be parameterized by data relevant to materials and geometry. 
Accurate data on the mechanisms of the joint degradation are needed when choosing these parameters and the 
interface model. 

The aim of the performed experiments was to identify the intrinsic behaviour of the adhesive and the influence 
of the joint dimensions as well as the type of solicitations [3]. Tests on stuck tubes were previously carried out to 
characterize the material behaviour and were interpreted using a damageable elastoplastic model [4]. Three-
dimensional nonlinear simulations then interpret a database of experimental tests on composite structures. The 
confrontation of experiments and simulations should enable to supplement the material data and to validate the 
3D model. The implementation of the 3D non linear model will help to complete the database [5], with 
simulations on various geometries. The extended information will enable to build an interface parameterised 
modelling. 

To get material behaviour data, a first idea would be to use experiments on a massive block of adhesive [6] but 
the processing of realization could make material inhomogeneous. Because of an unstable behaviour in traction 
during a tensile test, it is difficult to obtain solicitations, which represent the ones that occurs in a bonded joint 
(low thicknesses....). To avoid this difficulty, the idea is to define a homogeneous experiment of a joint. Two 
steel tubes are stuck end to end by a joint of adhesive and are loaded in torsion (Figure 1). The shear strain 
remains homogeneous in a large area of study, and the nonlinear properties of the material are identified: A 
strong damage appears very quickly, which saturates towards 3% of strain (Figure 3). Then a plastic flow 
appears until a 50% strain. 

To validate a model of behaviour under multiaxial loading, double lap shear tests with composite substrates are 
carried out. The combinations of substrates of stacking [0,90]ns or [+-45]ns enable to obtain very different cases 
of plane loading. A quasi uniaxial deformation is obtained on the stuck surface of the [0,90]ns whereas the 
[+-45]ns imposes a quasi biaxial deformation. The first elastic simulations (Figure 5) show strong variations of 
normal shear strain gradient in the joint. The use of an ad hoc assembly when realizing the specimens enables to 
impose a controlled thickness of 0.5+-0.03mm of the joint (Figure 6). Strains in the thickness of the film are 
analyzed using image correlation, and the level of strains reached before the rupture shows that the material 
largely reaches its nonlinear capabilities. Analyses of these tests are in progress and should be presented at 
Comptest 2006. 
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Figure 1- Torsion tests with 
tubes 

Figure 2- Strain in the adhesive Figure 3- Adhesive’s 
behaviour: σ=f(ε) 

   

Figure 4- Double lap shear test Figure 5- Shear strain in the adhesive 
Left: [0,90] [+-45] [0.90] 
Right: [0,90] [0,90] [0,90] 

Figure 6- Adhesive shear 
deformation for a double lap 

shear test 
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ABSTRACT 

To reduce development and certification costs for composite aircraft structures, efficient computational methods 
are required by the industry to predict structural integrity and failure under dynamic loads, such as crash and 
impact. Failure in polymer composites is initiated at the microscopic level, with length scales governed by fibre 
diameters, whilst the length scale of aircraft structures is in metres, which poses a severe challenge for FE 
analyses of composite structures. By using meso-scale models based on continuum damage mechanics (CDM), 
proposed by Ladevèze and co-workers [1], [2], it is possible to define materials models for FE codes at the 
structural macro level which embody the salient micromechanics failure behaviour. CDM provides a framework 
within which in-ply and delamination failures may be modelled. In previous work [1], [3] ply failure models 
were developed for unidirectional (UD) fibre and fabric reinforced plies with three scalar damage parameters 
representing in ply microdamage and associated damage evolution equations relating the damage parameters to 
damage energy release rates in the ply. 

Delamination models for interply failure were obtained by applying the CDM framework to the ply interface, as 
described in [2]. Failure at the interface is modelled by degrading stresses using two interface damage 
parameters corresponding to interfacial tension and shear failures, whilst fracture mechanics concepts are 
introduced by relating the total energy absorbed in the damaging process to the interfacial fracture energy. The 
ply CDM and delamination models have been implemented into a commercial explicit FE crash and impact code 
as described in [3], which uses a numerical approach for delamination modelling based on stacked shell elements 
with cohesive interfaces, which may separate when the interface failure condition is reached. In this way ply and 
delamination failures in large composite structures may be modelled efficiently with shell elements, avoiding 
both fine mesh solid models and interface elements. 

