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CONFERENCE SCOPE 

CompTest 2013 was held 22-24 April 2013 in Aalborg, Denmark. Previous conferences in this series 
of conferences were held in Châlons en Champagne (France) in January 2003, Bristol (UK) in September 
2004, Porto (Portugal) in April 2006, Dayton, Ohio (USA) in October 2008, and lastly Lausanne 
(Switzerland) in February 2011. 

This aim of CompTest 2013 has been to bring together the International scientific community working 
in the field of testing and modeling of composite materials and structures. It is well accepted that testing 
such heterogeneous and anisotropic materials and structures raises a number of challenges to researchers, 
such as the identification of numerous parameters, the development of specific test fixtures (shear, 
compression, fracture toughness), or the control of parasitic effects. As a consequence, the development 
of testing and model identification procedures is broadly recognized as an interesting and important area.  

Moreover, recent developments in optical whole-field measurement techniques (speckle 
interferometry, digital image correlation, among others) and in-situ damage monitoring (acoustic 
emission, optical fiber sensors) open a very broad field of investigation. Testing and identification 
procedures for composites which have been developed over the last few decades based on limited local 
strain measurements have to be adapted to make full use of the enormous amount of data that whole-field 
methods provide. Apart from the large general composites conferences (ICCM, ECCM), there are very 
few occasions to exchange information on the topic of composites testing and model identification.  

The focus of CompTest 2013 encompasses all issues related to identifying parameters for modelling 
the mechanical and physical behaviour of composite materials. Particular attention will be given to 
innovative identification procedures, interactions between testing and modelling, in-situ damage 
monitoring, and the use of whole-field measurements. A multitude of composite materials are addressed 
including polymers, cements, ceramics, metallic matrices, carbon fibres, glass fibres, natural fibres, and 
wood. 
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Ole Thybo Thomsen 

Conference Chair, CompTest 2013 
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Keywords: Composite materials, thin-ply laminates, notched strength. 

  
ABSTRACT 

 
A combined experimental and numerical investigation of the mechanical response of a new class of 
advanced composite materials manufactured using thin plies is presented. These materials are 
manufactured by a process that continuously and stably opens the fibre tows. The manufacturing 
process is able to produce flat and straight plies with dry ply thicknesses as low as 0.02 mm. 
 
Analysis methods based on micromechanical and mesomechanical models are developed to study the 
effects of the ply thickness on the loads required to start delamination and transverse cracking. The 
analysis models are based on cohesive elements and on appropriate material models for the fibre and 
for the polymer resin. 
 
Tensile and compressive tests in both unnotched and notched specimens are performed using two 
different lay-ups [1]. The notched tests are based on specimens with central cracks and with circular 
holes, loaded in tension and compression. Digital image correlation is used to monitor the onset and 
propagation of damage on the surface plies.  
 
The results show that the lay-up with blocked plies and with higher differences in fibre orientation 
angles between consecutive plies has lower unnotched strength.  However, due to the larger fracture 
process zone observed in the notched tests, such lay-up has marginally higher notched strengths. A 
size effect on the strength is observed for both the open-hole tension and compression tests. The size 
effect and the associated notch sensitivity of thin non-crimp fabrics are similar to those observed in 
typical aerospace grade unidirectional pre-impregnated composite materials. It is also concluded that 
the thin laminates exhibit an improved response to bolt-bearing loads over traditional composite 
materials 
 
 

REFERENCES 
 
[1] A. Arteiro, G. Catalanotti, J. Xavier, P.P. Camanho, Notched response of non-crimp fabric thin-

ply laminates, Composites Science and Technology, in press, 2013 (doi: 
10.1016/j.compscitech.2013.02.001). 
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ISSUES IN CHARACTERISING AND MODELLING THE RESPONSE OF 
AEROSPACE COMPOSITES TO FIRE 
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Email: a.g.gibson@ncl.ac.uk 

  
 

Keywords: fire behaviour, aerospace, carbon fibre composites, thermal properties 
  

ABSTRACT 
 
Their complex behaviour is a significant hindrance to modelling the response of composites to fire. 
This involves resin decomposition, gas evolution and non-ideal transport properties. Moreover there is 
a lack of useful information on these properties.  This paper discusses modelling issues and describes 
how high quality information for modelling can be obtained from small-scale, low cost tests.   
 

CHARACTERISING AND MODELLING FIRE BEHAVIOUR UNDER LOAD 
 
Fire testing under load can be accomplished with a simple loading frame, using a calibrated heat flux 
from a propane burner, as in Fig. 1a.  Fig. 1b shows the thermal profiles through the thickness of a 
laminate and Fig. 2a shows a set of test results, expressed as stress-rupture curves.  

(a) (b) 

Figure 1.  (a) compressive test under load and (b) measured and modelled thermal profiles at 116 kWm-2. 
 
The most important effect on fire exposure is resin decomposition. This is modelled either by an 
Arrhenius law or by the assumption that the decomposition state is a simple function of temperature.  
The decomposition endotherm needs to be taken into account. Also, volatile decomposition products 
travel towards the hot face, removing heat against the thermal gradient.  The relationship that provides 
basic modelling capability is the Henderson Equation1-3, which, in one-dimensional form is: 

GGGCPP h
x

MhhQ
t

M
x
T

k
xt

T
C    (1) 

where: T,  t  and  x are temperature, time and through-thickness coordinates, respectively. , CP  and k 
are the density, specific heat and conductivity of the composite. MG  is the mass flux of volatiles. hC 

and hG are the respective enthalpies of the composite and evolved gas. QP is the endothermic 
decomposition energy. The three terms on the right relate respectively to heat conduction, resin 
decomposition, and convective heat transport by volatiles. The material parameters in Equ. 2 all 
evolve as functions of temperature and resin decomposition.  This model has been integrated into a 
one-dimensional finite difference package, COM-FIRE, which contains measured or default values of 
the thermal parameters for a range of common composite materials. 
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The main problem modeling structures is the incompatibility between Equ. 1 and FE packages, due to 
the decomposition term and the gas flow. Two methods have been proposed to avoid these problems.  
The first is ‘apparent thermal diffusivity’, where the decomposition endotherm is incorporated into an 
apparent specific heat.  This neglects gas flow, but gives temperature-dependent values of density, 
specific heat and conductivity, for use in FE. 
 
However it is not always possible to ignore gas flow, especially with carbon fibre composites. Here, it 
can be observed that there is a temperature, usually about 300°C, below which there is no 
decomposition and the gas flow may be neglected.  It is then possible, depending on the complexity of 
the structure, to use a hybrid approach, with COM-FIRE modelling heat flow near to planar or near-
planar heated surfaces and FE for the remainder.  Fig. 2b shows an example, with a skin-stringer 
assembly exposed on the skin side.  COM-FIRE was used to model the heat flow up to the 300°C 
isotherm. This was then used as the input for modelling the remainder of the structure with ANSYS.  
 
Equ. 2 is an empirical model for the variation of any property with temperature and decomposition. In 
fire, temperature is the most important variable, since CFRP in compression, loses most of its strength 
before the resin starts to decompose.  The degree of decomposition, R, (1 for intact resin and 0 for full 
decomposition) mainly determines properties after fire.   
                                                                                                                                                                            

   
                                                                                    (2)                                
P(T) is the property; PU and PR are the low and high temperature values; T’ is the transition 
temperature and k the transition breadth. Not much is known about the effect of decomposition, but the 
results so far correlate with n=1-3 for compressive strength. Having found the modulus of each ply the 
bending stiffness and hence the buckling strength can be found. To predict strength, an average1 of the 
strength through the plies may be used, as in Fig 2a, which gives a slight overestimate.  The alternative 
is to model the full stress-strain curve with temperature, which requires a lot of data. 

Fig. 2.  (a) Measured and modelled stress rupture curves (b) hybrid model for a skin-stringer system after 180s 
subject to a lower surface heat flux of 116 kWm-2. 

 
This continuing work is supported by the EU 7th Framework FIRE-RESIST Partnership, the aim of 
which is to develop new concepts for lightweight, fire-resistant composite materials. 
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ABSTRACT 

 
Wind energy is more than ever competing with other sources of energy. The technology has now 
matured to a stage where on-shore grid parity has been reached. Further optimizations are still 
emerging and every year the cost of energy reduces. One of the key components for the wind turbine is 
the rotor blade. Stiffer and lighter blades at a balanced price and performance ratio remain a constant 
focus area for the industry. Therefore, the choice of materials technology for rotor blades is not only 
driven by the direct cost of materials, but also the processing cost and product reliability.  

Composite materials development is focused on decreasing the cost of specific stiffness and expanding 
the strength design limits. Strength limits can be expanded by either using more costly material 
systems or by more advanced testing and design methods that allow the designer to go closer to the 
strength limits. Probabilistic design methods are starting to emerge and may eventually replace the 
current partial coefficient design approach. 

This paper will discuss and show examples of the current state-of-the-art testing and design methods 
for composites used in rotor blades. Furthermore, identify some of the research directions in composite 
materials, testing and design methods that could enable reduction in the cost of energy of future wind 
turbine power plants. 
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ABSTRACT 

 
Composite laminates during service undergo complex combinations of thermal and mechanical 
loading leading to microdamage accumulation in the plies. The most common damage mode and the 
one examined in this work is intralaminar cracking in layers. The crack opening displacement (COD) 
and the crack sliding displacement (CSD) during loading reduce the average stress in the damaged 
layer, thus reducing the laminate stiffness.  
 
Finite element method (FEM) studies were performed in [1,2] to understand which material and 
geometry parameters affect the COD and CSD most and simple empirical relationships (power law) 
were suggested. 
All these studies and analysis assume a linear elastic material with idealized geometry of cracks. The 
only correct way to validate these assumptions is through experiments.  
The effect of material properties on COD was measured experimentally using optical microscopy of 
loaded damaged specimens in [3,4]. It was shown that the measured average values of COD are 
affected by the constraining layer orientation and stiffness.  
The experimental determination of the average COD and CSD needs the measurement of the 
displacement for all points of the crack surfaces, which justifies the use of full-field measurement 
technique, Electronic Speckle Pattern Interferometry (ESPI). ESPI is an optical technique that 
provides the displacement for every point on a surface and offers the possibility to measure both, the 
in-plane and out-of-plane displacement without surface preparation. 
This technique was used in [5,6] to measure the COD for inside cracks on the specimen’s edge. It was 
shown that the profile of the crack on the edge is elliptical. The main objective of this paper is to study 
cracks in surface layers by measuring the COD along the crack path. For this reason the cross-ply 
laminate with surface cracks was selected. 
 
In particular, the displacement field on the surface of a [903/0]S carbon fiber/epoxy laminate specimen 
with multiple intralaminar cracks is studied and the relative displacement dependence on the applied 
mechanical load is measured.  
By looking to the displacement field the cracks appear as singularities and the corresponding 
displacement jumps are directly related to COD and CSD. The transverse cracks are parallel to the 
fiber orientation in the layer, which in our case corresponds to a 90 direction with respect to the tensile 
axis. Consequently, there is no relative sliding of the crack faces and the only displacement of these 
crack faces corresponds to COD. In other words, the crack displacement discontinuity measured on the 
surface is directly the COD.  
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Figure 1. The COD as a function of the 
normalized thickness 

Figure 2 . The COD along the normalized 
width of the sample 

 
In this work, the crack opening displacement profile along the thickness of the damaged 90° layers is 
investigated and compared with FEM. A very good agreement is shown in Fig1. 
To study edge effects on the opening displacement, the COD is measured along the crack path and the 
results are presented in Fig 2. 
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ABSTRACT 

The use of composite materials, and especially unidirectional laminated composites, is increasing in 
civil and military aerospace structures due to their very interesting ratio mass / stiffness / strength 
compared to more conventional metallic solutions. These materials are now used for the 
manufacturing of primary structures (such as centre wing box, wings, fuselage...) that ensure the 
structural integrity of the airplane. Most of these structures are subjected to complex three-dimensional 
loading essentially carried-out by composite laminated L-angle specimens which permit to joint the 
different perpendicular composite panels. These L-angle composite specimens are subjected to (i) in-
plane loadings (transferred by the jointed different panels) but also to (ii) moments that tend to unfold 
the specimens leading to delamination in the corner radius of the specimens. 
A procedure for the identification of out-of-plane tensile and shear strengths, obtained performing tests 
on laminated composite L-angle specimens, has already been proposed at ONERA [1]. This was done 
for test cases where no transverse cracking is observed prior the final fracture of the specimen due to 
delamination. However, for cross-ply laminates subjected to uniaxial tensile loading, it has been 
shown experimentally that local-delaminations are generated at the tips of transverse cracks [2]. In the 
case of L-angle laminated specimens subjected to unfolding loading, these micro-delaminations 
induced by transverse cracking lead to a weakening of the interface and thus decrease the strength of 
the considered structures (premature failure caused by delamination since the interface has been pre-
damaged by the local-delamination located at the tips of the transverse cracks). In order to accurately 
predict the strength of such composite structures, it is essential to introduce into the proposed 
modelling the coupling between the transverse cracking and the delamination. This coupling between 
intralaminar and interlaminar damage is already available in some advanced damage models [2-4]. 
However, the identification of the parameters of the coupling between inter/intra damages currently 
remains a scientific challenge. 
Therefore, the objective of this study consists in proposing an experimental setup which permits to 
identify the influence of transverse cracking on the onset of delamination, and especially on the out-of-
plane tensile strength.  Four-point bending tests on laminated L-angle specimens have already been 
used to identify the out-of-plane tensile strength [1]. The positions of the spans in this four-point 
bending experimental device have been optimized, through finite element simulations, to maximize 
the in-plane stresses in the lower part of the radius of the specimen in order to generate transverse 
cracking before the final failure of the structure due to delamination. These tests were instrumented 
with acoustic emission (to monitor the evolution of the transverse cracks), digital images correlation 
applied on one side of the specimens and microscopic observations (while the loading is maintained) 
on the other side of the specimen to measure the evolution of the transverse cracks density (see Fig. 
1.b). The measured evolutions of the crack density for the different stacking sequences were compared 
with predictions of the multiscale damage and failure approach proposed by ONERA [4]. This 
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advanced damage approach has already been validated through comparisons with unnotched laminated 
specimens subjected to uniaxial tensile loading [5]. 
In the previous test campaign [1], the final failure of L-angle specimens subjected to four-point 
bending loading, in which no in-plane damage was observed prior final failure, was due to 
delamination observed only on the more loaded interface, located at mid-thickness in the radius. In this 
study, a coupling between the transverse cracking and the delamination is clearly observed on the 
failure pattern as reported in Fig. 1.b. The delamination is indeed observed both at the most loaded 
interface and at the interface located close to the most in-plane damaged ply. The predictions of the 
advanced damage and failure approach in terms of locations of delamination and failure loads are 
compared with experimental results to determine the predictive capabilities of such model. Moreover, 
additional unfolding tests on laminated L-angle specimens have been performed to validate the 
proposed approach and the associated identification procedure concerning the coupling between the 
transverse crack density and the onset of delamination. 

Figure 1: (a) Presentation of the four-point bending experimental device for composite laminated L-
angle specimens and (b) observation of the transverse cracks in L-angle specimens prior the final 

failure due to delamination. 
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ABSTRACT 
 
We present a model for the translaminar tensile toughness of UD FRPs, based on fibre and interfacial 
properties and assuming the formation of statistical fractal fracture surfaces. The translaminar tensile 
toughness of a UD composite ( ) is the energy required to fracture the material perpendicularly to the 
fibre direction (per unit nominal [or projected] area fractured). This property governs the damage 
tolerance of structures with load-aligned fibres, as well as the strength of real components with 
geometric discontinuities. The translaminar toughening mechanisms of FRPs have been extensively 
investigated (as reviewed by Kim and Mai [1]), and methods to measure the corresponding fracture 
toughness have been developed (as recently reviewed by Laffan et al. [2]). All studies concluded that 
composites are orders of magnitude tougher than their constituents; this is due to the formation of 
intricate 3D fracture surfaces (Figures 1 and 2), featuring not only mode-I fibre and matrix fracture, 
but also large interfacial debonds and pulled-out fibres and bundles [1-3]. 
 

             
(a) 0.125 mm thick 0° plies with  = 65 kJ/m2.                    (b) 0.250 mm thick 0° plies with  = 132 kJ/m2. 

Figure 1: Size effects on the translaminar fracture toughness of UD carbon-epoxy plies [3]. 
 

             
(a) Fibre bundle failure in a recycled CFRP [4].                         (b) UD ply failure in a multidirectional CFRP [3] 
Figure 2: Hierarchical and quasi-fractal features on the fracture surface of UD composites. 
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    (a) Fractal failure model [5].              (b) Comparison between predictions [4] and experiments [3,7,8] for the translaminar  

                                                                       fracture toughness of several CFRP.  
Figure 3: Fractal model the fracture of UD composites. 

 
The model we present is based on a fractal description of the failure process (Figure 3a); at each level, 
debonding between the bundles is allowed through an idealised fracture mechanics model [5]. The 
stochastic strength of each bundle is predicted using a hierarchical model with stochastic fibre strength 
and local load sharing between the tows [6]. Once the failure morphology is predicted, the fracture 
energy is calculated by adding the contributions due to debonding (of the different tows) and friction 
(during pullout). The results (Figure 3b) compare favourably with experimental data available in the 
literature for different carbon-epoxy systems. 
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ABSTRACT 

 
Experimental investigation of mode I translaminar, fibre-breaking, fracture (see Figure 1) has 
concluded that the failure mode can be treated as a self-similar crack at the laminate level that can be 
quantitatively characterised as a fracture process in terms of fracture energies (GIc) [1] or a traction-
separation law [2]. This laminate-level material property encompasses the energy dissipated by all 
micro-level damage mechanisms such as fibre-matrix debonding, fibre fracture and fibre pull-out. 
 
Whilst the experimentally obtained GIc has proved useful for numerically simulating translaminar 
failure [3], pure mode I loading represents a narrow portion of the design spectrum that an engineering 
component might see during its operational lifetime. A complete understanding of the translaminar 
fracture behaviour of composite laminates under a range of loading conditions is required for 
numerical design. Thus far, relatively few studies have experimentally investigated the translaminar 
fracture behaviour of notched laminates under mixed-mode loading and, to the knowledge of the 
authors, none has explored the possible routes for numerically simulating this failure mode. This paper 
will present work that aims to address the questions that arise in both these areas. 
 
Firstly, we will present an experimental investigation of mixed-mode translaminar fracture with the 
aim of identifying the relevant micro-mechanisms of failure through detailed fractographic analysis, 
the conclusions of which will provide the insight necessary for devising an appropriate modelling 
approach. A mixed mode compact tension specimen and fixture have been developed, shown in Figure 
2, such that fracture tests can be performed on specimens under several mixed mode ratios. An 
advantage of this new configuration over specimens that have been previously used in the literature is 
that the crack can be propagated in a stable manner under several mixed-mode loading ratios, therefore 
allowing for the detailed investigation of damage zone initiation and development. Results will be 
presented for specimens tested at mixed mode ratios between GII/Gtotal = 0.1 and 1.0. 
 
 

G  /GII total

0.0 0.1 0.2 0.5

 
Figure 1: Fracture surfaces of failed specimens tested between pure mode I and GII/Gtotal = 0.5. 

Increased amounts of splitting and fibre-pull out due to delamination indicate more diffuse damage 
with increasing proportion of mode II loading. 
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Figure 2: Fixture used for mixed-mode translaminar fracture testing. 

 
 
It will be shown through scanning electron microscopy of the fracture surfaces of failed specimens, 
Figure 1, that increasing the component of mode II loading increases the amount of delamination and 
splitting that occurs prior to fibre fracture. This amounts to an increasing amount of fracture energy 
being dissipated with increasing proportion of mode II loading. While fracture at low proportions of 
GII can be characterised by a traction-separation law (such as has been done for pure mode I), failure 
cannot be idealised as a single crack as the proportion of shear loading increases. 
 
Secondly, we will present methodologies for numerical simulation of mixed-mode translaminar 
fracture designed to capture the relevant micro-mechanisms of failure. Results will be presented from 
simulations using modelling tools already implemented within the commercial finite element analysis 
package Abaqus and from a newly developed damage model. The model, implemented as a user 
material within Abaqus, is able to predict the response of the tested specimens and the features of the 
damage zone using a single layer of 2D elements alone. This new approach significantly reduces the 
analysis time by eliminating a considerable amount of model pre-processing and by increasing the 
computational efficiency of the analysis. 
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ABSTRACT 
 
Combination of several types of fibres has been shown to be effective in improving the mechanical 
performance of composite materials, especially against impact loads [1]. Likewise, fibre architecture 
may have a strong influence on composites response, especially for the case of 3D woven, which 
typically improve delamination resistance.  Previous studies regarding either hybrid composites or 3D 
composites can be found in literature, but there is lack of data when both factors are combined in one 
single material. In this work, the mechanical behaviour and failure mechanisms of a 3D woven hybrid 
orthogonal composite subjected to tensile loads at several angles are discussed. Specimens were 
inspected at several stages of the stress-strain curve by both X-Ray Computed Tomography and 
optical microscopy to better understand failure mechanisms. Both geometrical and material properties 
were used as input in a finite element model of a unit cell, based on a micromechanical approach.  
 
As stated above, the material considered is a non-crimp fabric reinforced in the through-thickness 
direction with a yarn made of Ultra-High-Molecular-Weight Polyethylene (UHMWPE). Layers are 
laid-up in a cross-ply manner, with a stacking sequence [90,0,90,0,90,0,90], which leads to a laminate 
4.1mm thick. The first 4 layers are made of S2-glass fibre, followed by one layer of hybrid Carbon-S2-
glass fibres and by other two layers of only carbon, leading to a non-symmetrical laminate. Material 
was manufactured by VARTM (Vacuum Assisted Resin Transfer Moulding).   
 
Before testing the whole composite, bundles of each fibre type were first impregnated and then tested 
in tension according to ASTM D4018. Different behaviours were observed depending on the fibre 
type. While highest strains were observed in Dyneema®  (  = 4%), carbon fibres showed the strongest 
and the most brittle behaviour. S2-glass ranked in between in terms of both ductility and strength. 
Such data was very useful to better understand the behaviour of the 3D woven composite. 
 
After that, specimens made of the 3D woven hybrid orthogonal composite were tested in tension at 
room temperature in an electromechanical machine according to ASTM D3039 at 0º, 45º and 90º. To 
assess strain field measurement, digital image correlation was used in all cases along with an 
extensometer. Load was applied quasi-statically under displacement control to specimens of 250x25 
mm2. Specimens were tabbed with a plain weave E-glass stacked embedded in an epoxy resin (MTM 
28/GF T600) at ±45º. 
 
Since the laminate is non-symmetrical, coupling between extension and warping takes place during 
tensile loading. Specimens tend to bend to the side where glass-fibres are clustered, due to their higher 
compliance. Two peaks on the stress-strain curve were also observed: one corresponding to the 
maximum strain of the glass-fibre and another one to the less ductile carbon fibre. Different stress-
strain curves were also obtained under longitudinal and transverse loading (Fig.1). A highly non-linear 
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stress-strain curve was obtained with specimens tested at 45º, revealing a progressive orientation of 
fibres in the load direction. 
 
Once stress-strain curves were found, a second experimental campaign was carried out. Specimens 
were impregnated with penetrant liquids for later X-Ray tomography inspection. Loading was 
interrupted before achieving each peak of strength in the stress-strain curves. After that, several 
samples were cut from damaged specimens and deeply analysed by means of X-Ray tomography and 
optical microscopy. Several damage mechanisms were observed, like fiber-matrix debonding, matrix 
cracking, bundle separation and fibre breakage. Z-yarn seems to act at the same time as stress raiser 
and crack stopper. Furthermore, it has some influence not only on damage patterns, but also on 
geometry, by modifying the final cross section of some bundles as well as introducing some crimping. 
 
 

  
 

Figure 1: Stress-strain curve and the corresponding XCT image of a cross section after breakage  
 
 
A finite element model based on a Micromechanics approach was generated to replicate the stress-
strain curves obtained during the experimental tests described above. Since the geometry of the 
material is repeated periodically following a given pattern, a representative volume element was 
created. A python script was specifically created to automatically generate unit cells, where bundle 
and resin pockets could vary in size. Geometrical data were obtained from optical microscopy, 
whereas material properties and volume fractions were estimated from the abovementioned 
experimental campaign and X-Ray tomography, respectively. Every single bundle was modelled as 
transversely isotropic elastic up to failure. A continuum damage model based on the LaRCO4 failure 
criteria [2], where the components of the stress tensor follow a softening law dominated by the 
material fracture energy has been used. This model is implemented as a user subroutine VUMAT in 
Abaqus Explicit. Resin pockets were inserted between them and considered as linear elastic isotropic 
materials.  
 
Good correlation between experiments and simulations was found in terms of stress-strain curves, 
especially for the elastic part. In addition, combination of experiments, advanced damage inspection 
techniques and numerical tools led to a deep comprehension not only of the failure mechanisms that 
take place in 3D woven orthogonal hybrid composites under tensile loads, but also of its time 
sequence. 
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ABSTRACT 
 
Since the textile composites are hierarchical structures (fibers, yarns and fabrics), there are different 
levels/scales in their modelling. Among the micro, meso and macro scales, the meso-scale is the most 
important level for numerical modelling of textile composites. Lomov et.al [1] proposed a road map 
for meso-FE modelling of textile composites and investigated different steps in proper modelling of a 
unit cell or RVE. They created geometrical textile models in WiseTex [2] software and then used the 
MeshTex software as an intermediate tool for meshing of the constructed yarns and matrix. Finally, 
they could create a proper RVE. However, using an intermediate software for meshing and importing 
the meshed parts to FE software (Abaqus) not only is a time consuming process but also may lead to 
loss of geometrical information while importing the models. Moreover, the quality of the mesh in 
MeshTex is not high enough. On the other hand, the interpenetration of the yarns was one of the main 
challenges for proper meshing of the parts. The common method for unit cell modeling is the 
conventional (full) method in which matrix and yarns are merged as a unit cell. However, there are 
problems in the full method during the meso-FEM that can be categorized as: a) Interpenetration of 
the yarns; b) Quality meshing of the matrix volume; c) Local coordinate system assignment in yarns.  
Besides the full method, ’’M-cube’’ and ‘’domain superposition technique’’ have also been proposed 
[3], [4]. In this paper, the concept of embedded element method (EEM) in Abaqus is used in meso-
FEM of textile composites. In the EEM, the translational degrees of freedom of the embedded element 
(yarn) are constrained to the interpolated values of the corresponding degrees of freedom (DOFs) of 
the host element (matrix). The yarn geometry is modelled in WiseTex based on spacing, width and 
thickness of the yarns. A Python script (D.S. Ivanov) is used for importing the constructed model from 
WiseTex to Abaqus directly. Then, the matrix‘’ box’’ is modelled separately and assembled with yarns 
to build up a proper unit cell. Finally, the ‘’embedding equation’’ is defined to link DOFs in the yarns 
and matrix. To investigate the effectiveness of proposed method, a 5-harness satin composite is 
considered [5]. The unit cell is modelled according to the ‘’embedding element’’ and full methods and 
Dirichlet boundary conditions are applied for both models. Figure (1) compares the Von Misses 
stresses in the EE and full models.  