At the DLR these CDM models have been used to predict impact damage in composite shell and sandwich 
structures from both hard and soft impactors, see for example [4], [5]. In order to use the CDM code 
developments, reliable test data on appropriate composite ply materials are required. Since the CDM models 
discussed above introduce additional damage parameters to describe ply degradation through the damage 
evolution and plasticity laws, and delamination fracture energy parameters for the interply failures, then attention 
has to be given to defining suitable test procedures. The paper describes the test programme strategies used at the 
DLR to determine these composite damage parameters for use in FE simulation codes. Data from ongoing 
characterisation programmes on aircraft structure materials such as carbon fibre/epoxy with UD and fabric 
reinforcement, UD carbon fibre/PEEK, aramid fabric/epoxy will be used to illustrate the test procedures. 

The composite ply model consists of an elastic CDM model in the fibre directions and a shear plastic model, 
which is associated with the matrix dominated irreversible shear damage. As described in [1], [3], the ply model 
introduces three scalar damage parameters d1, d2 and d12, which represents modulus reductions under different 
loading conditions due to microdamage in the material. For fabric plies d1 and d2 are associated with damage in 
the principal fibre directions, and d12 controls in-plane shear failure. These additional parameters are determined 
from damage evolution equations which may be determined directly from stress-strain curves on standard 
composite test specimens loaded monotonically to failure. The procedure for determining the damage evolution 
equations and the corresponding damage parameters will be explained. 

In-plane shear deformations may be inelastic, or irreversible due to the presence of extensive matrix micro-
cracking and plasticity, which leads to permanent deformations in the ply on unloading. This is accounted for by 
a shear plasticity model with elastic domain function and hardening law. The plastic hardening law parameters 
require cyclic load tests on specimens with fibres oriented in ±45° directions to the load direction to identify the 
irreversible (plastic) strain components in the specimens. Fig. 1 shows typical shear stress-strain curve obtained 
from tests on aramid fabric/epoxy specimens with 4 load-unload cycles, which shows extensive inelastic or 
'plastic' deformation at larger strains. The paper shows how such test curves may be analysed to obtain both the 
shear damage evolution equation for d12 and the shear plastic hardening function. 

To describe interlaminar failure the models developed require data on the delamination fracture energies GIC and 
GIIC, together with through-thickness tensile and shear strengths which control the initiation of delamination 
failures. Here the DLR is following the European Structural Integrity Society (ESIS) procedures based on double 
cantilever beam (DCB) specimens for GIC and end notched flexure (ENF) specimens for GIIC. 
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The test procedures have been developed and validated under quasi-static load conditions. However, the FE 
models are being used to predict damage in composite structures under crash and impact loads. Thus there is 
considerable interest to determine the influence of strain rate on the composites ply damage and delamination 
properties. Current work is directed to extending the test procedures to high rate loading. Some of the ply in-
plane tests are now being carried out on high-rate servo-hydraulic test machines. These high rate tests will be 
described and the problems of specimen design, dynamic load introduction and data analysis will be discussed. 