 
(a)                                                                 (b) 

Figure 1: Unit cell model (a) Embedded element method (b) Full method. 
 
In table (1), the homogenised mechanical properties for both solutions are compared. 
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Table.1 Mechanical properties of the 5-harness satin weave from different methods. 
 

There is an acceptable agreement between the EEM and full method in homogenized properties. The 
difference between the full method and the EEM for longitudinal and transverse stiffnesses are 0.3% 
and 7% respectively. For shear moduli, the maximum difference of two methods is less than 9%. In 
addition, the calculated homogenised properties using the EEM have a good agreement with 
experimental results. Finally, the local stress variation in the weft yarn for both models is compared in 
figure (2).  

 
Figure 2:  The first principal stress profile for EE and full methods in the weft direction. 

The similarities and differences in the full and EE model will be discussed in the conference. 
Acknowledgement:  
The work leading to this publication has received funding from the European Union Seventh 
Framework Programme (FP7/2007-2013) under the topic NMP-2009-2.5-1, as part of the project 
HIVOCOMP (grant agreement n° 246389). 

REFERENCES 
[1]   Stepan V. Lomov, Dmitry S. Ivanov, Ignaas Verpoest, et.al, Meso-FE modelling of textile 

composites: Road map, data flow and algorithms, Composites Science and Technology 67 
(2007) 1870–1891 

[2]    Verpoest, I. and S.V. Lomov Virtual textile composites software Wisetex: integration with 
micro-mechanical, permeability and structural analysis. Composites Science and Technology 65 
(2005) (15-16): 2563-2574 

[3]    S. Honda, M. Zako, T. Kurashiki, H. Nakai, S.V. Lomov, I. Verpoest, A proposal of  stress/strain 
analytical procedure of textile composites with stitch by M3 method. in 13th European Conference on 
Composite Materials (ECCM-13). 2008. Stockholm. 
[4]    W. G. Jiang, S.R. Hallett, M. Wisnom, Development of domain superposition technique for the 
modeling of woven fabric composites, Mechanical response of composites, P.P. Camanho, Editor. 
2008, Springer. 
[5] S. Daggumati , W. Van Paepegem , J. Degrieck, J. Xu, S.V. Lomov, I. Verpoest , Local damage  in 
a  5-harness  satin weave composite under static tension: Part II – Meso-FE , composite Composites  
Science and Technology 70 (2010) 1934–1941.       

Mechanical 
coefficients 

Full model Embedded element 
model 

Experiment 

E11(GPa) 59.5 59.36 57±1 
E22(GPa) 59.5 59.36  
E33(GPa) 10.55 11.28  
ν12 0.057 0.061 0.05±0.02 
ν13 0.41 0.54  
ν23 0.41 0.54  
G12(GPa) 4.305 4.155 4.175 
G13(GPa) 3.286 3.573  
G23(GPa) 3.286 3.573  
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ABSTRACT 
 
Due to environmental and economic reasons, industries as well as society demands new non-fossil 
derived materials; this promotes development of bio-based materials. Natural fibres (e.g. wood, flax, 
hemp) have been used in composites already for a while but most recently several thermosetting 
resins, which are also bio-base, became available, allowing to produce whole bio-based composites. 
 
It has been successfully demonstrated [1] that high quality bast fibres, such as flax and hemp, compare 
well with glass fibre properties, especially if specific properties are considered. However one of the 
main disadvantages of these fibres is variability to properties, due to location of growth, processing 
conditions etc. Therefore another type of reinforcement with natural origin – regenerated cellulose 
fibres (RCF) have attracted attention. These fibres are continuous, with constant, reproducible 
geometry and properties but with one significant disadvantage - they exhibit highly non-linear 
behaviour (see Fig. 1). In order to analyse and predict mechanical behaviour of composites with such 
fibres appropriate material models have to be employed. 
 

Figure 1: Stress-strain curves for RCF (on left) and hysteresis loops from loading-unloading 
experiments (on right). 

 
A large number of experiments need to be carried out for each fibre/matrix composition in order to 
obtain all parameters in the nonlinear time dependent material model. Since numerous combinations of 
matrix and fibres are possible, the ambition is to make predictions more convenient by using material 
model for the composite which is based on performance of constituents characterized separately. Thus, 
tests on different composites will not be needed, except for limited number of experiments to verify 
the model. 
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The material modelling is based on model developed by Schapery [2,3] to describe time dependent 
behaviour of  materials. His original model for nonlinear viso-elastic behaviour is complemented with 
Zapas model for viscoplasticity [4] and modified to account also for microdamage [5]: 
 

td
d
gd

Sgd VP

t

,'
0

2
10max  (1) 

 
The objective of this investigation is to develop micromechanics models to predict mechanical 
behaviour of composites with long and aligned fibres, based on empirical generalized models for 
constituents capturing their time-dependent behaviour. 
 
In order to identify and quantify parameters needed for modelling, multi-step creep and strain recovery 
experiments for composite constituents were carried out and material models for the resin and the 
fibres were developed. In this study RCF and EpoBioX (75% bio-based) matrix are used. This resin 
has very similar behaviour of synthetic polymer (e.g. epoxy). Several step creep tests (Fig. 2) for resin 
showed negligible amount of irreversible strain, whereas results obtained for RCF composites show 
very significant amount of irreversible (presumably visco-plastic) strain. Thus, in composites, the 
nonlinearity is exhibited mostly due to properties of fibre. This is very different from synthetic 
composites, where only matrix is contributing to the non-linear behaviour of composite.  
 
Extensive damage tolerance and creep tests were performed to characterize composites for comparison 
with results of micromechanical modelling. 
 

 
Figure 2: Several step creep tests for EpoBioX resin (on left) and RCF/EpoBioX composite (on right) 
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ABSTRACT 

 
Finite Element (FE) modelling of the onset and propagation of matrix cracks in fiber-reinforced 
composites on the micro scale requires adequate representation of material’s microstructure.  
Representative Volume Elements (RVEs) statistically equivalent to the real random fibre placement 
need to be generated.  
 
So called “hard-core” random generation of fibre centres is not able to create fibre distribution with  
condition of no-overlapping for fibre volume fraction (VF) over 50…55%. Random Microstructure 
Generation (RMG) method [1] overcomes this difficulty by using a tree-step heuristic algorithm of 
movement/adding fibres in the RVE till required VF is obtained. The algorithm is able to work with 
periodic patterns and  allows creation RVEs with VF up to 75%, with computational expenses much 
lower than in more rigorous methods based on molecular dynamics analogues.  
 
However, the method was not fully validated: it was not investigated whether RMG algorithm creates 
fibre arrangements statistically equivalent with real UD FRC microstructures. Furthermore, we 
introduced condition of random minimum distance between fibre centres: in order to represent the 
effect of waviness of fibres in out-of-plane direction that leads to presence of a certain gap between 
fibres. Modified RMG algorithm has to be statistically analysed. 
 
In the present work we compare simulated and real fiber arrangements found in unidirectional 
composites, using statistical descriptors. The comparison is done for geometrical and mechanical 
parameters such as distributions of the fibre positions and statistical functions of the stress fields. The 
real fiber arrangements are extracted from microscopy images of a 3D non-crimp woven carbon/epoxy 
composite [2] with fiber volume fractions of 60-68%. The stress fields are compared for the case of 
transverse tension of RVE.  
 

 
a b c 

Fig.1 Stages of the statistical validation: (a) RVE with VF=62% created by RMG algorithm, 
(b) Pair Distribution Function for real and RMG fibre placement, (c) histogram of von Mises 

stress distribution in matrix under transverse tension 
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The results show good correlation between both the geometrical and mechanical statistical parameters 
of the real fibre placement and the simulated RVEs. We conclude that the RMG algorithm is able to 
generate random fibre distributions that are statistically equivalent to real fibre distribution found in 
UD composites. The algorithm can be used as the base for the definition of 3D micromechanical finite 
element models of UD composites. 
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ABSTRACT 
 
The talk is concerned with experimental investigation and constitutive modelling of the viscoelastic 
and viscoplastic behaviour of polyethylene/clay nanocomposites under cyclic loading with finite 
deformations. A particular attention is focused on the fading memory phenomenon: when two 
specimens are subjected to multi-cycle tensile deformation programs with increasing maximum 
elongation ratios per cycle that differ along the first n cycles and coincide afterwards, the mechanical 
responses of these samples become identical starting from the (n+1)th cycle.  
 
Low-density polyethylene (LDPE) Riblene FL20 (density 0.921 g/cm3, melt flow rate 2.2 g/10 
min, melting temperature 109 ºC) was purchased from Polimeri Europa (Italy). Maleic 
anhydride-grafted polypropylene (MA-g-PP) Eastman G3015 (acid number 15 mg KOH/g) 
was supplied by Eastman Chemical Company (USA). Organically modified montmorillonite 
nanoclay (NC) Delitte 67G was donated by Laviosa Chimica Mineraria S.p.A. (Italy).  
Polymer/clay nanocomposites were manufactured in a two-step process [1]. The 
nanocomposite masterbatch with clay/compatibilizer proportion 2:1 was compounded in twin-
screw extruder Thermo Scientific PRISM Eurolab 16 (barrel temperature 180 ºC, screw speed 
300 rpm, feed rate 2 kg/h). Pellets of the masterbatch were mixed with LDPE in proportion 
corresponding to NC concentration of 4 wt.%. Dumbbell specimens for tensile tests (ASTM 
standard D638) with cross-sectional area 9.95 x 3.75 mm were molded by using injection-
molding machine Ferromatic Milacron K110.  
 
Uniaxial tensile tests were conducted on neat LDPE and LDPE/clay nanocomposite at room 
temperature by means of universal testing machine Instron-5586 equipped with Instron 2630-
113 static axial extensometer for control of longitudinal strains. Tensile force was measured 
by 50 kN load cell. The engineering stress σ was determined as the ratio of axial force to 
cross-sectional area of undeformed specimens. 
 
The experimental program involved: (i) tensile tests with cross-head speeds 1, 10, and 100 
mm/min (which correspond to strain rates e=1.7·10-4, 1.7·10-3, and 1.7·10-2 s-1) up to breakage 
of specimens, (ii) short-term relaxation tests with elongation rations k=1.2 and 1.4, (iii) cyclic 
tests (N=20 cycles) with cross-head speed 100 mm/min, fixed maximum elongation ratios 
kmax=1.1, 1.3, 1.5 and minimum stress σmin=1 MPa, (iv) cyclic tests with cross-head speed 100 
mm/min, minimum stress σmin=1 MPa, and increasing maximum elongation ratios 
kmax(n)=1.1, 1.3, 1.5, 1.7 and kmax(n)=1.2, 1.4, 1.6, (v) cyclic tests with a mixed program: 
specimens suffered cyclic pre-loading with maximum elongation ratios kmax(n)=1.1, 1.2, 1.3, 
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1.4 and kmax(n)=1.2, 1.4, were subjected to cyclic deformation (N=20 cycles) with kmax=1.4 
and σmin=1 MPa. 
 
Stress-strain curves in a tensile test with cross-head speed 100 mm/min and cyclic tests with 
various programs are depicted in Figure 1. This figure shows a slight improvement of strength 
of LDPE due to its reinforcement and demonstrates unambiguously fading memory of 
deformation history in neat and nanoclay-reinforced polyethylene. 

 
Figure 1: Engineering stress σ versus elongation ratio k. Symbols: experimental data on neat LDPE (A) and 
LDPE/NC composite (B) (  – tensile test;  – tests with fixed kmax=1.1, 1.3, 1.5;  – test with kmax(n)=1.1, 1.3, 
1.5, 1.7;  – test with kmax(n)=1.2, 1.4, 1.6;  – test with kmax(n)=1.1, 1.2, 1.3, 1.4;  – test with kmax(n)=1.2, 1.4). 
 
To describe the experimental data, a constitutive model is developed for the viscoelastic and 
viscoplastic behavior of nanocomposites with semicrystalline matrices under multi-cycle 
deformation with finite strains. Applying the homogenization concept, we treat a 
nanocomposite as a one-phase equivalent isotropic and incompressible medium. With 
reference to the theory of transient networks, we associate its viscoelastic response with 
separation of active chains from their junctions and attachment of dangling chains to the 
network. Irreversible deformations of the equivalent network (that reflect sliding of junctions 
between chains in the amorphous phase and fine and coarse slip of lamellar blocks in the 
crystalline phase) are described based on the viscoplasticity theory with two plastic 
deformation gradients. Stress-strain relations are derived by means of the Clausius-Duhem 
inequality for an arbitrary three-dimensional deformation with finite strains. Adjustable 
parameters in the constitutive equations are found by fitting the observations. Ability of the 
model to predict the mechanical response of nanocomposites is confirmed by comparison of 
results of numerical simulation with observations in independent tests. 
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ABSTRACT 

Ultra-thin plies composites are raising more and more interest since several authors [1-3] have shown 
their advantages. Today, high-end applications such as formula one begin to use them, and even 
conservative domains such as aeronautics are considering their use. In order to benefit plainly of their 
enhanced properties, it is however necessary to understand the ply-size effect and to translate this 
knowledge into appropriate design rules. 
In this work, three unidirectional prepreg tapes with different fiber areal weight (2x150, 100 and 30 
g/m2) were produced at North-TPT Switzerland from M40JB fibers and ThinPregTM 80EP/CF epoxy 
resin, using the same batches in order to minimize the scatter factors. For the same reason, all 
specimens were cured in autoclave following the recommended curing cycle. To study the ply 
thickness effect and avoid volumetric size effects, the scaling method considered was design-oriented, 
changing only the ply thickness but not the geometrical dimensions of the specimen. 
In order to verify the baseline properties of the plies, the first stage consisted in a campaign of 
standardized experiments – uniaxial tension, four points bending of a sandwich beam and ILSS - on 0° 
UD specimens with the three ply weights. In the second stage of experiments, uniaxial tension, open-
hole tension fatigue, open-hole compression, impact, and bolted assembly single lap bearing tests were 
conducted on quasi-isotropic [45°/90°/-45°/0°]ns and orthotropic specimens [-35°/0°/35°/0°]ns. The 
scaling used for those was mainly sublaminate repetition, but ply-level scaling and optimized 
orientations were also tested. Stress-strain curves were recorded using strain gages and complemented 
with acoustic emission monitoring, digital image correlation and ultrasonic c-scan on selected 
specimens.  

 
Figure 1: Ultimate strength and onset of damage in function of the plies areal weight and the stacking. 
Sublaminate scaling with thin plies provides enhancements in both the ultimate strength and the onset 

of damage. 

Overall, thin-ply composites (30g/m2) exhibited significantly better mechanical performance than 
standard “thick” ply composites (300g/m2) in most cases. For example, quasi-isotropic unnotched 
tensile strength increased by 42% (onset of damage +227%), notched compression strength was 
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improved by 18%, onset of damage in open-hole tension was increased by 31% and open-hole tension 
fatigue life was increased dramatically (>50x). However, thin ply composites showed a lower ultimate 
strength (-30%) in quasi-static open hole tensile conditions. As discussed in [1, 2], this difference 
could be explained by the absence of damage growth at the apex of the hole in thin-ply laminates 
which would normally relax the local stress concentration in thick ply composites. 
In most tests, a clear change in failure mode was observed, starting from a multi-mode failure with 
strong delamination for the thick plies laminates to a quasi-brittle failure with no delamination for the 
thin plies laminates. In all cases, the onset of damage and free edge delamination was found to be 
much delayed with thin plies, to the point of being very close to the ultimate failure.  
The change in onset of damage is of particular interest since it allows for more load bearing capacity 
in a first ply failure driven design. Moreover, the absence of early damage is also responsible for a 
significantly enhanced fatigue life. For example, open-hole thin ply specimens loaded in tension (R = 
0.1, =316 MPa) could stand more than one million cycle whereas a thick ply specimen would fail 
before 20’000 cycles. 
To better understand the mechanisms involved in those changes, finite element modeling was carried 
out using Simulia Abaqus Explicit. Meso-scale 3D models of unnotched quasi-isotropic tests were 
developed using cohesive damage models to account for transverse ply cracking and delamination. A 
good phenomenological agreement was found with the damage patterns observed using ultrasonic c-
scan, which demonstrated the importance of the free-edge delamination in the thin-ply size effects.  

 
Figure 2: Interfacial damage in quasi-isotropic laminate: (a) FE modeling results (b) C-Scan 

Besides their overall strength advantage, as thin-ply composites tend to fail without delamination, 
much simpler mechanisms of failure need to be modeled which potentially will lead to more 
predictable performance than the usual multi-mode failure seen in thick ply composites. Together with 
delayed onset of damage, thin-ply composites represent a big opportunity for enhanced load bearing 
capacity by straightforward ply thickness reduction or more advanced design optimization. 
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ABSTRACT 
 
Digital image correlation (DIC) is used to obtain the surface strains developed in a glass fibre double 
butt strap joint (DBSJ). Magnifying optics are used to provide high spatial resolution images around 
the geometric discontinuity between the adherends, as this is where failure initiates. The evolution of 
complex localised peel and shear strain features are identified relating to the development of damage 
within the joint. The strain data is manipulated to evaluate the principal strain and stress components 
within the joint, which govern failure in the brittle epoxy matrix [1], providing a better understanding 
of the load transfer and damage initiation mechanisms within the joint.  
 
An area of 3.1 mm x 2.6 mm around the discontinuity between adherends in the DBSJ was imaged 
with a Canon mp-e65 macro lens connected to a 5MP LaVision E-Lite camera, mounted on and X-Y-  
adjustable mount. Due to the small field of view and short focal distance, component strains within the 
DBSJ were evaluated using 2D DIC by recording images from the specimen as it was loaded at 2 
mm/min up to failure. The development of complex localised strain distributions were revealed, as 
shown in Figures 1 and 2. Analysis of the strain fields identifies the evolution of small, yet critical, 
through-thickness (peel) strains generated in the outer adherend, and high shear strains in the adhesive 
material between adherends within the joint. The peel and shear strains show a coupled interaction; 
with concentrations of high peel and shear strains forming adjacent to each other at the interface 
between the CSM material in the outer adherend and the adhesive.  
 
As the joint material is relatively brittle, the DIC component strain data is used to derive the principal 
strains and stresses to identify the failure mechanisms in the joint. Due to the severe geometric 
discontinuity between adherends, the principal stress and strain directions change dramatically around 
the discontinuity. Therefore the principal strains must be calculated on a point by point basis using a 
‘Mohr’s circle’ analysis of the direct and shear strains given by the DIC [2]. The principal strains are 
then transformed into principal stresses using the following constitutive relationship:  
 

(1)

where [Q]12 is the stiffness matrix in the principal stress directions.  
 
The elastic properties in the principal material directions of the joint material were obtained 
experimentally using techniques described in [3]. To carry out the transformation in equation (1) the 
stiffness matrix must be populated with elastic properties of the material in the principal stress/strain 
directions. This was done by transforming the values for stiffness in the principal material directions to 
the principal stress directions using the angle between the principal material axes and principal stress 
axes established from the DIC component strains.  
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Figure 1: Peel strain distribution at 18 kN Figure 2: Shear strain distribution at 18 kN 
 
Figure 3 clearly identifies large principal stress concentrations forming either side of the adhesive 
interface. It can be seen that the principal stresses in the adhesive are small but finite indicating that 
the load transfer through the joint is not entirely through shear. High maximal principal stresses in the 
predominantly shear loaded interface between the adhesive and the outer adherend are observed to 
result in the growth of cracks at loads above 16 kN. The generation of damage at the high stress 
interface with the outer adherend interacts with a region of high peel strain at the root of the 
discontinuity in the inner adherend. Subsequently damage and crack propagation occurs in this region 
leading to the catastrophic failure of the joint. In the presentation the methodology for obtaining the 
principal stresses is described along with application to failure of joints under high strain rate loading. 

Figure 3: Principal stresses in the a) 1 and b) 2 directions around the discontinuity at 13 kN 
[1] I. Daniel and O. Ishai, Engineering Mechanics of Composite Materials. Oxford University 

Press, 2005. 
[2] P. Benham, R. Crawford, and C. Armstrong, Mechanics of Engineering Materials. Prentice 

Hall, 1996. 
[3] S. W. Boyd, J. M. Dulieu-Barton, O. T. Thomsen, and S. El-Gazzani, “Through thickness 

stress distributions in pultruded GRP materials,” Composite Structures, vol. 92, no. 3, pp. 662–
668, Feb. 2010.  
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ABSTRACT 
 
Interfacial debonding is well recognized as a critical damage mode in sandwich structures. This is due 
to the fact that the structural performance of sandwich composites depends primarily on the stress 
transfer between the faces and the core. Characterization of the face-core debonding is therefore of 
particular interest in the context of sandwich composites testing [1]. Sandwich structures consisting of 
balsa core and glass fibre reinforced plastic (GFRP) skins are widely used in civil and energy 
infrastructures. In this work, single cantilever beam (SCB) and four point end notched flexure test 
(4ENF) setups are used to characterize the interfacial fracture mechanism in GFRP-balsa sandwich 
specimens. The experimental procedure is accompanied by finite element simulation of the load-
specimen configuration to analyse the mechanism of the interfacial fracture process. 
 
Sandwich panels with glass/polyester face laminate ([0]3, 960 gr/m2), and balsa core (BALTEK® 
SB.150) are fabricated by hand/wet lay-up process. A non-adhesive insert as debond initiator is 
introduced in the face-core interface. The sandwich panels are cured at ambient temperature for 7 days 
and cut into several beams with nominal dimensions of 255 mm × 25 mm × 16 mm and an initial 
interface crack of 60 mm in length. The skin–core interface zone on a specimen’s side face is painted 
white and marked at every millimetre to help measuring the crack length during the debonding tests 
using a microscope attached to the testing system.  
 
Two grooves of 3 mm in depth are machined in the core of the SCB specimens so that it is supported 
by the testing fixture using two L-shaped rails (Fig. 1a). Steel loading blocks are glued on the pre-
cracked face-sheet and the specimens are subjected to monotonic (1 mm/min) and fatigue (5 Hz, 
R=0.1) loading in displacement control.  
 
Several 4ENF tests (Fig. 1b) are performed with a rate of 3.6 mm/min, with an inner span length of 
76mm and an outer span length of 171mm. The pin-composite friction is minimized using ball 
bearings to apply the load. A stable crack propagation, without any kinking into the core is observed in 
both experiments, the energy release rate associated with the interface crack growth is calculated using 
the compliance calibration (CC) method as well as the area method using experimentally recorded 
unloading-displacement curves. 
 
Typical load displacement curve from the monotonic SCB tests is shown in Fig. 1c.  Energy release 
rate evaluation of the SCB specimen indicates a constant range of interfacial toughness (0.6 ±0.1 
kJ/m2) over the crack propagation range. The strain field associated with the interface crack growth in 
the SCB specimens is monitored using embedded fibre Bragg grating sensors. Numerical analysis of 
the strain data shows that interfacial fracture process in the SCB specimens is entirely linear elastic 
and no toughening or dissipative mechanisms are involved [2]. 
 
Figure 1d illustrates the load-displacement curves obtained from the 4ENF experiments. Contrary to 
the SCB testing, the curves in Fig. 1d clearly indicate that dissipative mechanisms accompany the 
crack propagation. In situ observations suggest a viscoplastic deformation of the core developing 
during interface crack propagation. Transverse cracks in the core are also visible.  
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Almost constant value of energy release (ERR) rate (3.6  kJ/m2), with crack length, is obtained in the 
4ENF tests by using the CC method. Nevertheless, this data reduction method assumes linear elastic 
behaviour and is therefore incorrect to use. To obtain a reasonable estimate of the ERR, the area 
method was used with the unloading curves of the loading-unloading experiment (Fig. 1d). These 
calculations result in values of (8.5 kJ/m2) which are more than 2 times larger than those calculated 
with CC method, confirming the existence of other dissipative mechanisms. 
 

 

 
Figure 1: Photograph showing the SCB loaded specimen (a) and 4ENF test setup (b), 

Load–displacement curves from SCB test (c) and from 4ENF test (d). Dashed lines indicate unloading. 
Cyclic loading-unloading is shown in blue curves, the black curve is obtained from another specimen 

tested in one cycle. Note the hysteretic behavior and the residual deformation. 
 
While the response of the SCB configuration is fully understood and characterized using linear 
elasticity based numerical modeling, the debonding-deformation response of the 4ENF results for the 
sandwich system used here are more complicated. Thus they are modeled by accounting for the time 
dependent response of the core and the skin as well as transverse cracking. 
 
The authors acknowledge the financial support from the Swiss National Science Foundation under 
Grant 200020_137937/1. 
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ABSTRACT 

 
The double cantilever beam (DCB) and end-notched flexure (ENF) tests are the simplest and most 
commonly used testing methods to determine the delamination toughness of laminated specimens 
under fracture modes I and II, respectively. For I/II mixed-mode fracture, a widespread testing method 
is the mixed-mode bending (MMB) test, which can be regarded as the superposition of the DCB and 
ENF tests. For unidirectional (UD) laminated specimens, American, European and Japanese standards 
exist for such tests [1]. However, delamination toughness characterization of multidirectional (MD) 
composite laminates is still an open issue [2]. 
 
Several theoretical models are used in the literature to interpret the experimental results of the DCB, 
ENF, and MMB tests. The simple beam-theory (SBT) model considers the specimen as an assemblage 
of three rigidly connected Euler-Bernoulli beams [3]. The corrected beam-theory (CBT) model better 
accounts for the actual deformation of the specimens by considering the transverse shear deformability 
and the effects of deflections and rotations at the crack tip. This result is accomplished by replacing 
the actual delamination length, a, by an increased delamination length, a + h (where h is the 
specimen’s half-thickness and  is the so-called crack length correction parameter), in the SBT 
formulas for the compliance, C, and energy release rate, G [4, 5]. Actually, the current ASTM standard 
for the MMB test suggests formulas for the mode I and II crack length correction parameters, I and 

II, which can be used for UD laminated specimens [6]. For MD laminated specimens, de Morais and 
Pereira have proposed a modified beam-theory (MBT) model, where the crack length correction 
parameters are computed by considering the homogenised flexural and shear moduli [7]. 
 
The authors have developed an enhanced beam-theory (EBT) model of the MMB test, wherein the 
laminated specimen is considered as an assemblage of two identical sublaminates partly connected by 
a deformable interface. The sublaminates are modelled as extensible, flexible, and shear-deformable 
laminated beams. The interface is regarded as a continuous distribution of linearly elastic–brittle 
springs. An exact analytical solution for the internal forces, displacements, and interfacial stresses of 
the MMB test specimen has been deduced [8]. Furthermore, useful approximate expressions have been 
determined for the compliance and energy release rate of the DCB, ENF, and MMB test specimens. 
Such quantities can be expressed by introducing the following crack length correction parameters [9]: 
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where 1A , 1C , and 1D  are the sublaminates’ extensional stiffness, shear stiffness, and bending 
stiffness, respectively, and kx and kz are the elastic constants (per unit area) of the distributed springs in 
the tangent and normal directions to the interface plane, respectively. Eqs. (1) define crack length 
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correction parameters having the same physical meaning that they have in the CBT model. The EBT 
expressions, however, have been deduced based on a rigorous analytical solution. Furthermore, they of 
course apply not only to UD, but also to MD laminated specimens. It is worth noting that comparisons 
between the CBT and EBT models for UD laminated specimens show very good agreement (see, for 
instance, Fig. 1). 
 
In the present work, we demonstrate the application of the EBT model to MD laminated specimens 
with several stacking sequences and compare our theoretical predictions with experimental results and 
numerical analyses. The first obtained results look very promising. 
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Figure 1: Crack length correction parameters as functions of the elastic moduli  

of a homogenous orthotropic specimen (from [9]). 
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ABSTRACT 

Although various damage modes which are occurring in woven composites under tension-tension 
fatigue are reported by several authors, there is a lack of information regarding the correlation between 
the sequence of the damage initiation and their influence on the macroscopic stiffness / strength of the 
composite specimen. In this regard, the current study presents the detailed discussion on the sequence 
of damage events and their influence on the structural response of a carbon fabric satin weave 
reinforced PPS. First, microscopic damage events are detected on the polished edges of the composite 
specimen and are correlated with observed fluctuations in the measured macroscopic composite 
stiffness. Then, residual strength tests were performed and compared to the stiffness and strength of 
the virgin composite specimens in order to estimate the effect of the micro-scale damage events on the 
load carrying behaviour as well as the strength of the composite. 

Fig. 1 illustrates some of the damage mechanisms during fatigue life. At the end of 1000 cycles 
(Fig. 1(a)), the only failure observed on the composite polished edge is the weft yarn damage. After 
1x105 cycles, i) broken load carrying fibres (Fig. 1 (b)); ii) meta-delaminations (Fig. 1 (b)) and iii) 
crack conjunction at different levels (Fig. 1(c)) can be seen. The above observed micro-scale damage 
mechanisms correlate with the reduction in the longitudinal stiffness of the composite. 

(a) weft yarn damage at 1000 (b) broken fibers and meta-
delaminations at 1x105

(c) crack conjunction at 1x105

Figure 1 Microscopic damage analysis of the composite polished edges at 500 MPa@5Hz 

Fig. 2 shows the evolution of the longitudinal strain (Fig. 2(a)) as well as the longitudinal stiffness 
(Fig. 2(b)) of the composite specimen for a fatigue test between 0 and 600 MPa at2Hz  up to 1.1 106

cycles. Initially, the maximum longitudinal strain value increases from 0.98 to 1% around 1 105

cycles (Fig. 2(a)). Thereafter, the strain values stay almost constant till the end of the fatigue test. 
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Corresponding to the increase in strain value, the longitudinal stiffness of the composite decreases 
from 61 GPa to 59 GPa at the end of 1.1 106 cycles. Moreover, at this load level, microscopic 
analysis of the composite specimen reveals initial fibre breaks as well as meta-delaminations on the 
composite polished edges at around 1000 cycles. The above specified fatigue test was intentionally 
terminated at around 1.1 106 cycles to determine the residual stress-strain behaviour of the 
composite. 

(a) Evolution of the strain (b) Stiffness degradation 

Figure 2 Measurements of a fatigue test at 600MPa at 2Hz 

With respect to the residual stiffness and strength, a number of quasi-static tests till failure were 
performed on both virgin and fatigued specimens. The fatigue specimens were loaded for 1 million 
cycles at either 65% or 80% of the quasi-static strength. Fig. 3 illustrates the stress-strain behaviour for 
both a virgin and a fatigued specimen. When observing the static behaviour of the fatigued specimen 
(Fig. 3 (a)), the stiffness (e.a. the slope of the tangent line) increases form 52.3 GPa at the start to 63.6 
GPa near failure loads, meaning a stiffening of 22%. This is caused by (i) the straightening of load 
carrying warp yarns, which are allowed to do so because of the matrix cracking and meta-
delaminations which arose during the fatigue load and (ii) the local carbon fibre stiffening. This is also 
confirmed by online video microscopy during several fatigue tests. 
For comparison purposes, the stress-strain curve of a virgin specimen is illustrated in Fig. 3(b). Here, 
the stiffness increases from 55.1 GPa to 61.3 GPa near failure, corresponding to a stiffening of only 
11%. To determine the elastic modulus, only the part till 0.2% strain is considered as this is the value 
where damage initiation occurs in the satin weave composite. As the only damage observed during 
quasi-static testing is weft yarn cracking, the major contribution for the composite stiffening in the 
virgin specimen is most likely due to local carbon fibre stiffening under the applied load. 

(a) post fatigue, 700 000 cycles 625MPa@2Hz (b) virgin specimen 

Figure 3 Analysis of the composite stiffening under static tensile load. 
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ABSTRACT 
 
Carbon fibre reinforced polymers (CFRP) are widely used in structural components due to their high 
specific mechanical properties. Although there have been extensive experimental and theoretical 
studies of the material behaviour under different load conditions, improved understanding in regard to 
damage evolution and eventual failure is still needed. CFRP can present several different damage 
mechanisms, i.e. fibre fracture, fibre kinking, fibre pull-out, fibres scissoring, matrix cracking, 
debonding at fibre-matrix interface, delamination, and the dominant one depends on the load and 
deformation conditions [1]. Prediction of the type and amount of damage in these composites due to 
mechanical loads is of main importance and the models predicting the effect of damage in the non-
linear response of polymeric composites present still discrepancies with respect to experimental data 
[2,3]. Therefore, a deep understanding of the fracture and deformation mechanisms and correlation to 
the global loading geometry and local stress field is needed. 
 
High resolution X-Ray Computed Tomography (XCT) is a specially well suited technique to visualize 
the damage mechanisms in fibre reinforced polymers since it provides resolution below the 
micrometer level, generation of 3D images, deep penetration into either transparent or opaque 
materials and simple sample preparation. Thus, in this work, XCT was used to assess the sequence of 
crack propagation into a ±45 epoxy/carbon fibre composite. Matrix cracking is one of the most 
important damage mechanisms when off-axis load is applied, leading to delamination and fibre 
breakage. Plain and open hole specimens were sequentially tensile tested up to five different 
displacements and further examined by XCT.  
 
An automatic algorithm was developed for the evaluation of the tomographic data. Damage 
parameters such as crack number density, crack generation rate, variation of cracks density along 
laminate width and fibre scissoring evolution were evaluated, providing a better understanding of the 
material damage behaviour which can be used to feed new models for damage development. A 
comparison between the plain and open-hole specimens is performed and the effect of the stress 
concentration around the hole is evaluated in terms of crack density with different loads. The open 
hole configuration induces stress concentrations in bands at ±45° in all the plies and therefore, the 
increments of load produces matrix cracking by shear in the direction of the fibres. The shear stresses 
in the direction of the fibres cracks the matrix relatively easier than the shear induced by the open hole 
in the direction perpendicular to the fibres. Matrix cracking is restricted to the location of the shear 
bands at the beginning of the test but it becomes wider with the load increase until the whole laminate 
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is cracked. The rate of generation of these cracks is larger in the outer plies than in the plies in the 
interior of the volume. 
 
 

REFERENCES 
 
 [1] C.G. Davila, P.P. Camanho , C.A. Rose, Failure criteria for FRP laminates. J Compos Mater, 

39, 2005, pp. 323–345. 
[2]  B. Cox , Q. Yang , In Quest of Virtual Tests for Structural Composites, Science, 314, 2006, 

1102-1107. 
[3]  J. Llorca, C. González, J. M. Molina-Aldareguía, J. Segurado, R. Seltzer, F. Sket, M. Rodríguez, 

S. Sádaba, R. Muñoz, L. P. Canal, Multiscale Modeling of Composite Materials: a Roadmap 
Towards Virtual Testing, Advance Materials, 23, 2011, 5130-5147. 

4646



6th International Conference on Composites Testing and Model Identification 
O.T.Thomsen, Bent F. Sørensen and Christian Berggreen (Editors) 

Aalborg, 2013 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Oral session 4 – Fracture and fatigue – 2  
(4 presentations) 
 
 
 
 
 
 
 
 
 

4747



   

 

4848



6th International Conference on Composites Testing and Model Identification 
O.T.Thomsen, Bent F. Sørensen and Christian Berggreen (Editors) 

Aalborg, 2013 

PROBABILISTIC ANISOMORPHIC CONSTANT FATIGUE LIFE DIAGRAM APPROACH 
TO PREDICTION OF P-S-N CURVES FOR COMPOSITES 

 
Masamichi Kawai1 and Ken-ichiro Yano2  

 

1Department of Engineering Mechanics and Energy, University of Tsukuba 
Tsukuba, Ibaraki, 305-8573, Japan 
Email: mkawai@kz.tsukuba.ac.jp  

 
2Graduate School of Systems and Information Engineering, University of Tsukuba 

Tsukuba, Ibaraki, 305-8573, Japan 
Email: yanoyano@aprics.kz.tsukuba.ac.jp  

 
Keywords: Woven CFRP, Fatigue model, Failure probability, Identification, CFL diagram 

  
ABSTRACT 

 
This study aims to develop a new engineering method for efficiently predicting a family of P-S-N 
curves for carbon fiber-reinforced composites fatigue loaded at any stress ratio by means of the 
anisomorphic constant fatigue life (CFL) diagrams [1, 2] constructed in specified constant values of 
failure probability. The probabilistic anisomorphic CFL diagram approach proposed in this study is 
applied to prediction of P-S-N curves for a woven fabric carbon/epoxy laminate, and the accuracy of 
prediction has been evaluated by comparing the predicted P-S-N curves with experimental ones.  
 
To this end, static and fatigue tests were first performed on woven CFRP laminate specimens to collect 
statistical samples of tensile and compressive strengths and fatigue lives for different stress ratios at 
each of the selected stress levels. Then, statistical distributions suitable for the static strength and 
fatigue life data were identified. The parameters of Weibull and lognormal distributions that were 
shown to be acceptable were estimated by fitting them to the experimental results, respectively.  
 
The experimental results indicate that the scatter of fatigue life data for the woven CFRP laminate in 
the fiber direction becomes more significant in order of stress ratio R = 0.1, , 10, where  is the 
critical stress ratio [1, 2] equal to the ratio of compressive strength to tensile strength. For fatigue 
loading at R = 0.1 and  it was observed that the scatter of fatigue life data tends to become larger at a 
lower stress level. For R = 10, however, this feature was not clearly observed because of a small 
gradient of S-N relationship as well as a small difference of stress levels selected for fatigue testing.  
 
Two-parameter lognormal and Weibull distributions can approximately be fitted to the static tensile 
and compressive strength data as well as the fatigue data at different stress ratios for the woven CFRP 
laminate. For all the fatigue data on the woven CFRP laminate, both the Kolmogorov-Smirnov and 
Anderson-Daring goodness-of-fit tests have suggested that Weibull and lognormal distributions are 
both acceptable at a significance level of 5%. 
 
For constructing the probabilistic anisomorphic CFL diagram for a given probability of failure, we 
need not only the static tensile and compressive strengths but also the S-N relationship at the critical 
stress ratio for the given probability of failure. The static tensile and compressive strengths for a given 
probability of failure P can be identified with the P percentile points of the distributions fitted to the 
static strength data. It is important to note that the values of critical stress ratio differ depending on the 
value of failure probability; i.e.   (P1) (P2 )  if  P1 P2 . This means that a P-S-N curve for the critical 
stress ratio   (P)  for any given probability of failure P , which is required to construct the 
anisomorphic CFL diagram for the given probability of failure, cannot be developed from fatigue data 
at a constant critical stress ratio   (P1)  that corresponds to a particular probability of failure  P1 . To this 
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new problem, we arrive at a solution by taking advantage of applying the modified fatigue strength 
ratio that was defined in an earlier study [3]. 
 
The anisomorphic CFL diagrams for different constant values of failure probability P = 10%, 50% and 
90% that were predicted using the proposed procedure by assuming lognormal distributions of static 
strength and fatigue life agree well with the experimental CFL diagrams for the same levels of failure 
probability. The comparison is demonstrated in Figure 1 for the case of P = 10%.  
 
In Figure 2, the P-S-N curves for different stress ratios R = 0.1 and 10 that were predicted for different 
constant values of failure probability using the proposed probabilistic anisomorphic CFL diagram 
approach are shown to agree well with the P-S-N plots of experimental data.  
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Figure 1: Anisomorphic CFL diagram for the failure probability of P = 10%. 
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Figure 2: Predicted P-S-N curves for different stress ratios in specified values of failure probability. 
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ABSTRACT 
 
One of the key measurements to carry out during a DCB (Double cantilever beam) tests is the 
recording of the delamination or crack growth length. There are different types of DCB test methods 
such as the mode I static test (ASTM D5528), the fatigue delamination growth onset (ASTM D6115) 
or an extended fatigue test to characterise the crack growth rate until failure [1]. In all three cases a 
measurement of the delamination length is required in order to calculate the fracture toughness GIC, the 
strain energy release rate G and the crack growth rate . The delamination length can be 
measured using a crack gauge (a single-use limited length strain-gauge type sensor which is bonded 
over the crack area), or manually (the operator documents the crack length either from visual 
observations (a video can be used), or using an apparatus that indicates a prescribed crack length 
increment into the measurement). In both cases, the crack length resolution is ca. 0.5 mm. These 
methods are labour intensive, crack gauges are limited in length and unreliable in fatigue, and in the 
manual methods, synchronisation of crack growth information with the load and displacement signals 
is limited in accuracy, the test is adversely influenced by the need for starting and stopping the test 
(especially in fatigue), and, depending on the exact implementation (use of video or not), the 
traceability of the measurement is limited, i.e. objectivity is compromised. An automated video 
method has the advantages of minimising labour as well as the human factor and being re-usable. The 
aim of this work is to evaluate an automated measurement of the delamination length in static and 
fatigue tests based on an in-house digital video processing algorithm and to present static and fatigue 
DCB tests results based on this tool. 
 
In the relevant published literature related to visual crack growth tracking via image processing [2–6] , 
the main issues that arise are related with: image quality, image filtering algorithms, the conversion 
from pixels to millimetres, the false positives due to the illumination, coupons shadowing, coupon 
movement during the test and the correlation between the delamination length measurement and the 
force and displacement measurements. 
 

 
Figure 1:   Output frame image after the image processing. Auxiliary position lines are placed at the 

crack tip position, the center of the coupon and the contour of the coupon in order to position the 
coupon in the space 
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The present methodology and algorithm developed in-house avoids the issues mentioned before. The 
methodology is based on the following procedure. The coupons are painted white and a black 
background is set up in the test frame in order to facilitate image filtering. An HD camera of 
1920x1080 pixel resolution is set up perpendicular to the coupon’s observed surface. The image 
filtering is based on a three step algorithm, initially a band threshold by colour is applied, followed by 
a Canny filter with a Gaussian kernel of 5x5 pixels. An Otsu threshold finalises the filtering [7]. Based 
on the filtered image, the coupon is positioned for each frame allowing to measure the coupon 
inclination and subsequently the crack tip location can be found (see Figure 1). Each measured frame 
is correlated with the force and displacement signals via the data acquisition software in post-
processing. 
 
The accuracy of the 
system has been 
calibrated with dummy 
shapes previously 
measured with the 
calliper, placed at 
different extreme 
positions and camera set 
ups. It shows accuracies 
better than ±0.5mm, 
which is the minimum 
required by the ASTM 
D5528 standard. 
 
A set of static and fatigue tests carried out with the developed methodology are shown in the present 
work. The coupons were manufactured with type E glass fibre and a common epoxy resin used in the 
wind industry. The static fracture toughness GIC (see Figure 2), the G-N fatigue onset curve and the 
strain energy increase  versus the crack growth rate  are reported. Additionally the evolution 
of the loss factor for fatigue tests is also shown. 
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Figure 2:   Static test, coupon VN03I30. Force and 

delamination length versus displacement curves 
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ABSTRACT 

 
The interest on highly optimized composite structures for transport vehicles, mainly aircrafts, raises 
the need to introduce more refined analysis in the mechanical design. Interlaminar fatigue damage is 
one of the mechanisms that need to be properly incorporated in the design. This is challenging from 
the side of both the methods and the experimental tests to provide the required data. Interlaminar 
fatigue tests on composites are being conducted since the early 80’s, but they are so sensitive to subtle 
variations of experimental methods and to data reduction procedures, that the results are far from 
being considerable as robust data.  
 
The expected outcome from fatigue tests includes the onset data (the number of cycles required, for a 
certain load level, to initiate damage) and the propagation data (the crack growing rate at each load 
level). Regarding propagation data, the most desired parameter is the threshold load level (the load 
level for which crack growth rate is below the measurable rate). Both onset and propagation data rely 
on the crack length monitoring during the test, which becomes the most crucial operation. 
Methodological possibilities include, among others, the interruption of the test to measure the crack 
length, sophisticated image monitoring systems which automatically read the crack length without test 
interruption, or the indirect assessment of the crack length by means of the real time measurement of 
the specimen compliance somehow related to crack length by a calibration procedure. To the author’s 
knowledge, there is not a published work on the accuracy of these methods and the uncertainty 
induced on the obtained crack growth rate data (Paris law parameters and load threshold). 
 
This communication makes use of Fibre Bragg Grating sensors, FBG’s, embedded in the specimens to 
measure the crack length during a fatigue delamination test with high accuracy. The optical fibres are 
located in plane just above the crack propagation plane, so the deformation they read can provide a 
real time direct indication of the position of the crack length. During the tests, two alternative 
traditional methods are applied: one method based on the image observation of the edge of the 
specimen and a second method relying on the real-time measurement of the specimen compliance. 
 
An initial study related the static fracture toughness data with the crack growth rate (Fig. 1). On the 
other hand, the comparison between the propagation curves (Fig. 2) showed that the three explored 
methods provided almost the same exponents of the Paris law. However, the differences in the 
threshold load were of more than 50%. In addition, the estimated crack growth rate for a given load 
level could be underestimated by two magnitude orders with the traditional methods with respect to 
the FBGs results (Fig. 2). 
 
The divergence of results should be associated to the inaccuracy of the measurement of the crack 
length. For instance, it is well known that the crack does not evolve with a straight crack front and, in 
consequence, there is a shift between the position identified from the edge of the specimen and the 
position of the centre of the crack. However, Fig. 3, shows that the difference is not constant during 
the test but evolves with the crack extension. To discuss this effect, the strain fields around the FBG’s 
sensors at different crack extensions, which reflect the fracture process zone, are analyzed. 
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Fig. 1. Crack propagation rates compared with the static fracture toughness. 

 

 
 

Fig. 2. Fatigue crack growth curves obtained by monitoring the crack length by means of the image 
monitoring of the edge of the specimen (VIS) and by the Fibre Bragg Grating sensors (FBG)  

 

 
Fig. 3. Crack lengths during the fatigue testing according to VIS and FBG method. The difference 

between both evolves during the test. 
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ABSTRACT 
 
Thanks to their high specific strength and stiffness, composite materials have undergone an 
increasing importance in the design of structural parts, in many application fields. Typical 
components, such as wind turbine blades, cranks and landing gears are subjected to fatigue 
loading conditions characterized by a local multiaxial stress state and require therefore 
suitable and reliable design procedures, still missing in the literature [1]. Although the final 
fatigue failure of a multidirectional laminate is in general controlled by the load bearing plies 
(parallel to the external loads), it is proved that transverse matrix cracks nucleate and 
propagate in the off-axis layers since the early stages of fatigue life. The accumulation of off-
axis cracks produces stress concentrations in the 0° layers, as well as the degradation of the 
global elastic properties of the laminate, which are dependent on the density and on the length 
of these cracks [2]. It is therefore important to predict the cycles spent for the initiation and 
propagation of matrix cracks in the off-axis layers, in order to predict their effect in the 
laminate stiffness.  
Reliable criteria of general validity have to be based on the damage mechanisms occurring at 
the microscopic scale, which are responsible for the initiation and propagation of ply cracks. 
However, a comprehensive experimental investigations which correlate the initiation and 
propagation mechanisms to the multiaxial stress state are not yet available the literature.  
Aim of this work is to present an overview on the experimental procedure and testing plan 
developed at DTG-University of Padova for the characterization and understanding of the 
influence of the multiaxial loading condition on the fatigue behaviour of composite laminates, 
with particular reference to the dependence of the damage mechanisms and their evolution on 
the stress state, as a basis for the definition of a predictive multiaxial fatigue criterion. 
Tubular samples subjected to combined tension/torsion loadings have been identified as the 
best way to match this requirement, in particular for studying the effect of the shear stress 
over the longitudinal or transverse stresses. In fact, if unidirectional (UD) tubes are realised 
with the fibres oriented at 0° (parallel to the tube's axis), a tension/torsion external loading 
condition will lead to a combination of longitudinal and in-plane shear stresses ( 1 and 6). 
On the other hand, if the fibres are oriented at 90° (normal to the tube's axis), the presence of 
the transverse and in-plane shear stress components ( 2 and 6) is achieved by combined 
tension and torsion loading. The former one is a very interesting condition for analysing the 
matrix-dominated behaviour of a UD lamina, which controls the damage evolution in the 
early stages of a laminate's fatigue life. Glass/Epoxy tubes with lay-up [90n] and internal 
diameter of 19 and 34 mm have been tested as first part of the project. Larger tubes provide a 
lower variation of the shear stress across the thickness, and therefore a stress state which 
closer to a plane stress condition. On the other hand they are more complicated to test since 
they require a dedicated gripping system, which is not worth the effort since the fatigue 
results for the two kind on tubes have been found to be comparable. When testing UD tubes, 
only information about the cycles spent for crack initiation can be obtained, since there is not 
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a visible progressive damage evolution [3]. To investigate the influence of biaxial stress states 
on crack propagation, the 90° UD layers have to be constrained by stiffer thin plies to make 
the propagation more stable, but particular attention has to be paid to avoid the introduction of 
further stress components in other directions. For this purpose, tubes with lay-up [0F/903/0F] 
(the subscript F meaning Fabric) have been produced by using very thin 0° fabric layers 
which does not alter the biaxial stress state, providing a very small contribution of 1 (about -
7% of 2).  
Damage evolution was monitored by eye using an in-house developed LED lighting system 
positioned inside of the tubes. The frequency of the observations was adapted to the expected 
value of the fatigue life in order to have a reliable measure of the cycles spent for the 
nucleation of cracks. The damage evolution during high cycle fatigue tests has been 
monitored also by means of lock-in analysis with an infrared camera FLIR SC7600, which 
allows the onset of cracks during fatigue life to be detected. The minimum crack length 
detectable using this technique was about 0.5 mm.  
The paper illustrates the results of comparative fatigue tests investigating the influence of the 
tubes geometry (wall thickness to diameter ratio) on the transverse fatigue response, as well as 
the effects of an increasing shear stress component on the transverse fatigue strength (figure 
1) and damage evolution.  
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Figure 1: Comparison of fatigue data for increasing shear stress component  

(biaxiality ratio 12= 6/ 2) 
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ABSTRACT 

An important part of composites design is the establishment of material allowables for use in 
stress analysis and prediction of failure for components. This is typically done using 
laboratory scale specimens cut from flat plates, which give high quality and thus good results 
for stiffness and strength. This level of quality cannot always be achieved when 
manufacturing components with complex geometry or significant thickness. It is therefore 
necessary to establish the strength for “as manufactured” part quality, giving material 
allowable “knock-downs” to account for the presence of defects. 
 
There exists a large range of defect types, arising from a variety of sources [1]. One of the 
most important defect types is that of out-of-plane wrinkling, since this can significantly 
reduce compressive strength. In order to characterise the effect of such defects it is most 
effective to recreate the out-of-plane wrinkle in controlled laboratory conditions.  
 
Here an experimental study has been undertaken on carbon/epoxy (IM7/8552) multi-
directional laminates, as compared to the majority of other studies in the literature which have 
examined uni-directional or cross-ply laminates. The manufacturing technique chosen for 
creating the artificial wrinkle specimens was that of inserting uncured 90  pre-preg strips into 
the laminate, only adjacent to the existing 90  plies. This was motivated by the desire not to 
introduce any pre-cured or non-composite inserts which might alter the interface strength or 
any new interfaces which again might change the interfacial properties between plies. A 
schematic and image of the layup is shown in Figure 1.      

              
Figure 1 Schematic of out-of-plane wrinkling manufacture with inserted extra plies  

and actual specimen cross-section 
 

In order to achieve a significant level of waviness it was necessary to use a relatively thick 
specimen, 6mm, with three quasi-isotropic sub-laminates, [45/90/-45/0]3. A very thick 
composite caul plate (10mm pre-cured composite) was used to obtain a constant thickness, 
despite the additional inserted material. The final specimen gave a maximum wrinkle angle of 
approximately 10.2 . 
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Specimens were tested in tension and compression for both pristine and defect configurations. 
During the tests both standard and high speed video was used to monitor the development of 
the damage. The compression case is shown first in Figure 2. Of most interest is the fact that 
these images clearly show the onset of damage as being through matrix cracking and 
delamination. It is only after the delamination has propagated very suddenly between frames 
39 and 40, that the onset of fibre compression failure can be observed. 