 
Figure 1- Cyclic tension tests on ±45º aramid fabric/epoxy specimens. 
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FIELDS IN PARTICULATES BY MEANS OF THE HYBRID INTERPHASE CONCEPT 
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ABSTRACT 
This paper utilizes a novel interphase concept and investigates the influence of the aspects of this region on the 
stress response of particulate materials. The hybrid interphase concept is developed in some recent publications 
of the authors [1-4]. According to this concept, the interphase volume fraction represents the percentage of the 
bulk matrix, surrounding the inclusions. In this region, each specific matrix property is strongly affected by the 
existence of the reinforcement, while the interphase thickness represents the maximum radial distance from the 
inclusion boundary, at which this property varies. This means that both the interphase volume fraction and the 
interphase thickness are property-dependent, that is, their values depend on the property considered at the time. 
This type of interphase inhomogeneity is further adopted in a piecewise homogeneous approach, which predicts 
the elastic response of the model. Interphase inhomogeneity is treated in the analysis by appropriate linearization 
within each sub-segment of the domain. The presence of inhomogeneities renders the problem unresolved by 
pure analytical procedures, leading to development of approximate ones. Among these, the method of successive 
continuously varying subdomains with piecewise homogeneous materials defined on them is adopted for the 
analysis of the imposed problem. In this section, this method expanded to treat elastic problems in cylindrical 
coordinate system. This semi-analytical approach enables elastic stress analysis of any morphology and material 
inhomogeneity by defining the model features through appropriate global variables. To reduce the size and the 
complexity of the approach, the analysis is performed on the RVE which consists from three primary subregions 
of solid or hollow spherical shape that are concentric, i.e., particulate, interphase and matrix. Materials defined 
on particulate and matrix subregions are isotropic and homogeneous ones. Interphase material is 
nonhomogeneous and its spatial dependence is discussed in previous section. 
Considering axial symmetry and stress analysis, and utilizing the well known equations from the theory of 
elasticity we obtain the results [5]. Results were also taken from a Finite Element Model, but due to lack of space 
are not presented in the current abstract. Let the maximum interphasial radius rij(max) corresponding to some 
particular property be known. Subdivision of the maximum thickness rij(max)-rp into n segments of equal length 
enables discretization of the problem domain into n+2 subdomains. Each subdomain is uniquely defined in the 
region [re,re+1], where e=1,2,…,n+2. This discretization enables piecewise approach also of the only non-zero 
displacement u, by a sequence of functions ue each one defined within the segment [re,re+1]. Functions Ei(r), vi(r) 
may be approximated over the segment [re,re+1] by the average values. Then, within each segment [re,re+1], 
e=1,2,…,n+2, a spherical shell is defined with thickness re+1- re, and homogeneous material properties Ee and ve. 
Piecewise homogenization permits formulation of the problem considering only particular subsegment defined in 
the range [re,re+1], and construction of the solution for whole the domain accounting all n+2 subsegments. Then, 
the radial displacement within the segment [re,re+1] is the solution of the governing equation 
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where, Ae, Be, are unknown constants to be determined later on. The following equations for stress and strain 
components, are finally derived 
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The boundary conditions of the problem impose a pressure po in the place of particle and constant stress 
conditions on the outside surface of RVE 
 ( ) ( ) ( )2,            .rl p o r n mr r p r r constσ σ += = − = =  (4) 

Inter-segment equilibrium conditions on adjunct radii r=re, e=2,3,…,n+2 require 

 ( ) ( ) ( ) ( ) ( ) ( )1 1,             r e e re e r e e re eu r r u r r r r r rσ σ− −= = = = = =  (5) 
Thus, solutions in terms of constants Ae, Be, e=1,2,…,n+2., may be formulated. Systematic application of 
conditions (4)-(5) for all discrete values of radius, yields a linear of algebraic system of equations of the form 
Ax=b, where the matrix A contains all the influence factors, vector b the known loading terms and vector x the 
constants Ae, Be, e=1,2,…,n+2. Numerical solution of this equation yields the elastic response of the material. 

In order to investigate the effect of hybrid interphase region on elastic stress response of particulate materials, 
the semi-analytical approach outlined above has been utilized. Without any restriction on generality of the 
method, a glass/epoxy composite has been considered in all computations. In order to reduce the computational 
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effort and to simplify pictorial presentations, it was assumed that the radius of the particulate is rp=15μm, and the 
particle volume fraction is Vp=0.3. For present analysis, the number of interphase subsegments was chosen to be 
n=30. A uniform axial pressure of po=-1MPa was considered in the analysis, though resulting strains and stresses 
were normalized by po Inasmuch as the imperfect adhesion is of greatest interest, plots indicating the distribution 
of elastic stress response in the range 1<r/rp<1.1 for various values of the adhesion degree parameter k. For 
comparison reasons, the numerical results for a composite with fixed particle volume fraction Vp=0.3 are 
illustrated. Considering the hybrid interphase, numerical results are shown when perfect and marginal adhesion 
conditions between particulate and matrix occur, i.e., adhesion degree parameter k varies in the range 0 < k < 1. 
Figures 1 and 2, illustrate the distribution of normalized strains with radius, for the conventional and hybrid 
interphases. The radial strains for hybrid interphase were increased when k→1, but they decreased radial, 
especially at the end of the interphase region. For the conventional interphase, the radial stresses are increased 
from the beginning to the end of the interphase region and in this case for lower adhesion degree parameter k, the 
radial stresses were increased. For the hybrid interphase, tangential strains are decreased when the adhesion 
degree parameter k→1. The case of perfect interphase is producing much higher and abrupt strains. The location 
of strain concentration seems to be a function of the adhesion degree. The radial stresses are decreased from the 
particle to the matrix, while the maximum values of them, are observed with the increasing adhesion degree 
parameter k. In this case the thickness of interphase region is very small and the longitudinal stresses are 
observed at the very beginning of the interphase region, Figure 3. The tangential stress components present an 
abrupt increase inside the interphase region and when the adhesion degree parameter k increases, the transverse 
stresses are increasing also, at the beginning of the interphase region, Figure 4. In all of the above cases, the 
perfect interphase model yields higher peaks or stress gradients extending in wider areas. Imperfect adhesion 
conditions cause softer interphases and thus release high strain and stress gradients. It is clear the strong 
dependence of elastic strains and stresses on adhesion. Numerical results have shown that strain and stress 
intensifications appear within the interphase region, strongly suggesting that the interphase characteristics play a 
significant role in elastic response of particulate composites. 