            

Figure 2 High speed images at 60,000 fps of final failure of the compression test 

A similar situation is observed for the tensile test result, shown in Figure 3. Here matrix 
cracking and delamination is also the first observable failure. In this case delamination occurs 
at much lower relative loads compared to the compression test, about 50% of ultimate failure. 
This delamination then grows stably away from the wrinkle region until ultimate failure by 
fibre tensile rupture. Results are summarized in Table 1 below. 

  

Figure 3 High speed images at 62,500 fps of first delamination in the tensile test and image of failed specimen 

Table 1 Summary of test results 
 Tension Compression 

 Pristine 
Defect 

Pristine Defect 
First Delam. Ultimate 

Mean (MPa) 750.0 379.6 580.2 625.4 438.0 

cv (%) 1.8 1.8 5.0 6.0 6.4 
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ABSTRACT 
 
High volume production of parts made of carbon fibre reinforced plastics for automotive applications 
requires manufacturing processes that are quick, highly automatable and cost efficient. During the past 
years, RTM (resin transfer moulding) processes in combination with a preforming step to drape multi-
axial carbon fabrics onto the required shape before infusion turned out to be one promising process 
amongst others to fit these requirements.  
 
During the draping and infusion process of dry carbon fabrics, different effects can occur that 
influence the local laminate architecture of the final part. Fibre shearing and deviation associated with 
local variations of fibre volume fraction as well as in-plane waviness of fibres are one of the main 
process influenced effects. Waviness occurs in zones where fibres are exposed to longitudinal 
compression stresses during draping and has a potentially huge impact on the mechanical properties 
within the affected zones depending on the wave characteristics [1-3]. To be able to represent the 
mechanical behaviour of corresponding laminates in a finite element model it is necessary to study the 
influences based on experimental testing. 
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Figure 1: Tension test results for CFRP specimens with different characteristics of in-plane waviness. 

 
Tests have been carried out under quasi-static tensional and compressive loading with specimens made 
of carbon fibres and an epoxy resin system. The stress-strain curves and the Young’s modulus of one 
series of tests with different periodic in-plane waviness are shown in figure 1. As indicated, the results 
belong to four different amplitudes (0.3 mm, 0.6 mm, 1.5 mm, 2.6 mm) paired with two different 
wavelengths (10 mm, 20 mm). An increasing wave amplitude leads to a decreasing stiffness and 
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strength and a distinct non-linear behaviour, whereas an increasing wave length lowers the effect. It 
depends on the corresponding degree of local fibre deviation, which leads to a highly anisotropic 
behaviour.  
 
One of the key challenges for parameter identification of in-plane waviness is the preparation of 
reproducible test specimens with specific characteristics of waviness (varying wave length and 
amplitude). Different approaches are presented and compared to prepare the specimens, including a 
TFP (tailored fibre placement) process as well as a test device that is developed to treat usual fabrics 
“off-the-roll” with different grades of waviness in a reproducible manner for testing.  
 
The test series include as well results of optical 3D deformation analyses based on digital image 
correlation to visualize inhomogeneous strain distributions within the specimen due to local stiffness 
variation as well as edge effects. 
 
To estimate the impact on the global structural performance of a composite part due to local 
appearance of fibre waviness, numerical finite element models are required to predict the mechanical 
properties of misaligned regions. Studies on micromechanical models are promising, since they 
represent the local fibre architecture [4]. To meet the requirements even of large explicit crash models 
the behaviour is adapted to a phenomenological approach using 2D shell material models. Thus, 
effects like the local change in stiffness and the different failure modes can be analysed within an 
efficient time frame.  
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ABSTRACT

The increase of the use of composite materials makes necessary the development of efficient design 
tools for industrial use. Different failure modes should be taken into account in the design of 
composites structures. One of those failures modes is delamination. Delamination can be caused 
mainly because of three different phenomena an impact, free-edges and matrix cracks induced 
delamination. 

In a recent work the authors present a failure criterion for Matrix Crack Induced Delamination (MCID) 
[1]. However, the failure criterion was not fully validated with experimental data. In this work, the 
validation of the proposed failure criterion is performed. An experimental campaign has been carried 
out and the obtained experimental data has been compared to the formulation proposed in [1] and with 
the predictions obtained using cohesive elements [2]. 

Two different types of specimens have been tested. On the one hand, specimens without any pre-
existing crack. Matrix cracks are generated by the loading and delamination will propagate from some 
of these cracks. These specimens are called MCID specimens. On the other hand, to minimise the 
influence of extensive matrix cracking that can arrest interlaminar delaminations, another set of 
specimens with some plies with a physical discontinuity have been tested. These specimens are 
denoted as Ply Discontinuity Induced Delamination (PDID) specimens. The test matrix is summarized 
in Table 1. 

MCID Specimens PDID 
Specimens

[453/-453]s [03/03cracked]s
[603/-603]s [03/05cracked]s
[604/-604]s [03/09cracked]s

[302/-302/-604/302/-302/604]s [03/01cracked]s
[452/-452/-604/452/-452/604]s [05/03cracked]s
[452/-452/904/452/-452/904]s [09/03cracked]s

Table 1: Test matrix. 
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The specimens in Table 1 have been tested under tensile loading. Two different optical devices have 
been used depending on the specimen type. A macro lens for MCID specimen where the localization 
of the delamination initiation was unknown and a QUESTAR(R) for PDID specimen where the 
location of the initial crack was known in advance have been used.  

Figure 1: Damage development in [452/-452/-604/452/-452/604]s.

The experimental results obtained showed damage development on the edge of the specimens, for the 
case of MCID specimens, matrix cracks appeared in the laminate and delamination grew from them 
Figure 1. Additionally, for PDID specimens the failure of the specimen was even noticeable in the 
Force-Displacement curve where a sudden load drop was observed.  

Finally, the data obtained from the experimental campaign has been compared to the prediction made 
by the MCID criteria proposed by [1] and cohesive zone model proposed by [2] in FEM code 
ABAQUS (R) model [3]. 
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ABSTRACT 
 
One of the key mechanisms of fatigue damage in unidirectional composites is fiber/matrix interface 
debond crack growth from a fiber break. The debond growth analysis in this study was based on 
fracture mechanics concepts of strain energy release rate. For calculation of the energy release rate 
analytical calculations in the steady-state growth region (long debonds) and FEM calculations for short 
debonds were performed. An exact analytical model following Nairn et.al. [1] was used in this study 
for Mode II strain energy release rate IIG  calculations in the steady-state region. To calculate IIG  for 
short debonds FEM calculations were performed using ANSYS software [2]. The FEM model was 
optimized for use with virtual crack closure technique [3], the size of the model was chosen based on 
parametric analysis performed in [4] and results were in good agreement with BEM results [5]. 
 
Considering debond as an interface crack we assumed that its growth in cyclic loading can be 
described by a power law, where the debond growth rate is a power function of the change of the 
strain energy release rate in one cycle. The power law expression was chosen similar to Paris law, an 
expression widely used in fatigue crack growth characterization in metals. It was assumed that the 
normalized debond length dnl (debond length divided by fiber radius  ) increases with the number of 
load cycles N  by following relation: 
 

 
m

IIdn

G
G

B
dN
dl m

G
B *

*  (1) 

 
where IIGG  is the energy release rate range in one cycle, *G  is the normalizing constant equal to 1 

J/m2, *B  (where 2* 2/ frBB 22 frfB ) and m  are the unknown parameters in the power law. To validate 
the applicability of a power law (1) and to obtain the values of the power law parameters cyclic 
loading of fragmented single glass fiber/epoxy specimen was performed. Measurements of the debond 
length increase with the number of load cycles in tension-tension fatigue were performed using optical 
microscope.  Each sample was first loaded statically to create a fiber break. Then cyclic load with load 
ratio was R=0.1 and the frequency was 2Hz was applied. Two different values of maximal strain level 

maxm were applied: 1) 1.76 % for samples A and B; 2) 1.32 % for sample C. These maximal strain 
levels correspond to approximately 80% and 60 % respectively of st1s1 , i.e.,  the average stress at the 
occurrence of the first fiber break. After certain number of cycles, the specimen was removed from the 
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testing machine to perform measurements of the debond length. The validity of the power law was 
certified by the obtained linear relationships in log-log axes. By fitting the modeling and experimental 
results the interface failure parameters in fatigue were determined. The determined values of power 
law parameters for samples A and B are summarized in Table 1. 
 

Sample m ln(B*) 
A 22.94 -99.72 
B 28.80 -118.60 

 
Table 1: Values of power law parameters. 

 
The determined interface fatigue parameters were validated at different stress levels. Fig. 1 shows 
experimental and modelling results for samples A,B and C. Modelling data for samples A and B are 
self-predictive, while modeling data for sample C were obtained using parameters from sample A. The 
good agreement between modelling and experimental results shows that the power law with respect to 
the strain energy release rate change is applicable for debond growth characterization in tension-
tension cyclic loading of composites. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Experimental and modeling results for debond growth in cyclic loading. 
 

 
REFERENCES 

 
[1] J.A. Nairn, Y.C. Liu, On the use of energy methods for interpretation of results of single-fiber 

fragmentation experiments, Composite Interfaces, 4, 1997, pp. 241-267. 
[2] ANSYS Release 13.0, ANSYS Academic Research, Ansys Inc., Canonsburg, PA, USA, 2011. 
[3] G. R. Irwin, Fracture, Handbuch der Physik, Vol. 5, Springer Verlag, Berlin, 1958. 
[4] A. Pupurs, J. Varna, Fracture mechanics analysis of debond growth in single fiber composite 

under cyclic loading, Mechanics of Composite Materials, 47, 2011, pp. 109-124.  
[5] E. Graciani, V. Mantič, F. París, J. Varna , Numerical analysis of debond propagation in the 

Single Fibre Fragmentation Test, Composites Science and Technology, 69, 2009, pp. 2514-
2520. 

6666



6th International Conference on Composites Testing and Model Identification 
O.T.Thomsen, Bent F. Sørensen and Christian Berggreen (Editors) 

Aalborg, 2013 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Oral session 6 – Damage and dynamic properties  
(4 presentations) 
 
 
 
 
 
 
 
 
 

6767



   

 

6868



6th International Conference on Composites Testing and Model Identification 
O.T.Thomsen, Bent F. Sørensen and Christian Berggreen (Editors) 

Aalborg, 2013 

FULL-FIELD CURVATURE MEASUREMENTS TO ASSESS IMPACT DAMAGE 
IN COMPOSITE PLATES USING AN INDICATOR BASED ON 

MECHANICAL EQUILIBRIUM 
 

Cédric Devivier1,3, Fabrice Pierron2 and Michael R. Wisnom3 
 

1Mechanics Surfaces and Materials Processing, Arts et Métiers ParisTech 
Rue St Dominique, BP 508, 51006 Châlons-en-Champagne, France 
Email: cedric.devivier@ensam.eu, web page: http://www.msmp.eu 

 
2Faculty of Engineering and the Environment, University of Southampton 

Highfield, Southampton SO17 1BJ, UK 
Email: f.pierron@soton.ac.uk, web page: http://www.camfit.fr 

 
3Advanced Composites Centre for Innovation and Science, University of Bristol 

Queen’s Building, University Walk, Bristol, BS8 1TR, United Kingdom 
Email: M.Wisnom@bristol.ac.uk, web page: http://www.bristol.ac.uk/composites/ 

 
 

Keywords: Composite Plates, Impact Damage, Deflectometry, Damage Detection, Virtual Fields 
Method 

  
ABSTRACT 

 
Detecting damage in composite materials has always been of great concern because their layered 
structure makes them very sensitive to transverse impacts. This paper presents a new damage indicator 
based on the application of the Virtual Fields Method to thin plates in bending. It calculates the local 
gaps in equilibrium over a sliding window and these gaps are sensitive to stiffness gradients and to 
violations of thin plate assumptions coming from local discrepancies in the deformation map. The 
experimental results are obtained using the grid method in deflectometry. This method provides local 
surface slopes which can be differentiated to obtain curvatures. Using the Love-Kirchhoff theory (thin 
plate), surface strains are obtained by multiplying the curvatures by half the thickness. However, 
where the thin plate assumptions do not apply, the obtained result is proportional to the curvatures but 
does not represent surface strains. A major advantage of using curvatures lies in the fact that they are 
much more sensitive to impact damage than in-plane strains. Also, thanks to the high sensitivity and 
low noise level of this measurement technique, curvature fields could be retrieved without smoothing 
during differentiation, ensuring excellent spatial resolution. 
 
The samples were made from IM7-8552 carbon-epoxy pre-preg (quasi-isotropic lay-up with 24 
layers), coated with a thin layer of reflective resin, and their dimensions were 190 mm long, 140 mm 
wide and 3 mm thick. The samples were impacted at different energies (15 J, 20 J, and 25 J) and with 
different boundary conditions (clamped between two plates with circular cut-outs and simply 
supported). The plates were then tested in bending. The bottom corners and the top right corner from 
Fig 1 were simply supported and a 20 N point load perpendicular to the plate was applied near the top 
right corner of the plate. 
 
Fig. 1 presents the strain fields along (a) the horizontal direction, (b) the vertical direction, (c) the 
shear strain field, (d) the C-scan of the sample and (e) a map of gap in equilibrium for a sliding 
window of 40-by-40 pixels and a sliding pitch of 3 pixels. As opposed to cantilever beams [1], 
examining the strain fields directly does not lead to an easy detection of the damage, as illustrated in 
Figs a to c. This is caused by the fact that the strain maps for the plates have much higher frequency 
content than the ones from the cantilever beams (linear evolution of strains in the longitudinal 
direction). 
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The C-scan presented in Fig. 1-d highlights that damage is present in the lower part of the structure. 
The map of gaps in equilibrium from Fig. 1-e successfully reveals the location and extent of damage. 
The map is not uniformly zero away from the damage because noise is present in the measurements. 
Around the load point on the top right corner, there are non-zero values. They are caused by the fact 
that the underlying assumptions of the indicator are violated there (thin plate theory). This indicator 
combines the wealth of information contained in the three strain maps obtained using deflectometry to 
output a map that reveals the location and extent of damage in a nearly binary format. 
 

 
(a) xx (b) yy (c) ss 

  

 
(d) C-scan 

 
(e) EG map 

Figure 1: (a-c) Equivalent strain maps, (d) c-scan and (e) EG map for the impacted sample loaded at 
20 N near the top right corner. 
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ABSTRACT 
The LS-DYNA strain rate dependent composite material model MAT_158 is calibrated by performing tensile 
tests on 0° and 90° UD test coupons of Glass/epoxy and Glass/Lpet composite materials. Strain rate effects are 
captured by testing at different strain rates using a high speed servo hydraulic machine. High-speed Digital 
Image Correlation is used for better assessment of failure modes in the tests and for assessing the strains.  
Boundary conditions from the experiments are modeled in the numerical simulation and the results from the 
simulation are compared to the experimental data. Further, the calibrated material model is used for simulation 
of tensile testing of a quasi-isotropic layup which are validated experimentally as well. This comparison is 
carried out to investigate if strain effects obtained for UD testing can be transferred to a different layup and still 
yield reasonable numerical results.   
Numerical simulation of blast events on composite panels requires accurate material models that can reproduce 
the impact behavior of the material. The explicit FEM code for transient analysis, LS-DYNA [1] offers different 
composite material models with different types of failure modes included for modeling of transient events such 
as mine blasts. However each model must be carefully calibrated and validated against experimental data to 
ensure the behavior of the material is estimated correctly by the model.  
The choice of material model for a particular transient modeling problem is critical to reproduce the correct 
material response [2].  Increasing strain rates may influence the failure of the material, and it is important that 
the chosen material model can account for these effects; this is achieved by calibration. However the available 
composite material models in LS-DYNA [3] require a large number of material parameters and material 
calibration becomes a cumbersome task. Including strain rate effects increases the number of required tests and 
each test must provide sufficient data for accurate model calibration. This inevitably results in many tests and 
very large data sets.  
Digital Image Correlation is a powerful tool for high speed characterization of composite material to reveal the 
macroscopic failure pattern at increased strain rates [4]. The full-field nature of the data can support the 
understanding of the failure modes the material model can simulate. The DIC has been applied by employing 
high-speed cameras and the displacement and the strain extracted are used here to provide a better 
understanding of failure modes and to help validate the materials models. A further benefit to the DIC approach 
is the full field data obtained which allows the immediate visualization of how the load is distributed in the 
specimen (see Fig. 1). It can be seen if the load is distributed uniformly across the specimen and hence provide 
an indication of the success of the test. This is particularly important in high speed testing when special grips are 
often used to clamp the specimens that are not a stable as standard test machine grips.  
This study examines how well strain effects, seen in a UD layup with respect to failure loads, can be represented 
by the MAT_158 material model. It is assumed that the quasi isotropic layup will exhibit different failure modes 
compared to the UD layup and differences will be seen between the simulated and measured response. 
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Gglass/epoxy unidirectional composites are known to be strain rate sensitive for the failure stress [5] and 
constitute a good base material to assess how well the strain effects are captured in the material model. Fig 1. 
shows a crossply glass/epoxy specimen failing two places at the same time. Fig 2shows strain rate effects for a 
glass/epoxy cross ply laminate where strain rate effects are observed at even modest increases in strain rate. 
 

 
 

 
 

Fig. 1 Cross ply Glass/epoxy specimen failing two 
places with a growing crack in between.  

Images show major strain. 

Fig. 2 Strain rate effect for cross ply Glass/epoxy 
specimens. Each dot is the mean of 5 tests [6]. 
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ABSTRACT 
 
Damage accumulation in fibre-reinforced, polymer-matrix (FRP) composite structures and elements is 
investigated with experimental methods and modelling for an improved understanding of damage 
mechanisms and their interaction leading to failure (see, e.g., [1]). The inherently complex damage 
behaviour of FRP composites yields stochastically varying behaviour ([2]) even in relatively simple 
experiments on test coupons. In FRP structural elements, additional complexity may arise from 
manufacturing defects which are not taken into account in design, damage models and simulations 
under service loads ([3]). Acoustic emission (AE) is a non-destructive test method [4] that yields 
information on the occurrence of damage in FRP composites and other materials with high time 
resolution (milliseconds and lower). This allows exactly identifying the loads at which damage occurs 
and for discriminating different stages of damage accumulation. Examples of the application of AE 
monitoring to damage in FRP composites have recently been reviewed in [5] and cover length scales 
from single fibre tests [6] to engineering structures such as, e.g., bridge decks [7]. Analysing AE 
activity, AE intensity, AE Felicity-ratio, and AE source location as a function of load [8] is proving 
useful for failure prediction in various FRP composites from test coupons to structural scale. 
 

           
 

Figure 1: Quasi-static, step-wise tensile load test on GFRP (left) and CFRP laminate (right) showing 
AE signal amplitude distribution and load versus time (note difference in amplitude scales). 

 
Figure 1 shows AE signal amplitudes from tensile strength tests on glass and carbon fibre reinforced 
(GFRP and CFRP, respectively) composite test coupons. Clear differences in number of AE signals 
and their amplitudes are seen between GFRP and CFRP. Repeating tests on nominally identical 
laminate coupons results in some variability in strength which clearly affects damage accumulation 
behaviour and hence AE activity and AE intensity as a function of load. For a model description and 
comparison between different FRP composite materials, the challenge then is to suitably average the 
individual single specimen data. AE monitoring allows detecting differences in damage accumulation 
including “anomalous” specimen or element behaviour that may have to be excluded from the 
ensemble to be averaged. The Felicity-ratio is defined as ratio between the load at which AE is again 
observed upon reloading and the previous maximum load. In FRP and other composites, AE does 
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usually not set-in when passing the previous maximum load level, but at somewhat higher or lower 
loads depending on the amount of damage accumulation. Figure 2 shows the AE activity (cumulative 
number of AE signals per channel) and the Felicity-ratio for two channel groups as a function of load 
level for a sandwich T-joint with balsa-wood core and CFRP-facings under three-point bending. AE 
activity shows that the most active channel is changing from the one side (channel 5) to the other side 
(channel 9) of the T-joint. Similarly, the minimum value of the Felicity-ratio is changing from one 
channel group (1-5) to the other (6-10) at increasing loads (crossover between 100 and 120 kN). This 
is interpreted as indicating a stress-redistribution when reloading to the level of 120 kN due to 
significant damage accumulation in one side of the T-joint which, however, was not sufficient to 
induce failure. Without AE monitoring, this phenomenon could not have been detected. 
 

          
 

Figure 2: AE activity (cumulative number of AE signals (left) and Felicity-ratio versus load step for 
one balsa-wood core-CFRP sandwich T-joints under tensile three-point bending (failing at 160 kN). 
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ABSTRACT 

 
The J integral is an important concept for determination of fracture energy (critical energy release 
rate), fracture resistance and cohesive laws. The double cantilever beam loaded with uneven bending 
moments (DCB-UBM) [1] is a comprehensive technique to measure the fracture properties in pure 
opening mode (I), pure sliding mode (II) and combinations of these (mixed mode). For the DCB 
specimen loaded in pure bending the J integral value is independent of crack length. This makes it 
possible to obtain stable crack growth for many materials. The J integral is applicable both for linear 
elastic fracture mechanics (LEFM) with a small fracture process zone and for laminates that exhibit 
large scale fibre bridging. For DCB specimens with constant width, the J integral can be expressed in 
terms of the applied moments, specimen geometry and specimen elastic constants for a number of 
different configurations. These configurations include a crack in the symmetry plane of a specimen 
made from a single material [2] as well as a crack in the symmetry plane of a sandwich specimen 
made from two materials [3]. 
 
For some materials and specimen configurations, however, it would be advantageous to use a layered 
DCB specimen, where some layers are wider than others. That would be the case for a thin ceramic 
layer glued to two (wider) steel beams [4]; and for a tough fibre reinforced laminate with 
thermoplastic matrix, where side notches could enable crack growth before occurrence of beam 
bending failure. This study will focus on the J integral analysis of DCB specimens with side notches. 
 
The J integral is defined as a planar contour integral in a length-height plane of the DCB specimen. 
The properties in the width direction are assumed to be constant. For a DCB specimen with side 
notches, however, the width is not constant. The two inner layers adjacent to the crack have a smaller 
width than the two outer layers. 
 
In the present study we transform the 3D geometry of DCB specimens with various layers (different 
heights , different widths  and different Young’s moduli ) to a plane (2D) problem, where the 
widths of all layers are equal to the original crack width ( ). It can be shown [4] that for LEFM 
conditions the J integral result is equal to the energy release rate, providing that Young’s moduli are 
transformed as  (an equivalent cross-section, preserving the products of width and 
Young’s modulus for each layer).  
 
For a DCB made from a single material and with side notches (Fig. 1b) this concept of an equivalent 
cross-section leads to the following equations for J assuming plane stress: 
 

            ,      (1) 
 
We wish to investigate whether this approach also holds for DCB specimens with side notches in case 
of materials exhibiting large scale bridging. For that purpose a combined experimental and numerical 
study is conducted. 
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DCB-UBM fracture resistance tests on specimens without and with side notches (Fig. 1) are performed 
for a material exhibiting large scale bridging. For the specimens with side notches the J integral values 
are obtained using the equivalent cross-section approach (Eq. 1). Acoustic emission (AE) is used to 
determine initial fracture (Fig. 2a).  
 
 
               (a)                                                                (b)       
  
 
 
 
 

Figure 1: Schematics of a DCB specimen of constant width and a symmetrical crack (a), and a DCB 
specimen with side notches and a symmetrical crack (b). 

 
 
A 3D finite element (FE) analysis is used to calculate the fracture energy for the DCB specimen with 
side notches (Fig. 2b). The strains from the FE analysis are assessed using digital image correlation 
(Fig. 2a), and the cohesive laws of the FE analysis are determined from the curves of fracture 
resistance versus normal and tangential end-openings from the test of the DCB specimen without side 
notches (Fig. 1a). The fracture energy from the FE analysis is used to assess the J integral of Eq. 1.  
 
 
         (a)             (b)        
 
 
 
 
 
 
 

 
 
 
 
 

Figure 2: The J integral study combines experiments on specimens equipped with extensometer, 
LVDT’s, AE transducers and speckle pattern for DIC measurements (a) with a 3D FE model (b). 
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ABSTRACT

Compared to metallic materials, carbon fibre reinforced plastics (CFRP) show a much faster 
degradation of their mechanical properties under fire conditions. In the case of structural materials in 
aerospace applications it is very important to know and understand their mechanical behaviour under 
these conditions. Since the occurring temperatures are much higher than the usual operating 
temperatures of CFRP these materials show complete different properties regarding their strength and 
stiffness and their time-dependence.
Extensive research has been done to evaluate the relationship of the mechanical properties and the
surrounding temperature of fibre reinforced plastics, especially for naval used glass fibre/vinyl ester 
systems [1, 2]. Less work has been done on carbon/epoxy systems [3], especially on aerospace applied 
prepreg based material [4]. The hitherto existing test apparatus utilized to obtain strength and moduli 
values at elevated temperatures usually did not reach temperatures above 250°C or lacked in proper 
strain measurement. However, this temperature range is of importance if the endurance of composite 
structures under fire loads or elevated temperature needs to be calculated, as in the case of in-flight or 
post-crash fires.
The usual equipment needed to determine high temperature mechanical properties is quite diverse and 
expensive. There are two general possibilities to introduce heat to the specimen; either the whole 
experimental setup including the specimen, grips and strain measurement device is heated [4], which 
is a common practice, or only the specimen itself is heated [2, 3]. The main issue of the first method, if 
the moduli are to be determined as well, is the strain measurement at temperatures above 250°C. Since 
the measurement device, usually strain gauges glued or extensometer clipped on to the test specimen, 
are not resistant to such conditions, only optical measuring techniques are suitable. Furthermore, most 
commercially available furnaces for use in universal testing machines do not reach temperatures above 
300°C. Most importantly, the heating of the entire test setup is more time consuming and also implies 
the risk of failure of the specimen within or close to the grips leading to invalid strength values. These 
shortcomings can be overcome when a smaller furnace is used, heating only the specimen between the 
grips. The heat-up process is accelerated and the risk of invalid rupture nearby the grips is minimised 
due to the thermally weakened middle section of the specimen.
The test setup presented in this work has many other advantages, in addition to the ones described in 
[2, 3]. A custom-built furnace was utilised keeping the heated part of the test specimen to a minimum 
and using a heat gun as the heat source adapting a principle shown in [5]. The setup is modular; the 
temperature cell can be exchanged depending on the mechanical tests and specimen sizes in order to 
ensure always optimal test conditions. For the time being cells for tensile and bending had been 
developed (see Figs. 1 and 2). With the latter one it is possible to perform three-point-bending tests, 
interlaminar-shear-strength tests as well as tests to determine the interlaminar fracture toughness 
(mode II). The strain and the deflection respectively can for both setups be measured within the heated 
zone of the test specimen and the harmful pyrolysis gases are extracted. It is possible to test at 
temperatures of up to 700°C and to test under an inert gas atmosphere by insertion of nitrogen, not to 
mention that it is much cheaper than commercially available furnaces. A special flow deflection setup 
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inside the furnaces ensures a uniform heat-up of the specimen and thereby prevents it from being hit 
directly by the hot air flow. 
The data gained by these high temperature tests give reliable results with a noticeable lower standard 
deviation than using a standard furnace and are used as an input for finite element analysis of one-
sided heated structures under mechanical load and as a reference for future creep and relaxation tests, 
where the quasi-static strength of the material at high temperature is of interest.

a)   b)
Figure 1 – a) Tensile, b) Bending configuration

Figure 2 – Tensile configuration implemented in universal testing machine: 1), 2) upper and lower 
grips with temperature cell in between; 3) heat gun; 4) extensometer; 5) 50kN load cell; not directly 

visible: extraction tube
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ABSTRACT 
 
Test control is commonly performed by a feedback signal from a gauge in an actuator. However, if a 
certain strain level is sought, it is more accurate to operate the test by measurements acquired directly on 
the specimen [1]. This is valid when testing a structure of complex geometry and/or under complex 
loading. The work presented in this paper, documents the use of fibre Bragg grating (FBG) [2] and digital 
image correlation (DIC) [3] for strain and displacement control, respectively. The test control was 
performed by software capable of: acquiring data from the FBG and DIC systems and operate the actuator 
accordingly. The technique was verified in a quasi-static three point bending test with a GFRP beam. 
 
The GFRP specimen constitutes 22 plies of E-glass fibre mats oriented in the longitudinally direction and 
Epoxy resin. The optical fibres are located between the 1st-2nd, and the 21st-22nd plies each containing three 
sensors. The DIC system includes three measurement points. The test rig with gauges is seen in Figure 1. 
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Figure 1: Schematic illustration of the 3-point bending test, the depth is 45mm 

 
The force P is applied by a deformation controlled hydraulic actuator operated by a feedback signal 
acquired by DIC and FBG measurements. This configuration is handled by LabVIEW 8.6 and is executed 
in the state-machine framework presented by Figure 2. 
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Figure 2: Operating and acquiring data from: controller, FBG interrogator and DIC system 

 
As shown in Figure 2 the position input is defined in (1) after which a deformation is applied by (2). The 
deformation of the specimen is derived from the external measurement in (4) by an Euler-Bernoulli 
assumption and compared with the position input. If the deviation exceeds a certain tolerance the actuator 
is moved in the direction necessary to reduce the inaccuracy with a magnitude equal to the deviation. This 
process is repeated in a loop from (2) – (5) until a deviation below the acceptance tolerance is obtained. 
 
Five GFRP beams were loaded to 3kN in two separate tests A) deformation control by DIC with an 
acceptance tolerance of 0.01mm and B) strain control by FBG with an acceptance tolerance of 5με. The 
deviation between position input and external input is presented in Figure 3. 
 
 

  
Figure 3: Deviation between position input (cmd) and external measurements: A) DIC and B) FBG  

 
Figure 3 verifies the control loop with a reasonable amount of correlation loops. When the deviation is 
larger than the acceptance tolerance the program corrects the displacement/strain and proceeds to the next 
load step as described in Figure 2. The acceptance tolerance is set with respect to the precision and 
accuracy offered by the DIC and FBG system. 
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ABSTRACT 
 
Digital image correlation (DIC) is a useful and increasingly employed tool for full field deformation 
analysis. It enables displacement fields to be characterised through identification and tracking of 
features on the material surface, and strain fields to be calculated from the displacements. The relative 
performance of different DIC tracking algorithms is however dependant on the nature of the 
deformation field being observed and consideration of the materials being studied is required when 
selecting a tracking implementation method. DIC based analysis of polymeric foam core deformation 
presents unique challenges due to the significant local deformation that they can exhibit due to their 
cellular structure, visco-elastic materials and complex failure mechanics. Understanding the 
implications that the foam’s behaviour has for the tracking implementation is vital for ensuring that 
reliable full field information can be obtained in a computationally efficient manner. 
 
The general consensus regarding DIC tracking algorithms is that bicubic or even biquintic 
interpolation schemes should be utilised for subpixel intensity interpolation due to the increased 
tracking accuracy that they provide in comparison to bilinear interpolation [1,2]. A smoothing function 
such as a Gaussian filter is commonly applied to the images prior to tracking both to reduce digital 
noise and because it has been shown have a positive impact on the systematic errors that can result 
from subpixel intensity interpolation [2]. The use of an affine or quadratic transformation function to 
allow for deformation of the tracking subset is also often recommended, particularly for cases where 
significant deformation is expected [3]. 
 
The purpose of this study is to investigate whether these conclusions hold true for the analysis of 
polymeric foam cores. Consideration is given to the robustness and efficiency of different tracking 
approaches, as well the impact that variations in tracking accuracy have on the resultant strain fields. 
 
Full field displacement tracking is performed using images taken during compressive and block shear 
characterisation tests of low density PVC and SAN foam cores. For the cases studied the improved 
tracking accuracy achieved using higher order interpolation schemes has a negligible impact on the 
reported strain fields. Figure 1 shows the strain field (top) and resulting features successfully tracked 
using a rigid tracking subset (middle) vs. a quadratic subset transformation (bottom) for a through-
thickness compression test of M80 foam. In this case there is significant local cell collapse both at the 
top face of the specimen and at the approximate centre of the specimen face. The use of a subset 
transformation function offers no noticeable improvement while at the same time causing convergence 
issues, particularly in regions where fracture or cell buckling give rise to discontinuities in the real 
strain fields. It can be seen in Figure 1 that some features have been discarded in the regions exhibiting 
cell collapse for the case where the tracking subset is considered to be rigid. Due to poor convergence 
behaviour far more features are discarded however when a quadratic shape function is utilised. Higher 
order intensity interpolation and subset transformation both increase the complexity of the tracking 
algorithm and come with an associated increase in computational expense. 
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Figure 1. Features successfully tracked during 
compression (strain field shown above) using a 
rigid tracking subset (middle) vs. a quadratic 

subset transformation (bottom). 

Figure 2. Features successfully tracked during 
block shear with a slow fracture (shown above) 
using a quadratic subset transformation without 
(middle) and with Gaussian filtering (bottom). 

 
 
Figure 2 shows results for the case of a block shear test of an M80 core. In this case the specimen 
undergoes a slow fracture at the top edge of the core adjacent to the steel loading plates. Gaussian 
filtering of the images is shown to have a positive impact on tracking robustness and is 
computationally inexpensive. The results illustrate that, although convergence issues are still apparent 
where fracture occurs when using a transformation function, Gaussian filtering of the images 
dramatically improves the algorithm’s convergence behaviour. When Gaussian filtering is used in 
conjunction with a rigid tracking subset (not shown) a significant loss of features does not occur at any 
location on the specimen. Observations are also made regarding the strain field periodicity that can 
arise due to systematic errors in the reported subpixel displacements, including a discussion of 
strategies for dealing with the issue. 
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ABSTRACT 
 

The incorporation of carbon nanotubes (CNTs) within a polymer matrix can render electrical 
conductivity to the composite through the formation of an electrically percolated network [1]. This 
electrical network can be altered due to the application of mechanical loading, yielding changes in the 
electrical resistance of the composite which can be correlated to the applied load [2,3]. This electro-
mechanical coupling allows to self-monitor the deformation and damage of the nanocomposite, and 
this property could be extended to self-monitor damage in multi-scale fibre reinforced polymer 
composites. Although this strategy has been investigated [4,5], the phenomena underlying this effect 
are not complete understood, and most of the investigations have been carried out for tension loadings 
only, while a complete characterization of the electro-mechanical response must include all loading 
scenarios. Given this motivation, this work investigates the capability a multiwall CNT/vinyl ester 
composite to self-monitor its reversible and irreversible deformation and damage, correlating the 
change in electrical resistance due to the application of quasi-static and incremental low cyclic 
compression loadings to its damage initiation and evolution. 
 
The composite material was manufactured using a conventional mechanical-ultrasonic method to 
disperse the multiwall carbon nanotubes (MWCNTs) within the vinyl ester resin. The process consist 
on dispersing 0.3 wt% MWCNTs within the vinyl ester resin first by mechanical stirring and then by 
an ultrasonic horn. Cobalt naphthenate and methyl ethyl ketone peroxide are used as promoter and 
initiator, respectively, before casting into silicon moulds for crosslinking. The compression specimens 
were 25.4 mm long blocks of 12.5 mm square cross section. Copper wires separated 8 mm were 
bonded as electrodes to measure the electrical resistance during the test, as depicted in Fig. 1a. 
Figure 1 shows the mechanical (  vs. , red curve) and electro-mechanical ( R/R0 vs. , blue curve) 
response of the composite when is subjected to a quasi-static compression up to failure. 
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Fig. 1. Electro-mechanical compression testing. a) Specimen instrumentation, b) mechanical (  vs. ) 
and electro-mechanical ( R/R0 vs. ) response of a MWCNT/vinyl ester composite under quasi-static 

compression loading. 
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The stress-strain curve in Fig. 1b shows an initial elastic region followed by yielding and then large 
plastic deformation as the applied load increases. The normalized change in electrical resistance 
( R/R0) initially decrease linearly while the specimen undergoes elastic deformation (region o-a in 
Fig. 1b), then shows a plateau region that coincide with the yielding region (region a-b), and finally 
increases as the plastic deformation increases (region b-d). For the specimen show, before failure at 
the point “d”, small matrix cracking in the region c-c’ is only weakly perceived by the  vs. curve, 
but it is clearly identified by the R/R0 vs.  curve as a sudden change in electrical resistance ( R/R0 
increases from ~60 to ~120 %), as shown in Fig. 1b.  
Results of incremental compressive cyclic loadings are shown in Fig. 2. In this experiment an 
incremental deformation was applied to the specimen at each cycle, including deformations in the 
elastic, yielding and plastic regions (see Fig. 1).  
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Fig. 2. Electrical resistance changes as a function of incremental cycle applied strain 
 
For the cycles where the applied deformation does not reach the elastic limit ( ≤ 2%), the composite 
does not undergo permanent changes of electrical resistance, i.e. R/R0 returns to zero upon unloading. 
As the applied deformation reachs yielding ( > 2%), a permanent chance in electrical resistance is 
detected ( R/R0 ≠0 after unloading), and its permanent magnitude (corresponding to =0) increases 
after each cycle according to the accumulated plastic deformation.  
Therefore, it is concluded that the changes in electrical resistance of a MWCNT/thermosetting 
composite upon loading can identify its elastic, yielding and plastic zones. Upon cycling loading, the 
permanent increase in electrical resistance can be correlated to irreversible accumulation of damage in 
the composite. These concepts can be extended to monitor the structural health of advanced fibre 
reinforced polymer composites, especially if they are coupled with full field techniques such as digital 
image correlation. 
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ABSTRACT 

 
Optical fibre Bragg grating (FBG) sensors are ideal for structural health monitoring purposes in fibre 
reinforced polymers (FRPs). Owing to their small size and fibrous nature they can fairly easily be 
embedded during production, providing important information on both production process as well as 
in-service behaviour. The multi-axial strain sensitivity of such FBGs provides valuable information on 
the structural health, which would go undetected using surface-mounted sensors. Finally, their 
chemical inertness and wavelength encoded data makes them perfectly suited for long-term 
applications in harsh chemical or electrical environments where traditional foil strain gauges would 
quickly fail. 
 
While much research is available on the general topic of embedded strain sensing using fibre Bragg 
grating sensors, only a small amount of research has focussed on the influence of coating parameters 
on both host and sensor. Most often, the default coating provided by the manufacturer is used, which is 
usually selected to provide adequate protection during handling in telecommunication applications. In 
general, a more optimal set of coating properties will exist for embedded sensing purposes. This work 
will present research on the influence of coating parameters on both (1) the presence of stress 
concentrations in the surrounding host material, as well as on (2) sensing accuracy of the FBG sensor. 
 
The most common coating materials have been investigated. The material properties for these 
materials are stated in Table 1. Although it would be possible to tune the coating material properties to 
provide optimum performance, this would inevitably increase the manufacturing costs and therefor 
reduce the industrial value of the results. 
 

  Acrylate Polyimide Ormocer 
E-modulus [GPa] 0,75 – 1,35 1,50 0,80 

Poisson ratio [-] 0,36 – 0,47 0,45 0,32 
 

Table 1: Investigated coating materials 
 

With the coating material properties fixed, only the coating thickness and host material are left as 
degrees-of-freedom. Since homogenized host properties are assumed in the analysis, the absolute 
values of optical fibre diameter and coating thickness are not important, and only the relative values 
are of influence. Therefor, this study focuses on the ratio of coating outer diameter (b) to inner 
diameter (a). The analysis has been carried out on a carbon fibre reinforced polymer (CFRP) and a 
glass fibre reinforced polymer (GFRP) host. 
 
When optimizing the coating for minimal impact on host strength, the goal is to find a b/a ratio that 
minimizes the presence of additional stresses in the composite host under loading. However, this 
optimal b/a ratio is dependent on the type of loading exerted on the structure. Therefore both axial 
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loading (along the direction of the reinforcements) and transverse (perpendicular to the 
reinforcements) are investigated. The results of this analysis on CFRP are shown in Table 2. 
 

 Acrylate Polyimide Ormocer 
Axial loading 2,40 – 1,40 1,50 1,00 

Transverse loading 1,66 – 1,67 1,89 1,41 
 

Table 2: Optimal b/a ratios in CFRP 
 
The results from Table 2 clearly show large variations in optimal coating thickness depending on 
coating material and loading circumstances. A limit b/a ratio of 1 is predicted for Ormocer coatings 
under axial loading. In this specific combination of host and coating material under axial loading, 
decreasing the coating thickness continuously decreases the host stresses although they are never fully 
reduced to zero. For reference it should be noted that standard telecom fibre usually has a fibre 
diameter of 125 micron and a coating diameter of 250 micron, leading to a b/a ratio of 2. 
 
Besides influencing the host stresses, the coating also influences the FBG sensor accuracy. Figure 1 
shows the theoretical sensor error when an Ormocer coated FBG is embedded (in both UD and cross-
ply CFRP) and exposed to a combination of axial and transverse loading, while originally having been 
calibrated for pure axial loading for different b/a ratios. 
 

 
Figure 1: Sensor error of an Ormocer coated embedded FBG in (left) UD CFRP and (right) [02/902]2s 

cross-ply for different b/a ratios 
 

Figure 1 shows that increasing the b/a ratio is beneficial to sensor accuracy, since the coating acts as a 
buffer to shield the FBG from transverse strains. It is also shown that the stacking plays an important 
role. The predicted errors in the cross-ply laminate are much more severe than in the UD laminate. 
Furthermore the improvement in sensor accuracy with increasing coating thickness is much more 
pronounced for low b/a ratios than higher ratios. While the default b/a ratio in telecom fibre of 2 
provides good sensor accuracy, the sensor error of a b/a ratio equal to 1,60 is very comparable while 
having a ratio more closely to the optimal value of 1,41 stated in Table 2 for Ormocer coated fibres 
under transverse loading. 
 
These results show that an optimal coating is strongly dependent on a number of factors such as host 
material and ply lay-up, expected loading conditions, desired sensor accuracy… In general, a trade-off 
will have to be made between the reduction of host stresses and acceptable sensor errors.  
 
The authors gratefully acknowledge the funding by the European Union within the FP7 – SmartFiber 
project. 
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ABSTRACT 

The adhesive bonding of composite materials is a very adequate technique to assemble light-weight 
structures for aeronautical applications. Compared with mechanical fasteners, adhesive joints provide 
more homogeneous stress distributions and noticeable weight reductions [1]. However, the application 
of adhesive bonds in aeronautic primary load-bearing structures is limited by the lack of adequate 
testing techniques to monitor the quality of the bond during service [2]. 
This work evaluates the feasibility of using fibre Bragg grating (FBG) sensors to measure strains 
developed in adhesive bonds during Single Lap Shear (SLS). SLS is a widely used testing method to 
characterize and control the quality of adhesive joints [3]. Due to its simplicity, this bonding 
configuration is also present in many structural applications in industries including automotive, 
aerospace or sports [4]. The actual distribution of stresses along the adhesive is non-uniform and it 
depends on the geometry and the mechanical properties of the bond. In addition, the eccentric loading 
path causes out-of-plane bending moments and peel stresses, reducing significantly the strength of the 
joint. Thus, the characterization of the deformations is a key requirement to ensure the reliability of the 
lap joint. 

 Figure 1: Schematic of the single lap shear specimen. 
Single Lap Shear specimens were manufactured according to the dimensions depicted in Fig. 1. 
Unidirectional CFRP panels were manufactured first by stacking 4 plies of NCT 301/HR40 prepreg 
and consolidated in the autoclave under 7 bars pressure. The different components for the SLS 
samples were prepared by cutting the composite panel in the adequate dimensions. Finally, the 
specimens were assembled using Araldite 420A/B and cured in the oven during 1 hour at 160 °C. The 
strains developed in the lap region were monitored by the integration of an optical fibre with an array 
of FBGs. The FBG arrays were fabricated in photosensitive fibre using Ar+-244 nm laser and phase 
mask technique. Each array contained 7 very short gratings (0.4 mm) with a wavelength spacing of 
about 4 nm, distributed over a total length of 15 mm. Low coherence reflectometry was used to 
precisely determine the location of the FBGs [5]. Three different positions for the optical fibres were 
studied (see Fig. 2). 
The SLS specimens were loaded in uniaxial tension using an electromechanical testing machine at a 
constant cross-head speed of 0.2 mm/min. The applied load and displacement were continuously 
recorded by a 100 KN load cell and the cross-head position, respectively. Additionally, the local strain 
detected by each individual FBG was obtained from the shift in the reflected wavelength. The local 
strains obtained from the FBGs were compared with numerical simulations. To this end, a three 
dimensional finite element model of the SLS specimen was developed for each position of the optical 
fibre in the joint. The main elastic properties of the composite and the glue were obtained from four-
point bending and tensile tests, respectively. 
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Figure 2: Micrographs of the specimen’s cross-section showing the studied positions for the optical 

sensor: (a) in the 1st ply of the composite (b) in the glue (c) at composite-glue interface. 

The strains measured with the FBGs are plotted in Fig. 3 together with the numerical simulation 
results for an applied load of 4 kN. For the optical fibre located in the 1st composite ply (Fig. 3 a), the 
longitudinal strains along the fibre showed a smooth evolution along the overlap region reaching a 
maximum of ≈1800 με at the end of the joint. The numerical model shows strains similar to those 
experimentally measured. Their maximum difference is always below ≈150 με. The strains at the 
composite-glue interface (Fig. 3 b) are almost constant (≈500 με) over about 50% of the overlap 
region (6 mm), according to the simulations. Strains increase in the second half of the region 
significantly up to a maximum of ≈4500 με. The FBG array placed in the second part of the overlap 
zone validates the simulations. For the fibre located in the glue, the strain predicted by the simulations 
shows a symmetric distribution with a plateau in the central part of the overlap region. The 
experimental measurements show qualitatively the same trend (Fig. 3 c). The discrepancies in the 
values of the strains were possibly due to inaccuracies in the position of the optical fibre, the 
background noise generated by viscoelastic behaviour of the glue and the shear efforts in the optical 
fibre.  
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Fig. 3. Numerical predictions and experimental measurements of longitudinal strains along the optical 
fibre: (a) in the 1st ply of the composite (b) at interface composite -glue (c) in the glue. 
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ABSTRACT 

 
The fracture behavior parallel to the fibers of an E-glass/epoxy unidirectional laminate was studied by 
means of three-point tests on notched beams. Selected tests were carried out within a scanning electron 
microscope to ascertain the damage and fracture micromechanisms upon loading. The mechanical 
behavior of the notched beam was simulated within the framework of the embedded cell model, in 
which the actual composite microstructure was resolved in front of the notch tip. In addition, matrix 
and interface properties were independently measured by in situ nanoindentation. The numerical 
simulations reproduced the macroscopic response of the composite as well as the damage development 
and crack growth in front of the notch tip, demonstrating the ability of the embedded cell approach to 
simulate the fracture behavior of heterogeneous materials [1]. 
 
Beams with a rectangular cross-section of 2.8mm (depth, D) and 2mm (thickness, t) were machined 
from the panel with the fibers perpendicular to the beam axis, Figure 1a). A notch was introduced in 
the central section of the beam with a thin diamond wire. The initial notch depth (a0) was 0.5D and the 
notch tip radius was around 130 m. The fracture behavior of the composite panel was determined by 
means of three-point bend tests on notched beams with 11.2mm of loading span S. The three-point 
bend tests of the notched beams were carried out inside a scanning electron microscope (Zeiss EVO 
MA-15) to ascertain the dominant deformation and damage mechanisms during fracture. To this end, 
the notched beams were first sputtered with Au–Pd, and the bending test fixture was set up in a micro-
electromechanical testing machine (Kammarth & Weiss Tensile/Compression Stage) which can be 
fitted in the scanning electron microscope. The actuator of the testing machine was stopped at regular 
intervals of displacement of 5 m and micrographs of the microstructure in front of the notch tip and 
along the crack path were obtained at different magnifications levels (50×, 85×, 250× and 500×). 
 

 

Figure 1: a) Notched three point bending beam geometry, b) and c) In-situ SEM micrographs of the 
notch root and crack tip indicating the different deformation and failure mechanisms 
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Crack propagation from the notch tip was discontinuous and it was formed by a number of decohered 
interfaces connected by matrix ligaments, Figure 1b) and c). As the applied displacement increased, 
matrix ligaments were broken and a continuous crack grew from the notch. The crack path was not 
straight at the microscopic level but presented some tortuosity as a result of the random fiber 
distribution in the composite. Observation of the microscopic damage process at higher magnification 
showed that interface decohesion started at the equator of the fibers and propagated towards the poles. 
The propagation of the interface crack was accompanied by the growth of an interfacial void and by 
the shear failure of the matrix between debonded fibers, indicating that the microscopic fracture 
processed involved significant non-linear deformation of the epoxy matrix. 
 
The virtual test to compute the toughness of the composite lamina parallel to fibers was carried out by 
simulating the three-point bend test of the notched beam by means of an embedded cell model, Figure 
2a). The whole notched beam is included in the numerical model but it is divided in two regions. The 
actual microstructure was represented in front of the notch tip, where all the fracture processes occur, 
Figure 2a), while the remainder of the beam was assumed to be a homogenous solid. The displacement 
field was continuous across the interface between both regions. E-glass fibers were assumed to behave 
as linear elastic, isotropic solids. The epoxy matrix was modeled with the continuum plasticity-damage 
model developed by Lubliner et al. [2], which takes into account the pressure-sensitivity of the epoxy 
flow stress under compression and its brittle behavior in tension. The fiber–matrix interface was 
modeled as a cohesive crack, whose mechanical behavior was expressed in terms of a bilinear 
traction–separation law which relates the displacement jump across the interface. Figure 2b) shows the 
snap shot corresponding to the propagation of the crack through the microstucture of the ligament. The 
deformation and failure mechanisms as well as the macroscopic response of the beam were accurately 
obtained by the embedded cell model [3]. 
 

 
Figure 2: a) Embedded cell model used for the simulation of the three point bending fracture tests, b) 

Snap shot of the crack tip showing the failure modes of the composite material. 
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ABSTRACT

Natural cellulosic fibers, bio-resins and their composites exhibit fairly high mechanical properties in 
static loading at ambient temperature and humidity [1, 2]. However, moisture is the Achilles heel of 
natural composites - it can drastically deteriorate their mechanical properties, e.g. strength and 
stiffness. Therefore, behavior of bio-based composites at different humidity levels should be studied 
and mechanisms occurring in material are to be identified and clearly understood. This study is an 
initial step in development of high performance bio-based composites with improved mechanical and 
environmental durability (i.e. exposure to fatigue loading and elevated humidity).

Purely bio-based composites with different combinations of bio-based resins and natural cellulosic 
fibers as well as man-made regenerated cellulose fibers (RCF) were studied. The focus is on 
composites with sufficiently high (over 40%) volume fraction of fibers which are well oriented. Even 
though RCFs have lower stiffness than natural fibers like hemp or flax, they possess certain 
advantages by being continuous with controlled geometry and properties. This allows creating
composites with compact and well-defined microstructure which is alike synthetic composites (see 
Fig. 1). Moreover, because of this resemblance, there are also similarities in the failure initiation and 
damage accumulation (e.g. fiber/matrix debonding, transverse cracking etc.).

Figure 1: Transversal cross-section of the bio-based unidirectional composite laminate with distinct 
bundle structure (left) and RCF bundles with high packing density of fibers (right).

However, stress-strain curves obtained from these composite laminates show that material is highly 
non-linear and has a significant accumulation of residual strains (see Fig. 2). Non-linear shape of 
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stress-strain curve (Fig. 2a) might be an indication of visco-elastic effects whereas large irreversible 
residual strains observed after unloading (Fig. 2b) could arise due to damage accumulation or/and 
plasticity due to applied load. Such behavior complicates analysis of material performance, especially 
with regards to failure and fatigue where miscellaneous mechanisms of energy dissipation are 
developing.

Figure 2: Simple tension (a) and loading unloading of the RCF/epoxy composite (b).

Main objective of the current paper is to identify and classify damage mechanisms which occur in 
natural fiber composites under simple tension as well as tension-tension fatigue. Behavior of materials 
is studied with respect to parameters of environment (namely, variation of humidity) and properties of 
reinforcement (natural and RCF with and without surface treatment). This information is essential in
development of models which can be used to predict durability, life time limits and degradation of 
mechanical properties of bio-based materials under service conditions.