 
 

Figure 1- Radial strain with interphase properties. Figure2- Tangential strain with interphase properties. 

  
Figure 3- Radial stress with interphase properties. Figure 4- Tangential stress with interphase properties. 

REFERENCES 

[1] Papanicolaou G.C., Michalopoulou M.V., Anifantis N.K., ‘Thermal stresses in fibrous composites 
incorporating hybrid interphase regions’, Composites Science and Technology, Vol. 62, pp. 1881-1894, 
2002. 

[2] Papanicolaou G.C., Anifantis N.K., Keppas L.K. and Kosmidou Th.V., ‘Stress Analysis of Short Fiber 
Reinforced Polymers incorporating a Hybrid Interphase Region’, submitted for publication in 
Composites Science and Technology. 

[3] Papanicolaou G.C., Kosmidou Th.V., Anifantis N.K., ‘Prediction of the Mechanical Properties of FRPs 
by means of the Concept of Hybrid Interphase’, ECCM 11, May 31-June 3 2004, Rhodes, Greece, 
(Included in the CD Proceedings). 

[4] Papanicolaou G.C., Anifantis N.K., Keppas L.K., Kosmidou Th.V., ‘The effect of imperfect adhesion 
on the interfacial stress and strain distribution in FRP's’, International Conference of Influence of 
Traditional Mathematics and Mechanics on Modern Science and Technology, 24-28 May 2004, 
Messini, Greece, Published in the Proceedings, Editors: G.C.Sih, C.P. Spyropoulos, Printing and 
Production Eptalofos S.A., Athens, Greece, ISBN: 960-8360-31-5, pp.203-210, 2004. 

[5] Timoshenko S., Goodier J.N., Theory of elasticity, 2nd ed. New York, McGraw Hill Book Co, 1951 





 

189 

 

AUTHOR INDEX 
A 

Adda-Bedia, EA................................................. 127 
Aiello, MA ................................................... 90, 120 
Allegri, G ............................................................. 68 
Allix, O .............................................................. 182 
Almeida, P.......................................................... 150 
Almeida, SFM.................................................... 164 
Andrade-Campos, A....................... 60, 94, 118, 151 
Anifantis, NK..................................................... 186 
Aoki, Y................................................................. 70 
Arafath, ARA......................................................... 4 
Argüelles, A ......................................................... 92 
Arrese, A............................................................ 148 
Asp, LE .......................................................... 52, 66 

B 

Balandraud, X ............................................ 110, 132 
Baley, C ....................................................... 43, 119 
Balmès, E ........................................................... 122 
Baraibar, I ............................................................ 92 
Baral, N................................................................ 43 
Bardaro, D............................................................ 27 
Barroso, JM.......................................................... 58 
Batiste, D ..................................................... 40, 110 
Berggreen, C ........................................................ 50 
Bernardo, FJ......................................................... 58 
Blanco, N ................................................. 16, 52, 92 
Bonhôte, P............................................................ 25 
Botsis, J .................................................... 8, 25, 174 
Boualem, N ........................................................ 154 
Branner, K............................................................ 46 
Broughton, W..................................................... 143 

C 

Cabrerizo, F.......................................................... 92 
Camanho, PP...........................12, 87, 139, 172, 178 
Carbajal, N ......................................................... 148 
Cartié, D............................................................... 43 
Cartié, DD............................................................ 68 
Cecchini, LS....................................................... 135 
Cléro, F .............................................................. 122 
Cluzel, C ............................................................ 182 
Corbella, B ........................................................... 92 
Correa, E .............................................................. 79 
Corvaglia, P.................................................... 27, 90 
Costa, J........................................16, 34, 52, 92, 178 
Crocker, L .......................................................... 143 
Cugnoni, J .......................................................... 162 
Cunningham, PR .................................................. 84 
Curnier, A .............................................................. 2 