Experimental results have been compared with data for glass fiber/epoxy composite at ambient 
humidity as a reference. The comparison of tensile properties showed that some of the bio-based 
composites performed on the par with reference material.
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ABSTRACT 

 
Continuous fibre reinforced polymers (FRP) are often used for structural applications where they are 
subjected to cyclic loading. Inverstigations of fatigue life and damage mechanisms were so far limited 
to the low and high cycle fatigue (LCF/HCF) regime. The development of reliable fatigue life 
evaluation methods for FRP at extremely high load cycles (N > 108) requires a deep understanding of 
the successive damage behaviour and the occurring damage mechanisms. For that purpose a new 
shaker based fatigue test rig as well as adapted test specimens were developed. Common uniaxial 
fatigue tests for FRP are limited in test frequency due to internal specimen heating. In the very high 
cycle fatigue (VHCF) test rig (Fig. 1) the specimen is loaded in flexure which minimises internal shear 
stresses and with that the polymer specific heating during high frequency fatigue loading. This way, 
loading frequencies of up to 150 Hz can be performed which is of importance to decrease the 
extremely long testing time of VHCF tests. Due to the stress distribution under flexural loading it is 
possible to analyse tensile and compressive fatigue behaviour of the composite simultaneously. 
Depending on the specimen lay-up different failure modes can be tested separately. In this work 
carbon fibre reinforced epoxy resins are tested parallel and transvers to the fibre direction.  
 

 
Figure 1: VHCF bending test rig for FRPs 

 
A further focus of research in the field of fatigue of FRP is the modification of the matrix in order to 
increase the fatigue life. Especially for the matrix dominated failure modes a modification of the 
matrix material may lead to a better fatigue performance. When loading FRP first damage occurs in 
the matrix in form of cracks. The crack growth plays an important role and affects the fatigue life of 
the whole composite. In recent investigations the influence of nanoparticles on the fatigue behaviour 
of FRP up to the HCF regime was studied and showed a significant improvement in fatigue life [1, 2, 
3, 4, 5]. Even the addition of small amounts of carbon nanotubes (CNTs) into the epoxy resin matrix 
improved the LCF and HCF life of fibre reinforced composites by a factor of six to ten. The transfer of 
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these findings to VHCF-loading of nanoparticle-modified carbon fibre reinforced composites are 
validated with the developed testing technique. 
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ABSTRACT 

 
In this paper, a numerical and experimental study of the debonding process of a skin/stiffener has been 
performed. The analysis consisted of a validation of the numerical tools to simulate the debonding 
process, and their implementation in a subcomponent structure in order to predict the debonding 
process under a multiaxial loading state: a 7 point bending test in a reinforced plate (Figure 1). The 
results of these simulations were compared to experimental tests performed in a real component. 
 
The preliminary validation of the numerical tools was done with the Finite Element Method (FEM) 
software ANSYS® 13.0. The study consisted of a comparison of the simulations with the results of 
analytical equations obtained from the Linear Elastic Fracture Mechanics. The classical fracture tests 
DCB, ENF and MMB were modeled in 2D and 3D. Once the tool had been validated, a 3 point 
bending test of a simplified skin stiffener specimen was performed for further validation of the 
numerical tools.  

 
 

Figure 1 Multi-level analysis of skin/stiffener debonding. 
 
For the numerical analysis, the formulation implemented in ANSYS® 13.0 [2] includes the cohesive 
elements adapted from [3]. As it was previously shown [4], accurate results can be obtained even with 
the power law formulation for the mixed mode debonding. More precisely, contact elements with 
Cohesive Zone Model properties [5] have been used for representing the adhesive film, and Solid 
Shell elements [2] for the composite material plates in the 3D models. 

For the experimental campaign the test specimens were made of AS4/8552. The subcomponents 
(panel and stiffener) were cured separately. The bonding of the two parts was done with FM300 
adhesive film which was cured in a secondary cycle. The specimen geometry and test configuration 
are shown in Figure 2. Two types of specimens were analyzed: a simplified skin stiffener tested in a 3 
point bending, and a reinforced panel subjected to a 7 point bending test. 
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Figure 2: 3 point (a) and 7 point (b) bending test specimen geometry (c) Support distribution for the 7 

point bending test. 
 
  
From the test results of the 7 point bending test it has been observed that the debonding process 
occurred suddenly having a discontinuity in the force-displacement curve, and thus crack propagated 
abruptly. The displacement was recorded using both an inductive sensor and a laser displacement 
measuring device, and the force with a load cell located at each of the 7 points. Strain gauges were 
also glued on the specimens in order to compare local deformations with the numerical predictions. 
According to the “no-crack growth” principle used in aeronautical composite structures, the criterion 
to compare numerical analysis and experimental testing is the load corresponding to the onset of 
delamination. Thus, for the 7 point bending tests, the reactions in each support were compared with 
those predicted by the FEM. In order to check the adhesive film status, as well as, to be able of seeing 
the crack propagation, a C-Scan inspection was performed after the test. 
 

 
 

Figure 3: (a) C-Scan inspection before and after 7 points bending test. (b) Reaction forces measured in 
the 7 support points. 
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ABSTRACT 

Polymer-based composite materials are massively being introduced as a primary material to the next 
generation of civil aircraft, due to their outstanding mechanical properties, especially their stiffness-to-
mass ratio. Among these ultra-light materials, the carbon fibre/epoxy (CFRP) composite is one of the 
most frequently used in aeronautical engineering. Unfortunately, the behaviour of polymers when 
exposed to most of weathering conditions is still complex and ill-understood, mainly because of the 
number of simultaneous physical and chemical changes that take place. From a safety and reliability 
point-of-view, the use of CFRP could be compromised, due to the vulnerablity to weathering they 
exhibit, compared to more classic metallic alloys. 

In order to study this question, the ageing can be approached using a simplified mathematical model to 
accept or refuse, by statistical means, if an environmental agent (or a combination of agents) does 
really degrade the inner structure of a composite sample. The performance of a mechanically critical 
airframe component is evaluated from its structural stiffness. From the manufacturing point-of-view, 
this depends on the resin elastic properties. Thus, the results considered here are the global elastic 
properties of a CFRP structure evaluated over several weeks of accelerated artificial ageing.  

To establish the model, a non-destructive dynamic testing technique, the experimental modal analysis 
(EMA), combined to a numerical-experimental identification based on a finite element (FE) model, is 
used to characterize the material, from the natural frequencies of the part. The stiffness degradation of 
the samples subjected to the aforementioned ageing protocols is analytically described by a linear 
model with interactions. The model, obtained by a least-squares method, is analysed by statistical 
means, in order to evaluate the significance of the eventual variations versus the randomness of 
measurement errors. Then, only a reduced number of results are considered from the whole 
experimental campaign previously analysed. These results are chosen according to factorial design 
principles, based on three varying factors: the temperature (T), the relative humidity (RH) and the 
ultraviolet radiation intensity (UV) (figure 1(a)).  

The ageing trend curves are shown in figure 1(b). After visual inspection of their evolution, the 
constitutive properties exhibit increasing (or decreasing) pattern over the time. This observation is 
supported by authors and experimenters that reported about accelerated ageing protocols. Indeed, this 
type of mathematical model is inspired from previous works on mechanical fatigue. This notion is then 
extended to the cyclic exposure to environmental conditions (see figure 1(a)), weathering being 
considered in this case like a sort of fatigue. After experimentation and modelling, it has been 
demonstrated that mass changes are essentially due to moisture absorption (up to 4% in 6 weeks), 
while T, RH and UV play a role in the loss of stiffness within the epoxy matrix (up to -13% in 6 
weeks), the damage being more amplified for some specific combination of factors. Even if other 
factors related to the manufacturing and the ageing protocol itself may play a role to determine the 
ageing history of a mechanical part, the establishment of an ageing modelling method is a first step to 
quantify the resistance of a material to environmental agents. 
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The degradation model is based on the following equation: 

=

8

1i
3210

0

)exp( ),,( +  = =y tbxxxac
E
E

iiiε    (1)

where E represents any of the measured elastic properties, while E0 is the corresponding initial value 
(before ageing). Therefore, y is a unitless ratio between the initial value of elasticity constants before 
and after ageing. The independent variables in the model are the normalized temperature T (x1), the 
normalized relative humidity RH (x2) and the normalized UV radiation intensity (x3). Coefficient c0 is 
the value of y for no ageing (a priori this is zero), while the ai   are the parametric influences of each 
factor. Results are summarized in table 1, for ageing of several series of samples after 900 cycles. The 
combination function i(x1,x2,x3) = x1 x2 x3  quantifies the actions of the ageing factors. The exponents 

,  and  are alternatively 0 or 1, thus there are 8 different combinations. 

(a) (b) 

Figure 1: (a) Time profile for each factor as simulated in a climatic chamber; (b) Evolution of the 
relative elastic properties as functions of time (in number of cycles). 

Engineering 
constant 

T RH UV T-RH T-UV RH-UV T-RH-UV 

),,( 321 xxxiε a1 a2 a3 a12 a13 a23 a123

E1/E10 0.0129 0.0196 0.0183 -0.0200 -0.0139 -0.0268 0.0199 
E2/E20 -0.0288 -0.0172 -0.0076 0.0497 0.0204 0.0121 -0.0151 

G12/G120 -0.0336 -0.0104 -0.0063 0.0446 0.0134 -0.0058 0.0069 

Table 1: Results of the parametric identification. 

Using this multivariate model it is now possible to quantify the degradation of the composite for 
different ageing scenarios. The worst case conditions have been found to correspond to cycles with a 
combination of 45 to 135°C temperature, 0 to 300 W/m2 UV and 0 to 95 %RH. 

The authors would like to acknowledge the partial financial support from the Swiss National Science 
Foundation, Grant No. 200021-143968/1. 
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ABSTRACT 

The load introduction in the gripping region during tension and compression test of uni-directional high 
strength glass and carbon fiber reinforced composites is a big challenge due to the large difference in the 
tensile and compression strength in the order of 1GPa compared with the shear and transverse tensile 
strength on 40-60MPa. A difference which is even more pronounced during fatigue loading. Experimental 
testing typical show failure between the grips both for rectangular and waisted specimens, see figure 1a.
Compared with a rectangular specimen, a waisted specimen will in addition exhibit splitting but will in 
many cases despite this give higher strength measurements. Nevertheless, many of the test samples will 
still fail between the grips. Therefore, even though the measured values can be considered as a 
conservative representation of the material strength, the measurements cannot be used comparing the axial 
strength of different material systems as it is not the pure axial strength of the material which is measured.  

a) Failure modes                  b)  Thermography  

Figure 1: Rectangular and waisted compression/tension fatigue test samples. 

Figure 1a) shows typical failure modes where the tabs are debonded from the test material inside and 
outside the grips resulting in final material failure outside the gauge section. For the rectangular test 
samples the debonds occurs in the full width of the specimens while for the waisted test sample, the 
debonded zone follows the projection of the gauge area into the clamped region, as splitting occur along 
this projection due to shear stresses distributing stresses from the narrow gauge section to the wide 
gripping section. For both cases, the final material fails by fiber breakage deep inside the gripping region.
In figure 1b) a thermographic image of a test specimen during R=-1 fatigue cycling at 5 Hz is shown. A 
temperature increase of more than 10-20 degree Celsius and in some cases up to 50 degrees Celsius is 
found inside the gripping region during fatigue loading. A heat generation which could come from either 
hysteresis loss due extensive local straining of the material or friction from crack surfaces. 

Material failure 

Rectangular 

Waisted 
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a) Two view of model          b)  Stress profile along 1x

Figure 2: The finite element model (1/8 due to symmetry) and stress predictions extracted along a path in 
the test material just below the interface between the test material and the tabs.   

Several works, experimental [1] as well as FEM studies [2-3], address the issue of stress concentrations 
near the tip of the tabs attempting to optimize tab materials and geometries. Contrary, only few studies has 
focused on secondary stresses inside the grips even though these stresses may introduce tab debonding and 
premature failure. Figure 2a show a side and bottom (symmetry plane) view of the model where the green, 
red and gray region corresponds to the grips, tabs and test material, respectively. The grips is in the 
particular cases loaded by an equally large clamping and axial force on 50kN corresponding to an axial 
stress 11 800MPa in the gauge section. The grip is fixed against rotation and the interaction between 
the staggered teeth surface on the grips and the taps is taken into account using a Coulomb friction with a 
friction coefficient 1 . Figure 2b show the predicted stress profile extracted along a path in the gray 
test material just below the red tab material. The stiff grips results in a rather localized stress state in the 
much more flexible tab and test material with peaks around the end of the grips both regarding the shear 
stresses, 12 , and the transverse normal stresses, 22 . For the particular case, it is found that the shear 

stresses vary between 12 [ 50;20]MPa in this point going from a compressive ( ) to a tensile ( )
loading which is a critical range regarding fatigue loading specially including additional loading from the 
other stress components. The stress profile under the grips is found to be very sensitive to the properties of 
the interface between the taps and the grips but for all realistic cases a rather localized stress profile is 
found which are in strong contrast to the uniform shear stress condition used in e.g. [3]. An extensive 
finite element study has been performed compared with experimental measurements observations as the 
one shown in figure 1.  
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Materials for Wind Turbines (DCCSM), grant no. 09-067212, from the Danish Strategic Research Council 
(DSF). 

REFERENCES 

[1] M. Hojo, Y. Sawada, H. Miyairi. Influence of clamping method on tensile properties of unidirectional 
CFRP in 0° and 90° directions — round robin activity for international standardization in Japan". 
Composites, 25, pp. 786-96, 1994. 
[2] T.A. Bogetti, J.W. Gillespie Jr and R. Byron Pipes. Evaluation of the IITRI compression test method 
for stiffness and strength determination. Composites Sci. Technol., 32, pp 57-76, 1988. 
[3] M. Xie and D.F. Adams. Effect of Specimen Tab Configuration on Compression Testing of Composite 
Materials. J.l of Composites Technology & Research, 17, pp 77-83, 1995. 

0 10 20 30 40 50 60 70 80
-100

-80

-60

-40

-20

0

20

40

S
tre

ss
es

 [M
P

a]

Position [mm]

+
12
-
12
+
22
-
22

Gripping area              Tabs      Gauge 

  Gripping   area        |   Tabs    | Gauge 

  Side view 

  Bottom view 

1x

2x

1x
3x

108



6th International Conference on Composites Testing and Model Identification 
O.T.Thomsen, Bent F. Sørensen and Christian Berggreen (Editors) 

Aalborg, 2013 

DISCONTINUOUS-PLY COMPOSITES FOR ENHANCED DUCTILITY 
 

S. Pimenta1, P. Robinson1, G. Czél2, M.R. Wisnom2, H. Diao3 and A. Bismarck3 
 

1The Composites Centre, Department of Aeronautics, Imperial College London 
South Kensington Campus, London SW7 2AZ, UK 

Email: soraia.pimenta07@imperial.ac.uk 
 

2Advanced Composites Centre for Innovation and Science, University of Bristol 
Queens Building, University Walk, Bristol BS8 1TR, UK 

 
3PACE Group, Department of Chemical Engineering, Imperial College London 

South Kensington Campus, London SW7 2AZ, UK  
 

Keywords: Ductile composites, Discontinuous-ply composites, Shear-lag theory. 
 

ABSTRACT 
 
Continuous-fibre reinforced composites are remarkably stiff and strong, but tend to fail in a brittle 
manner; this leads to conservative design and makes them unsuitable for damage-tolerance demanding 
applications. Prepreg-based discontinuous composites are considerably more deformable during 
manufacturing than conventional ones, and have been shown notch insensitive [1]. However, the 
potential of cut-ply composites to exhibit enhanced ductility – due to the presence of discontinuities 
and the additional matrix shearing mechanism – has not been investigated.  This work focuses 
therefore on developing a new analytical model for the mechanical response of discontinuous 
composites, and subsequently validating its predictions against experimental results. 
 
Consider the shear overlap (of length 2𝐿) represented in Figure 1a, composed by two stiff composite 
plies 𝒜 and ℬ (thickness 𝑡p, stiffness 𝐸p and strength 𝑋p), and an interlayer of soft matrix (thickness 𝑡m). The latter is assumed to have a generic piecewise linear constitutive response in shear (Figure 
1b), so that each subdomain 𝑖 is characterised by its secant modulus 𝐺[ ] ⋛ 0. Considering a shear-lag 
stress transfer mechanism from ply 𝒜 to ℬ, longitudinal stresses 𝜎 𝒜(𝑥) and 𝜎ℬ(𝑥) (with  Δ𝜎 = 𝜎 𝒜 − 𝜎ℬ) are related to matrix shear deformation 𝛾m(𝑥) and stresses 𝜏m(𝑥) by: 
 − d𝜎 𝒜(𝑥)d𝑥 = d𝜎ℬ(𝑥)d𝑥 = 𝜏m(𝑥)𝑡p  ∧ d𝛾m(𝑥)d𝑥 = 𝜎ℬ(𝑥) − 𝜎 𝒜(𝑥)𝑡m ⋅ 𝐸p  ⇒ 

d Δ𝜎(𝑥)d𝑥 = 2 ⋅ 𝐺[ ] ⋅ Δ𝜎(𝑥)𝑡p ⋅ 𝐸p ⋅ 𝑡m    . (1) 

 
 

a) Shear overlap: geometry (half length 𝐿) and matrix subdomains.  b) Piecewise linear matrix constitutive law. 

Figure 1: Model development. 
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This differential equation defines the stress fields in each subdomain [𝑖] of the overlap (Figure 1a), as 
well as its process zone length 𝑙pz[ ] . Global fields are determined by imposing continuity of stresses 
and strains at the transitions (𝑥[ ]) between active subdomains ({𝑖, … , 𝑖 + 𝑛} in Figure 1a); their 
evolution with progressive loading is controlled by the combined process zone length 𝑙pz[ ,…, ]: 
1. If 𝑙pz[ ,…, ] > 𝐿,  the central domain [𝑖] is deactivated once 𝛾(𝐿) = 𝛾[ ]; 
2. If 𝑙pz[ ,…, ] < 𝐿, a new edge subdomain [𝑖 + 𝑛 + 1] is activated once 𝛾 = 𝛾[ ]. 
 
The analytical formulation is validated against Finite Element (FE) models in Figure 2a. It is also 
shown that the response and failure mode of an overlap is controlled by its length: while short overlaps 
tend to reproduce the matrix response and fail in a strength-controlled way, longer overlaps fail either 
by unstable propagation of a crack between the two plies, or by ply fracture. 
 
Figure 2b compares model predictions and experimental results for a carbon-epoxy system (Hexcel 
IM7/8552) and three overlap geometries. Modelling assumed mechanical properties from the literature 
[2] and a bi-linear matrix response. Specimens were manufactured by laying-up pre-cut plies, 
producing 6 overlaps in the through-thickness direction; after curing, tests were performed under 
uniaxial tension, with optical strain monitoring on the lateral edge of each specimen.  
 
The model was able to reproduce the overall behaviour and strengths observed experimentally. The 
alignment between discontinuities (Figure 2b) was found to be crucial for achieving a good agreement 
between the model and experiments. While one configuration tested (2𝑡p = 0.25 mm and 2𝐿 =5.0 mm in Figure 2b) shows a non-linear behaviour with evidence of progressive delamination, further 
analysis revealed that, when using brittle resins, ductility will necessarily be very limited. 
Consequently, on-going work is exploring the use of thermoplastic matrices. 
 

 
a) FE validation and effect of the overlap length. b) Experimental validation for IM7/8552. 

Figure 2: Model results and experimental validation. 
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ABSTRACT 

 
Composite structures, which are growingly being included in civil aircrafts, need to be repaired. 
Repair operations are based on bonding a composite patch on the damaged structure. The structural 
performance of the repaired component is mainly related to the quality of the bond. The part being 
repaired might have suffered different environmental histories leading, for example, to a variable 
moisture uptake. “In-service” repair operations preclude the use of the standard procedures for 
composite manufacturing (i.e. the use of an autoclave), so the quality of the bond between the patch 
and the damaged structure may be affected by the initial condition of the later.  
 
Adhesive strength generally shows temperature and moisture dependence. In the last years, there has 
been a growing demand, particularly in the aerospace industry, for bonding agents able to withstand 
high temperatures and moisture. The fracture toughness of the bond under mode I loading, GIC, is a 
property of the joint commonly taken as a quality indicator. A few studies have been reported on the 
pre-bond moisture effect and most of them concluded that the presence of moisture in the composite 
lead to the reduction in joint strength [2], while temperature showed a positive effect on GIC [3]. 
Unexpectedly, some results for certain bonded joints, claimed that strength increased with the moisture 
present in the adherents [1]. Matrix ductility [1, 3] is the most common explanation to the increase in 
the fracture toughness with temperature and moisture. Most of the previously published works were 
performed using dry and wet specimens in order to determine the effect of temperature on the fracture 
toughness behavior; only minor attention was paid to the pre-bond moisture of the adherents in the 
framework of the repair of composites.  
 
The focus of this communication is to characterize the effect of hygrothermal (temperature and pre-
bond moisture) effects on the mode-I fracture toughness of composite joints prepared with two 
different laminating resins (LR1 and LR2) as bonding agents. This experimental study was performed 
by means of DCB specimens and their posterior fractographic analysis.  
 
Substrates of Carbon-Fibre Reinforced Polymers, CFRP, were produced in autoclave. To study the 
pre-bond moisture effect, some substrates were immersed in distilled water at 70°C for 336±12 hour 
and then dried for 1 hr at 80°C. This drying procedure is known to not remove completely the 
moisture in the material. Indeed, the final moisture content on the substrates was 1.25%, before 
bonding. The bonded joint specimens were manufactured by wet lay-up of fresh material over the pre-
cured substrates. Half of the resulting specimens were tested after being manufactured (AR for as-
received) while the other half were conditioned at 70ºC/85%HR until saturation of moisture content 
was reached (WET). The moisture uptake to reach saturation for specimens with pre-bond moisture 
conditioning was found to be approximately 0.56 % and 0.46 %  for LR1 and LR2 respectively. For 
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the specimens not previously conditioned the moisture uptake at saturation was 0.67 % and 0.49 % for 
LR1 and LR2. 
 
The test temperature for WET specimens was 80°C and 120°C, whereas AR specimens were tested at 
Room Temperature (RT). The tests were performed according to ISO 15024 standard; each batch 
consisted on five specimens. A mean propagation value of GIC was determined by three methods, i.e 
Corrected Beam Theory, Modified Compliance Calibration and the Area methods. Due to industrial 
confidentiality, fracture toughness data for the different batches is presented as a normalized value to 
the fracture toughness of AR specimens tested at RT for each resin.  
 
A detailed discussion on the effects of moisture pre-conditioning and temperature on each resin will be 
presented in this communication. The discussion is supported by the fractographic inspection by visual 
means, optical microscopy and SEM. 
 

Substrate 
Conditioning 

Specimen 
conditioning 

Test temp RT Test temp 80°C Test temp 120°C 
Normalized GIC  

LR1 
No - preconditioned 
Immersion + Drying 
No - preconditioned 
Immersion + Drying 
 
LR2 
No - preconditioned 
Immersion + Drying 
No - preconditioned 
Immersion + Drying 

  
As  received 
As  received 
Wet (70°C/85%) 
Wet (70°C/85%) 
 
 
As  received 
As  received 
Wet (70°C/85%) 
Wet (70°C/85%) 

 
100 
176 

- 
- 
 
 

100 
  98 

- 
- 

 
- 
- 

206 
228 

 
 
- 
- 

240 
145 

 
- 
- 

670 
562 

 
 
- 
- 

362 
327 

 
Table.1. Normalized GIC values for the joints with and without pre-bond moisture 
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ABSTRACT 
 
From both numerical and experimental standpoints, it is very desirable to develop a general 
methodology that can be used to determine the strain-softening response and characteristic laminate 
damage properties (e.g. fracture energy, damage height) of composite materials. These damage 
properties and the strain-softening response can be used to conduct finite element analysis to simulate 
the damage behaviour of laminated composites in large-scale structures. 
 
To characterize the damage behaviour of laminated composites, experiments such as over-height 
compact tension (OCT) [1] or compact compression (CC) [2] tests are usually conducted to produce a 
stable damage growth. Recently, a new methodology has been developed that identifies the strain-
softening response of composite materials directly from these experiments [1].  Using the digital 
image correlation (DIC) technique, full-field displacement vectors of the specimen surface are 
measured during each test. Based on the acquired data combined with application of the basic 
principles of mechanics, a family of approximate stress-strain curves are obtained. This methodology 
provides insight into the details of damage propagation in composite materials and can be used to 
characterize the strain-softening response of composites. However, in cases where splitting and 
delamination become dominant modes of failure [e.g. 3], surface strains can no longer be correlated 
with strains through the thickness of the laminate and therefore techniques that are based on the 
surface measurements alone do not result in a full characterization of the damage behaviour. 
 
An alternative to the above approach is to conduct a numerical investigation into the progressive 
damage development in laminated composites. Recently, a detailed finite element analysis approach 
has been developed at the meso-scale to simulate the interaction of major failure mechanisms in 
laminated composites including fibre failure, matrix cracking, delamination and splitting [4]. Such a 
model can potentially be used to extract the strain-softening response of composites without the need 
to conduct experiments. 
 
In this study, OCT tests have been conducted on IM7/8552 quasi-isotropic laminates and using the 
DIC technique, surface displacements are obtained. Using these values and utilizing the recently 
developed approach [2], damage properties including a family of strain-softening curves that describe 
the overall damage behaviour of the laminates are obtained (Fig. 1). In parallel to the experiments, 
detailed finite element analyses of the OCT tests are performed. Surface displacements obtained from 
these analyses are then compared with the surface displacements measured using the DIC technique. 
In addition, the surface displacements from the finite element analysis are used to extract the damage 
properties and strain-softening response of the material (Fig. 2). The successful comparison between 
the strain-softening response obtained from the experiments and the FE analysis, serves to validate the 
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detailed FE analysis approach as a potential virtual testing technique to extract the damage response of 
laminated composites without the need to conduct experiments. 
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Figure 1: (a) Stress distribution around the damage zone in an OCT test, and (b) family of approximate 

strain-softening responses obtained using a previously developed technique [2]. 
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Figure 2: (a) Detailed finite element analysis of the OCT specimen (b) Idealised strain-softening 

response of the damage zone obtained from the detailed FE analysis. 
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ABSTRACT 
 
Outstanding strength and stiffness properties with simultaneous low specific mass of polymer-based 
composites decided about their popularity in industrial applications. Many of these applications 
concerned with automotive, aircraft and spacecraft industries, where the polymer-based composites are 
used for responsible elements and constructions subjected to high stresses and vibrations. Therefore, 
such elements should be diagnosed in order to detect and identify occurred damages in possibly early 
stage of their development. 
 
There are a lot of methods and techniques used for damage identification in composite structures 
including infrared-based techniques, shearography, X-ray-based techniques etc. One of the biggest 
groups of techniques used for inspection of polymer-based composites is a group, which is based on 
vibration tests and modal analysis. Old modal-based techniques, e.g. tap test and operational modal 
analysis, give information about the damage only when the damage is large and do not give 
information about its location. However, the advanced signal processing methods could improve much 
the accuracy of the damage detection and identification. 
 
One of the promising signal processing method is the wavelet transform of measured vibration signals. 
Using the discrete wavelet transform of the modal shapes of a structure it is possible to separate a 
signal into two parts: approximation and detail coefficients. Then, the detail coefficients are analysed 
in order to detect and localize small singularities in a signal. The great practical importance of this 
approach has its generalization to the 2D problems, which give a set of approximation coefficients and 
three sets of detail coefficients (horizontal, vertical and diagonal). Previous studies in this field [1] had 
shown the great accuracy of damage identification both for numerical and experimental tests. The tests 
were preformed for square artificially damaged laminated composite plates clamped on the edges. 
Obtained results show that there are some factors which have a great influence on the accuracy of a 
method. 
 
The great importance during the analysis has a choice of appropriate wavelet, previous studies 
conducted [1,2] that the best wavelet family, with respect to other families of orthogonal compactly 
supported wavelets, is the B-spline wavelet family. During the application of the signal processing 
algorithm there are some unwanted derivative phenomena, e.g. boundary effect which causes 
singularities on the boundaries of the investigated domain. The methods of its reduction were analyzed 
in [3]. Another important factor is the choice of a type of wavelet transform. Preliminary studies 
shown that the discrete transform is the less time-consuming and the most accurate one in comparison 
with continuous wavelet transform, stationary wavelet transform and the wavelet transform with lifting 
scheme.  
 
In order to improve and test the proposed algorithm of signal processing for damage identification in 
composite structures some additional studies were carried out. It was noticed that the magnitudes of 
coefficients after wavelet transform are proportional to the amplitudes of modal shapes and thus, the 
damage identification is possible only in the regions with high displacement. For solving this problem 
it is essential to consider a few modal shapes in the analysis. 
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The algorithm should be also applicable for damage identification in structures with high degree of 
non-linearity of their geometry. In order to test its applicability the numerical model of a composite 
rotor blade with longitudinal crack through the whole length was taken into consideration. In this case 
the projection on the plane was used for extracting only one (bending) displacements’ component. The 
results of analysis were presented in Figure 1. 
 

 
Figure 1: Results of damage identification in a composite rotor blade. 

 
As it could be noticed the results of analysis for the first modal shape (Figure 1.a) presented only a 
part of a true damage resulted by low amplitudes in the left-side region of a blade. Following the 
previous proposition the absolute values of all details coefficients for the first five bending modal 
shapes were added. Using such an approach the modelled crack was identified and clearly localized 
(Figure 1.b). 
 
For improving the presented algorithm it is planned to develop new spatial wavelets and use them for 
damage identification. 
 
 
The research project was financed by the Polish National Science Centre granted according the decision 
no. DEC-2011/03/N/ST8/06205. 
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ABSTRACT 

The lack of reinforcement in the thickness direction of laminated composites leads to delamination 
damage as the dominant failure mode in various practical applications. A method to overcome this 
inherent weakness is Z-Pinning. This process involves the insertion of small diameter pins, made from 
fibrous composite or metals, through the thickness direction of the composite material. This is done 
prior to the final cure process and results in a composite structure capable of resisting delamination 
growth [1] and thus improving impact damage tolerance [2] and aiding the performance of joined 
structural composite parts, such as stringers [3]. 
 
Experimental studies on z-pinned composite laminates have typically characterised arrays of pins 
through standard fracture toughness tests [3-4] and bespoke pull-out and shear tests [4-5]. However 
due to pin to pin interaction and the large variation of the inserted pin quality and offset angles which 
arise from the manufacturing process, it is difficult to extract single pin behaviour from such tests.  
The purpose of this investigation was to characterise the behaviour of a single z-pin inserted through 
the thickness of a composite block directly. Mode I, mode II and mixed mode loading cases were 
considered. The data collected will be useful for the calibration of z- pin bridging laws that can then be 
implemented into a cohesive zone model for high fidelity finite element analysis.  
 

 
Figure 1: Diagram of single z-pin test specimen 

 
A schematic diagram of a z-pin specimen manufactured for this study is shown Fig. 1. Each specimen 
is made up of 64 plies of IM7/8552 pre-preg (Hexcel, UK) with a 16 m PTFE release film inserted at 
the mid-plane. A single 0.28mm diameter T300 carbon/BMI pin was inserted through the thickness.  
The two stacking sequences used are shown in . 
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 First A. Author, Second B. Author and Third C. Author  

Uni-Directional 
(UD) 

Top Half [032/10] 

Bottom Half [032] 

Cross-Ply  
(XP) 

Top Half [0/90]8s 

Bottom Half [90/0]8s 

 
Table 1: Layups used in experimental investigation 

 
Representative load vs. displacement results of the UD and XP samples tested at different mode 
mixities are presented in Fig. 2. The results indicate a substantial difference between the bridging 
mechanisms of a single pin inside a UD and XP specimens. 
 

 
Figure 2: Representative UD and XP samples load vs. displacement results 

 
Analyses of the different mechanisms which contribute to the bridging response of each mode mixity 
and layup are discussed. The influence of the stacking sequence and the offset angle of the pins within 
the laminate are quantified and discussed.  
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ABSTRACT 
 
In a previous paper [1], mode I static tests were conducted on double cantilever beams DCB made up 
of adhesively bonded composite material (see Figure 1.). The strain energy release rate SERR and 
compliance was correlated with the crack length using both numerical and analytical methods. In this 
paper we compare and discuss in detail the various analytical methods employed for the determination 
of crack length from the opening of the faces and evaluation of the strain energy release rate SERR, 
along with a detailed description of the method used to determine the flexural and the shear moduli of 
the laminate. 
 
The techniques developed by Krenk [2] was first utilised, which involved the approximation of the 
adhesive as a continuous distribution of independent springs, whereas, the adherents were modelled by 
classical beam theory. This resulted in a cubic relation between the opening δ and the crack length a. 
The SERR and opening δ were not in agreement with the results obtained from FEA. The effect of 
shear on the deformation and orthotropic behaviour of the material were considered as the main 
causes.  
 
To assess the influence of shear deformation, three point bending tests were performed at different 
span lengths, on specimen having same stacking sequence as that of the double cantilever beam DCB 
as seen in Figure 2. Flexural modulus E and out of plane shear modulus Gxy were evaluated by linear 
interpolation of load versus strain test data. These values were used to simulate numerically the 
bending of a nominal sized CRFP specimen, by using two-dimensional plane stress elements, and in 
three-dimensions using conventional and continuum shell elements. Deflections were evaluated 
analytically with the identification of contributions of bending and shear. The slopes so obtained from 
the load versus displacement data of numerical simulations were compared with the experimental ones 
and for shorter span lengths considerable effect of shear stiffness was observed.  
 
The Krenk’s formulation was therefore modified with shear in accordance with the works of Williams 
[3], which concludes that the shear stiffness is the main factor causing composite DCB specimens to 
deviate from the cantilever beam theory and was again compared with the results obtained by 
numerical simulations using the virtual crack closure technique VCCT as seen in Figure 3. 
 
Timoshenko beam on Winkler elastic foundation (TB on WEF), developed by Kondo [4], was further 
utilised for the evaluation of SERR and compliance, which effectively involves the shear stiffness 
considerations and was found to be in close agreement with the results obtained from FEA. Another 
data reduction scheme, known as Timoshenko Beam on a Two-Parameter Elastic Foundation (TB on 
2PEF), developed by Shokrieh et al. [5] was utilized, which is an extension of the Timoshenko Beam 
TB by taking into account the effect of crack tip deformations under the interface peel and shear 
stresses as well as shear deformations at beams thus forming a two-parametric elastic foundation (with 
extensional and rotational springs). The results so obtained were also in agreement with the FE results 
obtained through VCCT.  
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Figure 1. Configuration of double cantilever 
beam DCB 

Figure 2. Schematic representation of the 
three-point bending test. 

  
(a) (b) 

Figure 3. (a) Face openings vs. the crack length for FEA & other analytical schemes 
(b) Crack length vs. SERR for FEA and other analytical schemes 
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ABSTRACT 

CFRP parts are widely used in aeronautics since long time, but in the recent years main structural 
elements are also to be produced in composite materials, in order to gain improved resistance/weight 
ratios and reduce fuel costs normalized to number of passengers and with environmental benefices. 
The material certification for CFRP laminates to be applied on civil aeronautical structures is statically 
determined by the main constructors and the principal strength limit values are well known for any 
loading conditions in case high strength and high modulus pre-preg carbon fabrics of elevated quality 
are considered. Particular care is found to be critical in specific structural configurations, in case of 
bearing behaviour for bolted laminates for example under tensile and compression loading state, due to 
the hybrid material junction characteristics and by-pass problems. Other special cases are carefully 
studied for aircraft reliability purposes, such as the Open Hole compression properties and 
Interlaminar Shear strength, which are related to the most dangerous failure modes for composite 
made aeronautic parts, especially in case the working conditions are approaching the temperature 
material limits. 
In addition, the fatigue limit values are in general claimed to be extremely elevated for aeronautical 
composites, as compared to the tensile strength for example, giving rise to the concept of composites 
considered as fatigue failure free materials and with small safety factors to be needed. Practical 
experience and recent fatigue experiments showed a certain level of fatigue material decay is always 
present in different amounts and according to specific composite characteristics and stress states. 
In this work, the results of a large amount of fatigue tests are presented and described for the three 
most interesting ASTM testing and loading procedures: tension-tension Bearing by-pass (BEA tests), 
Open Hole Compression (OHC tests) and Interlaminar shear strength determination (ILSS tests). The 
current standard codes are well suited for the mentioned tests only in case of static load [1]; special 
care on specimen preparation is always recommended and special fixtures are clearly described to 
conduct tests in a standard and repetitive way. When fatigue loading is applied the test procedure is 
not directly applicable, cause several difficulties appear case by case. The experience acquired during 
the first fatigue tests and the conceived experimental solutions allowed to conduct the testing 
campaign in the most efficient way, producing interesting results and useful observations. The residual 
strength determination is also performed for not failed specimens and values are compared to the 
ultimate strength. 
In Figure 1, the test fixtures used for the fatigue test are reported. Test fixture used for Bearing test is 
very simple with respect to the one defined in standard ASTM D5961 and it consists of two plates 
connected by several bolts. Finally, while test fixture used for Short beam specimen is the same of the 
standard ASTM D2344, the test fixture used for Open Hole Compression is commonly used and well-
known as CRAG. Particular attention is needed to ensure alignment of specimen in the test fixture and 
minimize load transfer through the anti-buckling plates, since for fatigue tests the strain gauges are not 
applied to check the stress distribution. All the fatigue tests were carried out on a servohydraulic test 
machine at a frequency of 5 Hz and a load ratio R = 0.1. A limit value of 106 cycles was considered for 
run-out tests. 
The first fatigue results, which are referred only to Bearing and Short beam specimens, are resumed in 
Figure 2 in terms of applied stress amplitude normalized to the corresponding ultimate strength of the 
specimen. The fatigue curves shows a very limited slope and consequently elevated scatter of the 
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experimental data. However, the Bearing specimens highlights better fatigue behaviour with respect to 
ILSS data, since the fatigue limit is approximately near to the 40% of the static strength (Fig. 2). 
The first results of OHC tests seems to produce similar results to BEA data. From these test results the 
more critical loading condition is realized in the Short Beam specimen. 

a) b) c) 
Figure 1: Fixtures and test configuration: Bearing (a), Short Beam (b) and Open Hole Compression (c). 
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Figure 2: Comparison of fatigue behaviour of Bearing specimen and Short Beam specimen. 
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ABSTRACT 
 
Tapered composite laminates formed by terminating or dropping-off some of the plies have received 
much attention from researchers, because of their potential for creating significant weight savings, by 
tailoring the thickness of the components. Nevertheless, ply terminations create geometry and material 
discontinuities that can act as potential sources for delamination initiation and propagation. There has 
been significant research work to understand the failure mechanisms induced by ply drop-offs in 
tapered laminates through the determination of the state of interlaminar stresses in the vicinity of ply 
drop-offs, the calculation of strain-energy release rate associated with delamination within the tapered 
region, and the direct modelling of delamination progress by using finite element analysis [1]-[3]. The 
delamination analysis of tapered composite laminates involves the determination of interlaminar 
stresses using finite element methods or analytical tools, the prediction of delamination onset location, 
and simulation of delamination propagation. In order to predict delamination onset and growth and, 
hence, the performance of the composite laminates, some form of failure predictive methodology 
needs to be applied. Two general approaches exist for this purpose. They are the strength-of-materials 
approach (stress, strength approach) and the strain-energy-release-rate approach (fracture mechanics 
approach) [4]. 
 
Although much of the research work up to now was driven by commercial and military aircraft and 
rotorcraft applications, the benefits that tapered composite laminates offer to a design engineer, can 
also been seen in the design of load bearing spars for wind and tidal turbine blades. The basic 
difference is that in the renewable energy sector usually much heavier prepregs are used in out-of-
autoclave manufacture processes, which result in thicker plies and hence structures. In this work we 
aimed to experimentally quantify the effect of ply thickness on the performance of a tapered laminate 
by employing the same stacking sequence but prepreg materials of different fibre areal weights. In 
addition, by combining the material’s behaviour, obtained through established fracture mechanics 
tests, and finite element analysis, we have attempted to predict the observed behaviour, and hence 
validate a numerical approach for fatigue life prediction. 
 
A unidirectional HS-Carbon/epoxy material was used in three fibre areal weights: (A) 600 gsm, (B) 
400 gsm and (C) 300 gsm. Tapered laminates were hand laid-up and oven cured at 80 °C for 5 hrs. 
Pressure was applied through a vacuum bag. The resulting cured ply thickness for the three laminates 
was 0.66 mm, 0.45 mm and 0.33 mm, respectively. The lay-up was [0°/0°/+45°/0°/-45°/0°3]S with the 
0°, +45 , 0° and -45° plies dropping at approximately 30 mm intervals, and with a 0° ply used as a 
cover to provide a core (i.e. thin end) of eight plies in total. Quasi-static and fatigue tests were 
performed on all three configurations. Two PixeLINK™ digital cameras were employed to record 
photographs at specified time intervals during the tests to assist with identifying the damage initiation 
and ultimate failure more accurately. Both edges of the composite specimens were painted white and a 
grid was marked to enable tracking of the delamination onset and growth. All data (i.e. load, 
displacement, photographs) were recorded using a purpose built LabView® program. 
 
In Fig. 1(a), a sequence of photographs taken for a specimen tested at 45 kN maximum fatigue load 
and R=0.1 shows the exact location of damage initiation and the direction of the delamination 
propagation. Using the grid marked on each specimen the delamination growth rate was established. In 
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all cases delamination initiated at the end of the 0° terminating ply closest to the core and propagated 
at either side of this ply towards the thick end of the laminate configuration.  The experimental results 
in Fig. 1(b) showed a clear performance change as the ply thickness increased to 0.66 mm, for both the 
quasi-static and fatigue tests. Under static loading (N=1) the stress at delamination initiation was 
proportional to the inverse square root of ply thickness. Under fatigue loading the same proportionality 
factor was found. This was explained by means of the critical strain energy release rate at the 
delamination front. 
 

  
(a) (b) 

 
Figure 1: (a) Delamination initiation and growth for tapered laminate tested in fatigue  

(b) Experimental results for cycles for onset of delamination 
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ABSTRACT 
 

 
Ceramic matrix composites (CMC) are interesting structural materials for high temperature 

applications, owing to their good mechanical properties at elevated temperatures. Cf/SiC composites 
have been developed for aeronautic and aerospace applications. Acoustic emission is a transient wave 
resulting from the sudden release of stored energy during damage. Detection and analysis of acoustic 
emission (AE) are powerful means for identification of damage phenomena and monitoring of their 
evolution. Damage of fiber reinforced ceramic matrix composites involves several phenomena at 
various length scales including matrix cracking, fiber debonding, fiber failures. The objective of the 
present paper is to propose a quantitative approach to damage identification based on signal analysis 
by pattern recognition. The signals recorded depend on the source, material microstructure and sensor 
features. However, in identical conditions, similarities exist among the AE signals originating from 
similar sources. Consequently, it can be considered that a signal represents a source and that the 
acoustic signature of a damage mode can be determined.  

 
A 3D multi-layered composite made of self-healing [Si-B-C] matrix reinforced ex-PAN (High 

Resistance) carbon fibres (40% volume fraction) was investigated. Test specimens with 4 mm 
thickness, 16 mm width, and 30 mm gauge length were tested. Static and cyclic fatigue tests were 
conducted in air at various temperatures (700°C, 1000°C and 1200°C) under uni-axial on axis tensile 
loading. The cyclic fatigue tests at 700°C and 1000°C were conducted under tensile/tensile sinusoidal 
loading with constant amplitude and 0.25 Hz frequency.  
 

 Two methods [1-3] for signals discrimination were implemented in order to analyse AE data and 
identify source mechanisms involved during fatigue at high temperatures on C/[Si-B-C] composites: 
an unsupervised classification (PCA + k-means) and a supervised classification (K-nearest 
neighbours). First, the unsupervised classification gave reproducible clustering solutions with 4 
(denoted A, B, C and D) or 5 classes (denoted A, A’,B, C and D) in static fatigue (depending on 
testing conditions) and 4 (denoted A, B, C’ and D) classes in cyclic fatigue. Analysis of AE activity, 
mechanical behaviour and SEM observations led to the identification of 6 distinct types of AE signals, 
which were each associated with one main damage mechanism.  
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Figure 1.  Flow chart representation of the pattern recognition method proposed for the analysis of the 
AE data showing the main steps. 

 
 

The unsupervised classification method was used to differentiate the signals generated during 
reference fatigue tests performed on C/SiC samples at high temperature. Each class of signals was then 
associated to relevant damage mode: Class A: Collective fibre breaks, Class A': individual fibre 
breaks, Class B: matrix cracking, Class C: fibre/matrix debonding, class C': yarn/yarn debonding, 
Class D: sliding at fibre/matrix interfaces and closure of matrix cracks after unloading. The training set 
for the supervised classification set was created by merging AE data collected during reference static 
fatigue tests (1200 ° C-150 MPa) and cyclic fatigue tests (700 ° C-0/130MPa). The library of signals 
was then used to identify the damage modes generated during fatigue tests performed at various 
temperatures. The use of a supervised classification allowed identifying AE signals with a better 
accuracy regardless of testing conditions (temperature, applied stress and loading mode). The 6 types 
of signals could be distinguished even when present in small quantity. It allows real-time 
identification of damage mechanisms regardless of testing conditions (temperature, applied 
load and loading mode). 
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ABSTRACT 
 
 

Non-oxide ceramic matrix composites and more particularly SiCf/[Si-B-C] or Cf/SiC 
composites have been widely studied during the last decades and are very attractive 
candidates for many high temperature structural applications, thanks to their high temperature 
strength and low weight. Future engine applications in civil aircrafts are foreseen for such 
composites, but these applications require a very long lifetime in service conditions. Expected 
lifetimes in service conditions are tens of thousands of hours and therefore unattainable in 
laboratory tests. The objective of this paper is to propose an Acoustic Emission (AE) based 
approach to lifetime prediction for CMCs. 

 
In this study, Cf/[Si-B-C]  and SiCf/[Si-B-C] composites with self-healing matrix were 

studied under static fatigue under air at temperatures of 700°C, 1000°C and 1200°C for the 
Cf/[Si-B-C]  composite and at 450 °C and 500 °C for the SiCf/[Si-B-C]  composite.  AE was 
recorded during the tests. A main purpose of this study was to consider the possibility of 
predicting rupture time from damage evolution recorded by AE technique. It has been 
observed that an increase in the seismic activity, prior to large earthquakes, is described by a 
power law. The cumulative Benioff [1] “strain” (the sum of the square root of the energy 
released for sequential earthquakes) has been suggested as a precursory phenomenon of large 
earthquakes, increasing as an inverse power-law of time before the main shock. This 
precursory phenomenon is similar to the evolution of damage in a material during the tertiary 
creep stage. In this paper, results derived previously from the problem of seismic activation 
prior to earthquakes are applied on CMC.  Under constant stress, micro cracks are created, 
which generate elastic waves in a manner similar to earthquakes. 

 
 Two approaches based on the analysis of liberated energy are applied [2].  First, a 

coefficient RAE was defined in order to describe the evolution of AE activity during test. Then, 
the applicability of the Benioff law was examined in a qualitative way. It is generally 
accepted that the energy of an AE signal represents a part of the energy released at the source. 
The recorded AE signal energy is affected by distance of wave propagation, energy 
attenuation due to damage, coupling between sensor and material, and by sensor frequency 
response. The effects of attenuation due to propagation distance effects and material damage 
can be eliminated by combining AE signals energies recorded by sensors. The influence of 
coupling may lead to a different amount of energy received by each sensor even for a source 
located at equal distance. Hence, by comparing the amount of energy received at each sensor 
from any source located at mid-distance, recorded AE energies can be calibrated. The effects 
of attenuation due to damage are also corrected using calibration tests [3]. An equivalent 
energy of AE sources is calculated for each AE event from the signal energy received at two 

131131



 First A. Author, Second B. Author and Third C. Author  

sensors. A method of real-time analysis of associated energy release has been developed. The 
AER  coefficient decreases first (Fig.1), down to a minimum value for t = tm, and then it 

increases up to the failure of the composite at time tc. It allows the identification of a 
characteristic time tm/tc at 55% of the measured rupture time. The model based on Benioff’s 
law provides a satisfactory approximation of the acceleration of the process of the AE release 
after the minimum of the AER  coefficient. This result suggests that as the damage increases, 
especially after the minimum of AER  coefficient, a new stage appears leading to ultimate 
fracture. For the SiCf/[Si-B-C] composite and the Cf/[Si-B-C] composite, this avalanche 
phenomenon is certainly linked to the delayed failure of fibres (slow crack growth, oxidation). 
This characteristic time reflects a local critical behavior described by the Benioff law and it 
indicates a second damage phase when subcritical crack growth in fibers is predominant.  
The present work shows the applicability of the Benioff law to describe energy release. Future 
work will focus on the use of the Benioff law as a predictive model. The present method was 
applied to CMCs and is applicable to any material as long as AE activity is sufficient to allow 
a statistical study of the energy received by each sensor.  
 

 
Figure 1. Evolution of the RAE coefficient during the static load hold 
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ABSTRACT 

 
Experiences in Afghanistan and Iraq have shown that land mines and road side bombs such as IEDs 
(Improvised Explosive Devises) and especially EFPs (Explosively Formed Penetrators) are among the 
major threats. If military vehicles (and thereby the personnel) are to be protected using add-on panels 
of armored steel (RHA), they would become too heavy. Either the total allowable vehicle weight will 
be exceeded or the maneuverability will be unacceptable. There is thus a need to identify and test 
alternative materials, which are lighter than steel and provide the same or a better protection. Such 
alternative material could be advanced composite materials [1]. Composites are known to possess 
greater stiffness to weight and strength to weight ratios compared to steel and it is therefore envisioned 
that such materials can offer improved performance regarding blast protection.  
 
The present study examines the response of composite panels subjected to blast loading. The dynamic 
structural response of such panels is difficult to monitor because of the high speed and transient nature 
of the deformations due to the severity of the shock front impact. An effective method to assess the 
dynamic structural response is by use of high-speed digital cameras in a stereo setup, applying Digital 
Image Correlation (DIC) on synchronized images of speckled patterned specimens to monitor the 
dynamic structural response during the loading history. Using image correlation to monitor the 
structural response, allows for a full field dynamic analysis of the structural deformation, effective 
strains, strain rates as well as the possibility of monitoring the initial failure mechanisms in case of 
fracture. To perform the image correlation the commercial software ARAMIS is used. 
 
 

 
 

Figure 1
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Figure 2 
 
The test facility consists of a 20ft container, a high speed 3D DIC system and a blast box in which test 
panels can be mounted, see figure 1. The blast box is constructed of several steel parts that are 
bolted together and has been designed to allow for testing under various load conditions. The 
test panels have in-plane dimensions of 700x700mm with a blast exposed area of 500x500mm. The 
panels are fixed along all edges and the blast box has been dimensioned for blast loads up to 500g 
TNT and allows for test with a standoff distance up to 300mm. 
 
The use of high speed DIC for blast experiments is a well-established test method reported by several 
authors [1-2]. Many of the performed experiments in the literature have been aimed at plates in various 
types of metallic material, but the measuring techniques can easily be used for composite plates as 
well. To obtain valid and accurate results special attention has been given to match speckle pattern 
with facet size and resolution of the cameras, see figure 2. The speckles applied to the plates should 
cover between 3-6 pixels [3] and the size of the speckles applied therefore becomes dependent on the 
field of view and the chosen resolution which again is a consequence of the required frame rate [1, 4]. 
With the designed setup it is thus possible to monitor the in and out of plane plate deformations and 
the inplane strain development. Figure 3 gives an example of the measured out of plane deformation.  
 
 

 
 

Figure 3 
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ABSTRACT 
 
The damage evolution and the development of transverse cracking in cross-ply laminates subjected to 
static uniaxial loading have been extensively studied [1–5].  A reference bibliography model has been 
developed and implemented for simulating the two-dimensional strain distribution in transverse 
cracked cross-ply laminates. 
 

A key point is to better understand their complex mechanisms of degradation, from the process to the 
final failure. This requires the development of multi-scale models than can capture the effect of 
fiber/matrix debonding, transverse cracking, delamination, and all potential interactions between these 
damages.  
 

It is well known that laminated composites can exhibit two main mechanisms of degradation, 
depending on the in-plane loading. Shear loading mainly induces so-called “diffuse” damage, mainly 
related to fiber/matrix debonding. Transverse loading is responsible for the development of transverse 
cracks that completely percolate throughout the whole thickness of the single ply. An important 
material parameter in composite design is the fracture toughness to transverse cracking that is 
commonly identified with multi cracking testing on cross-ply laminates. The primary objective of the 
present work was to identify the effect of pre-existing diffuse damage on this fracture toughness. The 
material studied was a [0/90]s carbon fiber pre-preg T700/M21. 
 