D 

Davies, P ...................................................... 43, 119 
Dávila, CG ........................................... 12, 172, 178 

Dell’Anno, G ....................................................... 68 
Derrien, K .......................................................... 110 
Dolto, G ............................................................. 119 
Dourado, N......................................................... 146 
Dulieu-Barton, JM ............................................... 84 
Dumontet, H......................................................... 82 
Dunkel, G............................................................... 8 

E 

Edgren, F.............................................................. 66 
Eitzenberger, J ..................................................... 98 
Elliott, B............................................................. 103 
Emery, TR............................................................ 84 
Esnault, R........................................................... 141 

F 

Faria, H ........................................................ 19, 124 
Feih, S .................................................................. 30 
Fernández-Canteli, A ........................................... 92 
Ferreira, AJM..................................................... 126 
Filipe, VM............................................................ 58 
Florens, C........................................................... 122 
Fortunato, A......................................................... 90 
Fouinneteau, MRC............................................. 108 
Freitas, M............................................................. 36 

G 

Gamstedt, EK................................................. 52, 79 
Gibney, A........................................................... 100 
Gibson, AG .......................................................... 30 
Gilchrist, MD..................................................... 100 
Gmür, T.................................................25, 162, 174 
González, E.......................................................... 34 
Gower, M........................................................... 143 
Grédiac, M ............................................14, 110, 132 
Green, B............................................................. 112 
Guedes, RM ................................................. 19, 124 
Gürdal, Z.............................................................. 87 

H 

Haghshenas, M................................................... 156 
Hähnel, F............................................................ 168 
Hamida, AB ......................................................... 82 
Hartung, D ......................................................... 134 
Hendriksen, PV.................................................. 153 
Humbert, L............................................................. 8 

I 

Iannucci, L ........................................................... 32 
Ishikawa, T................................................... 70, 116 
Ivanov, D ........................................................... 130 
Iwahori, Y .......................................................... 116 



 

190 

J 

Jacobsen, TK...................................................... 176 
Jensen, FM ......................................................... 135 
Jesus, AM............................................................. 58 
Joffe, R................................................................. 64 
Johnson, AF ....................................................... 184 
Jones, F ........................................................ 21, 106 
Jones, S .................................................................. 6 

K 

Kärger, L............................................................ 134 
Kawai, M.............................................................. 77 
Kim, JH................................................................ 14 
Kintscher, M ...................................................... 134 
Koizumi, M.......................................................... 77 
Kosmidou, TV.................................................... 186 

L 

Lapczyk, I .......................................................... 102 
Leite, M.............................................................. 150 
Lomov, SV......................................................... 130 
Lopes, CS............................................................. 87 
Lopes, J .............................................................. 150 
Lund, E............................................................... 139 
Lundsgaard-Larsen, C.......................................... 50 

M 

Maffezzoli, A ..................................................... 120 
Maimí, P............................................................... 12 
Manni, O ........................................................ 27, 90 
Marat-Mendes, R ................................................. 36 
Marques, AT .............................................. 124, 126 
Mathias, JD ........................................................ 132 
Mathys, Z ............................................................. 30 
Matter, M ........................................................... 162 
Mattsson, D.......................................................... 64 
Mayugo, JA.................................................... 12, 16 
McGregor, C ........................................................ 17 
McNally, C......................................................... 100 
Megnis, M............................................................ 98 
Mieres, JM ........................................................... 85 
Minak, G .............................................................. 23 
Modarelli, R ......................................................... 27 
Molimard, J .......................................................... 41 
Mollenhauer, D .................................................. 138 
Morais, J............................................................. 146 
Morais, JJ ............................................................. 58 
Moreira, RAS....................................................... 88 
Morel, S ............................................................. 146 
Moura, MFSF............................................... 19, 146 
Mouritz, AP.......................................................... 30 
Moutrille, MP..................................................... 110 
Mujika, F............................................................ 148 

N 

Nagao, Y .............................................................. 70 
Nóvoa, PJRO...................................................... 126 

O 

Oestergaard, RC................................................... 50 
Oliveira, JA.....................................60, 94, 118, 151 
Olsson, R.............................................................. 54 
Overgaard, LCT ................................................. 139 

P 

Pagnotta, L ........................................................... 56 
Palerosi, AC....................................................... 164 
Papanicolaou, GC .............................................. 186 
Pappadà, S.......................................................... 120 
París, F ................................................................. 79 
Partridge, I ........................................................... 68 
Pedone, F ............................................................. 90 
Pentecôte, N....................................................... 184 
Perrot, Y............................................................. 119 
Petrinic, N .......................................................... 103 
Picken, SJ............................................................. 48 
Pickett, AK......................................................... 108 
Pierron, F ..................................................... 14, 112 
Pinho, ST ............................................................. 32 
Pinho-da-Cruz, J .............................60, 94, 118, 151 
Pintado, JM .......................................................... 92 
Pochiraju, KV ...................................................... 75 
Poec, SML ......................................................... 141 
Potter, K..................................................6, 158, 166 
Poursartip, A .............................................4, 17, 156 
Prendes, P ............................................................ 85 
Prenleloup, A ....................................................... 25 
Primo, T ............................................................... 27 

R 

Rametta, R ......................................................... 120 
Reis, L................................................................ 150 
Renart, J ............................................................... 34 
Rezai, A ............................................................... 68 
Ribeiro, MCS..................................................... 126 
Robinson, P.................................................... 32, 74 
Roca, P................................................................. 85 
Rodrigues, JD....................................................... 88 
Romera, JM........................................................ 148 

S 

San-José, JT ......................................................... 85 
Schoeppner, GA................................................... 75 
Schorderet, A ..................................................... 162 
Sekulic, A .............................................................. 2 
Sereir, Z ......................................................127, 154 
Setchell, C.......................................................... 166 
Shaw, R.............................................................. 143 
Silva, A .............................................................. 150 
Sorelli, LG ......................................................... 100 
Sørensen, BF.........................................50, 153, 176 
Sorensen, L ........................................................ 174 
Stang, H ............................................................. 135 
Stigliano, G .......................................................... 56 
Sweeting, R.......................................................... 30 



 

191 

Syed-Muhamad, K ............................................... 14 

T 

Tabaković, A...................................................... 100 
Tandon, GP .......................................................... 75 
Teixeira-Dias, F ............................. 60, 94, 118, 151 
Toftegaard, H ..................................................... 153 
Toussaint, E.......................................................... 14 
Trias, D ................................................................ 16 
Turon, A......................................... 16, 34, 172, 178 

V 

Valentin, G......................................................... 146 
Varna, J ................................................................ 98 
Vautrin, A ............................................................ 41 
Vaziri, R................................................... 4, 17, 156 
Vernet, D............................................................ 182 
Verpoest, I.......................................................... 130 

Vicens, J............................................................... 92 
Viña, J .................................................................. 92 
Vlasveld, DPN ..................................................... 48 

W 

Wang, FH........................................................... 153 
Watanabe, N....................................................... 116 
Weaver, PM ....................................................... 135 
Wetzel, A ........................................................... 134 
Wiegand, J ......................................................... 103 
Wisnom, MR.............................................6, 14, 112 
Wolf, K .............................................................. 168 

Z 

Zhao, F......................................................... 21, 106 
Zisman, A .......................................................... 130 
Zouari, R .............................................................. 82 
Zucchelli, A ......................................................... 23 

 


	ACKNOWLEDGEMENTS i
	TABLE OF CONTENTS iii
	SESSION PROGRAMME v
	FULL PROGRAMME vii
	SESSION 1 – NOVEL METHODS AND RESIDUAL STRESSES I 1
	POSTER SESSION 1 11
	SESSION 2 – FRACTURE I 29
	SESSION 3 – STRUCTURES 39
	POSTER SESSION 2 45
	SESSION 4 – FABRIC COMPOSITES 63
	SESSION 5 – FATIGUE AND DURABILITY 73
	POSTER SESSION 3 81
	SESSION 6 – DAMAGE MODELS I 97
	SESSION 7 – FULL FIELD TECHNIQUES 105
	POSTER SESSION 4 115
	SESSION 8 – TESTING 129
	SESSION 9 – SCALE EFFECTS AND JOINTS 137
	POSTER SESSION 5 145
	SESSION 10 – NOVEL METHODS AND RESIDUAL STRESSES II 161
	SESSION 11 – FRACTURE II 171
	SESSION 12 – DAMAGE MODELS II 181
	AUTHOR INDEX 189


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