The experimental part of this work was based on three stages. The first stage was the preparation of 
materials: Laminates plates of carbon fiber pre-preg were laid up in a [0/90]s configuration with 
dimensions 300 × 300 × 1 mm and cured in compression molding at the manufacturer’s specified 
single dwell temperature of 180 C. 
The second stage was to characterize the material in the shear direction, and to study the evolution of 
damage. Samples of [+45/-45]s were obtained by cutting with a numerical control machine. Static and 
quasi static tests were performed on the samples. Digital image correlation was used to determine the 
strain field evolution at the surface during the mechanical tests. The results of this stage were the shear 
damage evolution versus the applied strain or stress, and the evolution of transverse crack numbers 
after different levels of damage. 
In the third stage, we observed the evolution of transverse cracks on [0/90]s pre-damaged samples 
subjected to tensile stresses of 350, 450, and 550 MPa. This was accomplished using X-ray 
tomography coupled with an in situ mechanical testing machine. The samples in this stage were cut by 
water jet from the pre-damaged samples at different levels of shear damage (0, 0.05, 0.10, 0.15, and 
0.20). With this microcracking data, the microcracking fracture toughness of the material was 
computed for each level of diffuse damage. 
Figure 1 presents X-ray images with die penetrant. The number of transverse cracks for the five 
chosen damage levels is indicated for the applied loads of 1400, 1800, and 2200N. The number of 
cracks increases with the level of damage. 
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Figure 1: X-ray images with die penetrant. The number of transverse cracks for the five chosen 
damage levels is indicated for the applied loads of 1400, 1800, and 2200N. The number of cracks 

increases with the level of damage. 
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ABSTRACT 
 
Vacuum Infusion process is an open mould injection process for manufacturing composite parts with 
reduced tooling costs in comparison with the standard resin transfer moulding techniques RTM. The 
procedure is based on the use of the vacuum driving force to infiltrate resin through a vacuum bagged 
fiber preform. The fact that a mould face is replaced by the vacuum bag, make this process hard to 
control from the viewpoint of thickness and void content. Moreover, the permeability factor, the basic 
fabric characteristic controlling the infiltration process, depends on the fabric characteristics as well as 
the fiber volume fraction or thickness. In this work, the infusion process and the compaction 
phenomena is analyzed by means of the digital image correlation technique (VIC-3D Correlated 
Solutions [4]). The deformation of the panel is obtained from the displacement of the vacuum bag 
measured with VIC-3D [1] and this information is used and post processed to obtain the permeability 
factors and their dependence with the fiber volume fraction [2]. To this end, the partial differential 
equations controlling the infusion process are solved with Mathematica [5] software and the 
permeability parameters -in-plane and through-the-thickness- are iteratively obtained to minimize the 
error with respect to the experimental compaction results. The partial differential equation for the fluid 
pressure as a function of spatial coordinates and time ),( trp are based on the continuity and Darcy’s 
equation as: 
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Where fv  is the fiber volume fraction, K  the permeability tensor and  the fluid viscosity. It should 
be noted that the permeability factor depend on the volume fraction of reinforcement (see Kozeny-
Carman [3]) and this in turn to the applied pressure on the fiber bed. This equation is solved for 
arbitrary values of the permeability factors to minimize the difference with the measured thickness 
obtained with the VIC-3D technique.  
 
A typical experiment measurement with DIC-3D is plotted in Figure 1. E-Glass plain woven preforms 
(0.5 kg/m2) are infiltrated with corn syrup and the thickness evolution is measured with the DIC-3D 
technique, plotted at six different and equally spaced positions through the infused panel. In all the 
plots, the evolution of the thickness is similar and two stages, filling and post-filling, are easily 
observed. Initially, the thickness of the panel increases in the filling stage due to the load transfer from 
the fiber bed (supporting the vacuum pressure at the beginning of the experiment) to the corn syrup, 
until the steady state regime is attained when the fluid reaches the outlet gate. After that point, the inlet 
gate is closed and the post-filling stage initiated until the vacuum pressure is again re-established and 
the final thickness of the panel is obtained.  
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As it was mentioned previously, the evolution of the panel thickness with time is simulated and the 
resolution of the partial derivative pressure equations solved with the Mathematica software. The 
values of the permeability factors are iteratively changed until a good match between the experiments 
and the simulation is obtained. This procedure has been used to obtain the in-plane and through-the-
thickness permeability factors and their dependence with the fiber volume fraction. To this end, two 
experiments are carried out: the first one is a standard infusion of the textile preform without the use of 
any distribution media (high permeability fabric used to speed-up the infusion of the resin). In this 
case, the fluid flow is constrained to be parallel to the plane of the laminate obtaining the in-plane 
permeability factor. After that, the experiment is repeated with the distribution media (with a priori 
known in-plane permeability) observing a mixed in-plane&out-of-plane flow which enable to measure 
the through-the-thickness permeability factor, Figure 2.  

 
Figure 1: Experimental and numerical thickness evolution at six different positions equally spaced 

through the infused panel. 
 

 
 

 
Figure 2: Pressure pattern evolution in a representative section of the panel. The effect of the DM is 

observed. The flow is initially favoured in the top of the panel until the final saturation 
 is achieved. Max. pressure (Black), Min. pressure (White) 
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ABSTRACT 
 
Manufacture of composites using Liquid Resin Infusion (LRI) methods is usually performed either via 
Resin Transfer Moulding (RTM) or Vacuum Assisted Resin Infusion (VARI). RTM uses sealed 
matched metal tooling in which the fabric preform is placed; resin is then pushed under pressure from 
one, or more, inlet ports toward the outlet ports. The flow is essentially 2D and large distances, 
possibly requiring large pressures, may be needed for large parts unless a sophisticated system of 
sequential inlet ports is used. The alternative VARI method overcomes the problem of infusion 
distance by using a high permeability flow media to distribute resin over one fabric surface; sealing 
membranes and vacuum then force the resin to flow primarily through the thickness. This method is 
advantageous for large parts since only low pressure one-sided tooling is required, but does have the 
disadvantage that fibre volume ratios may be slightly lower and only one smooth surface is possible 
from the moulding.  
 
RTM infusion simulation is relatively straightforward and can be treated as a 2D flow problem using 
Darcy’s law. However, VARI infusion simulation presents additional problems since flow is 3D and 
orthotropic permeability data is required. The fabric will also undergo thickness changes, depending 
on pressure, which will further modify fabric permeability and flow rates. This presentation outlines 
some ongoing test and simulation work to simulate 3D VARI infusion. 
 
The infusion study presented involves a demonstration module for an aircraft structure consisting of 
four C-Spars molded to an outer skin. For increased stiffness the central portion of the panel uses a 
sandwich construction; a section cut of the assembly is shown schematically in Fig. 1. Briefly, once 
flow ports are opened, the resin quickly flows into the central inlet pipe and flow radiates outwards 
through the surface flow media, Fig 2a (17sec). At 224 seconds it has advanced well into the C-Spars, 
Fig 2b, and at 311 seconds, Fig 2c, it has flowed through the thickness and started to flow under the 
sandwich panel.  
 
 

 
 

Figure 1: Schematic cross section of the demonstrator. 
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(a) 17 sec (b) 224 sec (c) 311 sec 

 
Figure 2: Small demonstrator infusion test views and corresponding filling time. 

 
 
For infusion simulation new 3D capabilities in the infusion code PAM-RTM1 have been developed as 
part of a CEC European project INFUCOMP2. In this case 580.000 tetrahedral elements are used for 
the quarter symmetry model. Important input data determined experimentally include permeability for 
the flow media, fabrics and also for the fabric-to surfaces contacts; in this case the fabric-core interface 
was particularly important. Figure 3 shows the experimental setup used to determine permeability 
values and fit test to simulation results. For example the permeability’s for fabric and ‘fabric-core’ 
interface were found to be 1.5E-12 m2 and 3.7E-11 m2 respectively, indicating the sensitivity of this 
parameter. 
 

 
  

(a) (b) (c)  
 

Figure 3: a) test setup, b) foam-fabric interface test view and c) resin flow front test and fitted 
simulation results  

 
Simulation results for the quarter symmetry model are shown in Fig. 4, where a good agreement to test 
measurement is found. 
 

    
18 sec 237 sec 317 sec 

 
Figure 4: Demonstrator quarter model: infusion simulation views and filling time. 

                                                 
1 PAM-RTMTM, ESI Software, 99 rue des Solets, SILIC 112, 94513 Rungis Cedex, France (2006). 
2 CEC Framework VII project INFUCOMP (Contract 233926) 
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ABSTRACT 
 
Chemical shrinkage together with thermal expansion/contraction during curing of fibre composite 
materials is known to build up residual stresses. Residual stresses may lead to a knock down on the 
strength and fatigue properties of the material, as they could lead to premature failure of a part. 
Residual stresses are built up due to chemical shrinkage of the epoxy matrix and differences in thermal 
expansion behaviour between the glass fibre reinforcement and epoxy matrix. In addition the 
architecture of the fibre reinforcement has a great influence on these properties and the magnitude of 
residual stresses. Lastly the boundary condition’s which may restrict the material from deforming 
freely may contribute to the residual stress built up. 
Residual stresses in fibre composite materials and structures have been studied vastly for the past three 
decades and various approaches have been used to predict residual stresses [1-5]. An often taken 
approach to model the shrinkage behaviour of a composite is to measure the shrinkage of the neat resin 
and apply a rule of mixture type model to mimic the behaviour of the composite. 
The work presented in this abstract relates to the development of a model for predicting shrinkage and 
thermal expansion of a glass/epoxy composite. Since only the deformational change after gelation is 
relevant for predicting residual stresses in composite structures the point of gelation is measured. 
Shrinkage and thermal expansion is measured with modulated thermal mechanical analysis (MTMA) 
during several imposed temperature cycles (cf. Figure 1). 

 
Figure 1: Dimensional change measurements of a glass/epoxy composite with  

MTMA are shown in the figure. 
 
The MTMA measurements reveal that the dimensional change behaviour in the beginning of the 
imposed thermal cycle is highly complex and separation into a reversing and non-reversing 
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dimensional change illustrates that the complexity arise from competing effects (shrinkage, thermal 
expansion and crossing a glass transition). Dimensional change measurements of partially cured neat 
epoxy samples and glass/epoxy samples are used to establish models of chemical shrinkage and 
thermal expansion in the range from gelation and to fully cured. 
 
To construct the empirical models of the shrinkage and expansion it is important to identify the point 
of gelation. Measurements from two DMA techniques are used. The neat epoxy is analysed in small 
strain oscillatory shear using parallel plates and for the glass/epoxy samples gelation is identified with 
dual cantilever beam setup (cf. Figure 2).   

 
Figure 2: Gelation of the epoxy resin is measured with two DMA techniques; a parallel plate torsion setup 
and a dual cantilever beam setup. Results from the DCB setup are shown in the figure.   
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ABSTRACT 
 
Hybrid fibres consist of two or more fibre materials typically woven or stitched together in a fabric in 
an attempt to tailor the advantages of both fibres while mitigating their limitations. Continuous 
glass/carbon hybrid fibres are of particular importance for the structural composites community 
because they are expected to combine the strength and stiffness of the carbon fibres with the ultimate 
strain, processability, and economy of the glass fibres. This work investigates the compression and 
shear behaviour of unidirectional laminated composites made of non-crimp glass/carbon fibres and an 
epoxy resin, through testing and finite element analysis. Particular attention is paid to the influence of 
the hybrid architecture in the distribution of elastic stress and strain in the composite, which is further 
examined by digital image correlation.      
 
Unidirectional laminated composites made of glass/carbon fibre non-crimp hybrid fabrics and a 
thermosetting resin are investigated. The hybrid fabric architecture is sketched in Fig. 1, where the 
thicknesses of the glass/epoxy and carbon/epoxy tows are indicated as hg and hc, respectively. The 
specimen dimensions, loading and support configuration (L1 to L4, w,d1,d2) comply with those of the 
corresponding ASTM standard [1]. Laminated composites were fabricated using a standard resin 
infusion process.     

 
 
 
 

Fig. 1 Schematic of a glass/carbon/epoxy V-notched shear (Iosipescu) hybrid specimen. 
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Compression failure of unidirectional composites may be dominant over tension in most structural 
applications of unidirectional composites, since it is known that the compression strength of these kind 
of composites is in the order of 50% their tensile strength [2]. Therefore, the compression behaviour of 
the hybrid composite is of main interest here and is examined by testing and the use of classical 
micromechanical models. Compression testing will utilize a recently developed compression test 
fixture which is able to control the ratio of end-to-shear loading, known as the “mechanical combined 
loading” fixture [3]. It is accepted that the compression failure of unidirectional composites is 
governed by the matrix shear properties (which acts as an elasto-plastic foundation against fibre 
micro-buckling) and the fibre misalignment, characterized by a misalignment angle (  [2,4]. There 
are several micromechanical models to predict the compression strength of unidirectional fibre 
reinforced composites based on its shear properties [2,4]. The Budiansky’s model, for example, is a 
micromechanical model which has been successfully used to predict the compressive strength of (non-
hybrid) glass and carbon composites [2,4,5]. Assuming a linear elastic-perfectly plastic behaviour in 
shear, this model predicts the composite’s compression strength ( c) as a function of a statistical 
measurement of the composite’s shear modulus (G) and its shear yield strength ( y) as, 
 

                                                                                                                                       (1) ( )
  

 
 
Therefore, knowledge of the shear properties of the composite is instrumental to investigate its 
compression failure. One of the most accepted test methods to measure shear properties of laminated 
composites is the V-notched (Iosipescu) shear test [6], Fig. 1. However in the case of hybrid 
composites, the stress and strain distribution upon shear (and compression) loading may not be 
uniform given the hybrid architecture. For the Iosipescu shear specimen, this non-uniformity may 
extend beyond the (small) size of the specimen’s shear zone, which would compromise the validity of 
the test results to determine shear material properties of the composite. Therefore, using finite element 
and digital image correlation analyses, this work will investigate the stress/strain distribution and 
failure mechanisms of glass/carbon/epoxy hybrid composites during MCL compression and Iosipescu 
shear testing, in an attempt to produce recommendations on test specimen configurations that are 
meaningful to obtain reliable material properties.  
 
The authors wish to acknowledge the support of the Danish “Advanced Technology Foundation” 
under the “Blade King” project. 
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ABSTRACT 

 
This paper aims to evaluate the material properties of polymer concretes controlling density, degree of 
cure, and weight fraction between aggregates and epoxy resin. The density of polymer concretes 
varied with mixing ratio because the number of internal pores depends on the weight fraction of epoxy 
resin. The real-time the degree of cure of epoxy resin was measured by a dielectrometry sensor to 
evaluate the curing time under room temperature. The dissipation factor representing the ratio of 
dissipation energy was measured by a LCR meter. The dissipation factor varied with phase change of 
polymer material. This factor decreased as the curing was progressed because the movement of dipoles 
and ions was diminished [1]. In this study, curing polymer concretes was carried out under room 
temperature circumstances. The three curing points were selected based on the degree of cure data. 
The compression test was performed using MTS-810 machine and compression platen. The test was 
carried out following the standard test procedure described in ASTM C 579-01. The specimens were 
fabricated under the same circumstances condition in the environment chamber (25 C). The 
compression speed was 1.25mm/min and the dimension of specimen was 20 20 60mm3. The test was 
carried out at the three curing points and results were compared one another. The test results are 
shown in Fig.1. 

  
Figure 1: Degree of cure and Compression test results. 

 
Compressive strengths were measured according to the mass density of the specimens and as a result, 
those strengths varied with the density and mixing ratio of specimens.  
To estimate the mechanical strain and the coefficient of thermal expansion of the polymer concretes an 
FBG fiber optic sensor was embedded in the specimen [2]. The FBG fiber optic sensor was set under 
the successively increasing temperature environment from -20ºC to 50ºC to measure the wavelength 
shift data which were used to calculate the coefficient of thermal expansion of the polymer concretes. 
By manipulating the wavelength changes and other parameters the coefficient of thermal expansion 
was calculated according to the temperature range. The strain was calculated by Eq.1 with wavelength 
shift data acquired from the sensor. 
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Where , WL, WL0, and FG stand for strain, wavelength shift, reference wavelength, and gage factor 
respectively. Also, the strain induced by thermal stress on interfacial between the specimen and sensor 
was measured to calculate the coefficient of thermal expansion of polymer concrete using Eq.2 
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Where Pe, T, and  represent the strain-optic coefficient, temperature change, and wavelength shift 
data respectively. The subscription G means the case that FBG fiber optic sensor was attached on the 
face of the specimen and F stands for non-attaching case [3]. To compensate the sensor’s self-
variation caused by temperature changes, tests were carried out in glued and free cases. Test results are 
shown in Fig.2. 

 
Figure 2: Wavelength shift of FBG fiber optic sensor varied with temperature variation. 

 
Those data were used to estimate the interfacial behavior of the polymer concrete and cement concrete 
under a certain temperature environment by using a finite element analysis. 
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ABSTRACT 
 

Short steel fiber reinforced polymers (SSFRP), composed of high strength stainless steel fibers mixed 
in a polymer matrix, have been recently introduced as an alternative to glass and carbon fiber 
reinforced composites. Even though density of the steel fiber is much higher, it offers advantages over 
conventional fibers by its inherent strength and ductility. In addition to outstanding mechanical 
behavior steel fibers are used for improving shielding properties. 
 
Injection molding is a manufacturing technique allowing shaping of complex geometries at low 
manufacturing cost. Injection molding of steel fibers leads to high waviness of the fibers when 
embedded in the matrix. Knowledge of the geometry of fibers in terms of fiber length, waviness and 
orientation is necessary to relate geometrical parameters to the overall mechanical response [1].  Due 
to waviness and orientation of short steel fibers, two-dimensional imaging techniques for obtaining 
geometrical parameters cannot be adopted. Micro-Computed Tomography (Micro-CT) is a 
radiographic, non-destructive and contact-free technique to locate and size volumetric details in three 
dimensions.  
 
The present work attempts to demonstrate the application of micro-CT imaging to the analysis of wavy 
fiber composites. Steel fiber reinforced polycarbonate plates with 0.05% volume fraction are used for 
this study. X-ray tomograms are scanned in a high-resolution nano-CT system (Phoenix, Nanotom). 
The overall scanning resolution (voxel size) is 3 μm.  A 3D software is used (Mimics, Materialise, 
Belgium) for reconstruction and analysis of microCT images. The software is typically used for 
biomedical applications. A methodology is developed for the characterization of fiber diameter, fiber 
length distribution (FLD) and fiber orientation distribution (FOD) is presented. The obtained 
parameters are further used in a micro structural model for generation of representative volume 
elements (RVEs) of wavy short fiber composites. 
 
Figure 1(a) shows the reconstructed 3D model on Mimics software. As shown in Figure 1(b) separate 
masks can be built allowing the segmentation of single fibers. Using MedCad module, a centerline can 
be fitted for each individual fiber tracing its profile. Based on the distance between control points 
along the centerline, the fiber length can be obtained. With post-processing of the centerline data 
points, the fiber orientation distribution can be obtained (Figure 1(c)).  
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  (a)    (b)    (c) 
Figure 1: Procedure for characterization of fiber length and orientation distribution of SSFRP. (a) 3D 
reconstructed model in Mimics software  (b) segmentation of single fibers, fitting of centerline and 

measurement of fiber length  (c) post-processing for measurement of fiber orientation. 
 
Figure 2 illustrates the obtained fiber length distribution (FLD). It can be shown that the FLD is best 
presented with a Weibull function. Moreover, it was found that the fiber orientation distribution (FOD) 
can be presented by aquasi- random 2D orientation tensor. 

 
The obtained parameters are used in a geometrical model for generation of representative volume 
elements of short wavy fibers as shown in Figure 3. 
 

  
Figure 2: Fiber length distribution in the steel 

fiber reinforced polycarbonate sample. 
Figure 3: Geometrical model of internal structure 

of SSFR: RVE generation. 
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ABSTRACT

Strain gauges are commonly used for strain measurements; however, their performance depends on 
several physical and mechanical effects [1-2]. Some of these limitations are associated to the stiffness of 
the material tested, since larger elastic modulus of the strain gauge causes strain reduction in the softer test 
sample [3]. Attachment of the strain gauge also includes strain distortions around edges, where the strains 
are transmitted from the test sample to the gauge [3]. These phenomena are attributed to the effect known 
as "reinforcement effect" [1]. As a result of the reinforcement effect, strain gauges measure lower strains 
than the strains experienced by the test sample in the absence of the strain gauge. In figure 1, contour plots 
of the 3D model show both strain reduction below the gauge and strain distortions around the edges. 

Figure 1: Strain fields obtained by the 3D model at = 0.35 % (specimen dimensions 85 x 12 x 10 mm3) 

In the present study, correction methods of the gauge factor for a strain gauge are proposed. Gauge factor 
shows the relation between the relative electrical resistance change of the strain gauge and the strain of the 
underlying material. It is common that gauge factor is found from a calibration on a relatively stiff 
material. Nevertheless, the gauge factor will depend on the stiffness of the underlying material, thus 
ideally the calibration should be done on a similar material as tested. Experimental and numerical methods 
are used to determine the correction coefficient, C, for test sample with material stiffness ranging from 1 
to 200 GPa. In addition, a parameter study of specimen and strain gauge geometrical dimensions is 
included. Based on a full 3D finite element simulation the design of significantly less stiffness dependent 
strain gauge for use on thick test samples is proposed. Digital image correlation method was used to 
observe experimentally strain field distortions in the test samples.

Main conclusions of the study suggest that the correction coefficient of the gauge factor is greatly 
influenced by the test sample stiffness and thickness, as well as the length of the strain gauge. In figure 2, 
the 2D model predicted dependency of the correction coefficient on the test sample thickness and stiffness 
is shown, where C represents the ratio of the elastic modulus determined by strain gauge, Esg, over the 

151



S.Zike and L.P.Mikkelsen

elastic modulus of the material without attached strain gauge, Espec. Results indicated that for test sample 
with tspec = 1 mm and Espec = 1 GPa, the correction coefficient can reach almost 2.2, which corresponds to 
120 % error on the strain gauge measurement. It can also be seen that even moderately stiff materials are 
prone to errors, e.g. if Espec = 20 GPa and tspec = 1 mm then the expected the correction coefficient is 
1.055, i.e. strain gauge measurement error is 5.5 %. Furthermore, it is found that reduction of the 
correction coefficient by thicker specimen is limited, thus strain gauge measurement errors for soft 
materials cannot be eliminated using thick test samples.

Figure 2: The 2D results of correction coefficient affected by specimen thickness and stiffness, when the 
specimen attached to strain gauge HBM LY11-10/350

Evaluation of the strain gauge length revealed that shorter strain gauges are prone to larger strain
measurement errors than the longer ones. This was explained with strain distortions around the gauge 
ends, which occupy larger area relatively to the gauge length for shorter strain gauges. Thus to reduce the 
effect of the edge induced strain distortions, the improved design of the strain gauge pattern was presented
by elongating the end-loops representing gauge edges. Improved design of the strain gauge reduced the 
correction coefficient by 50 % for specimen with Espec = 1 GPa, tspec = 10 mm and attached to strain gauge 
HBM LY11-10/350. Furthermore, it was observed that the correction coefficient values decrease with 
increasing plastic deformation of the strain gauge. Digital image correlation method measurements 
indicated similar observations to those obtained by the 3D simulation model. 
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ABSTRACT 
Two main objectives of the experimental study of sandwich panels can be distinguished: the first one 
to provide data for direct use of producers and design engineers and the second one to provide material 
parameters for advanced computer analyses. In the first case tests are carried out mainly on full scale 
panels. The interpretation of experimental results and identification of material parameters is often 
based on Timoshenko beam theory. The advantage of this approach is that it is simple and well 
complies with the theory used by design engineers. However, this approach does not make possible to 
analyse some crucial failure mechanisms i.e. debonding, wrinkling of facings, appearance of blisters 
etc. To analyse these phenomena more advanced computer models must be used, i.e. FEM employing 
shell elements for the facings. This approach requires material parameter identification basing not only 
on tests on full scale panels but also on tests using specimens cut out from the panel. In the paper both 
approaches to experimental testing are discussed. The tests are also simulated in numerical way. 
Identification of mechanical parameters for typical materials of the core (polyurethane foam, mineral 
wool, polystyrene, metallic foam) is a complex problem. They usually exhibit greater deviations than 
the parameters of the cover plate which is made of steel. On the other hand these parameters strongly 
influence the displacements of the plate and play decisive role in local stability of the compressed 
facing. Therefore, many papers have appeared recently, which take up various problems of behaviour 
and identification parameters for many types of materials [1-3]. Because of low density, thermal 
insulation or cushion properties many applications of sandwich structures uses rigid cellular foams as 
a core material. Their mechanical properties depend on a lot of parameters which are characterised in 
detail by Mills [4].  
In the paper the main attention is focussed on material parameters of the core. Sandwich panels 
consisting of thin but relatively rigid external faces and a soft, polyurethane core are analysed. 
Behaviour of these structures depends strongly on the shear rigidity of the material in the core. A 
group of methods used in identification of the shear modulus of the core proposed in the literature [5, 
6] is based on the bending tests of the panels with measurement of the transverse displacement w. In 
this method very simple is preparation of samples, testing set-up, interpretation of results and 
estimation of parameters. The authors observed that it can lead to disadvantageous size effects. 
Therefore, a new method was proposed and described in [7]. In this method a similar bending test is 
carried out, but instead of transverse displacement, we directly measure two angles of rotation which 
appear in Timoshenko beam theory. These angles are measured in the vicinity of a support. The first 
one is the angle of cross-section rotation, the latter one is the slope of the panel. The shear modulus is 
calculated directly from the difference between these angles.  
To complete the study of the shear modulus of the core other tests were also performed, namely 
tension/compression tests (with and without confinement of transverse displacements), a double-lap 
shear test and a torsion test of cylindrical samples. The results obtained from numerous tests compared 
with numerical simulations will be presented on the conference.  
The results of tests demonstrated small scatter within the same type of test, but evident differences 
between types of tests. One of the goals of the study is to explain these differences in identified 
parameters.  
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The stiffness and strength properties of foam using micromechanical methods was evaluated by 
Subramanian in [8]. To better understand and interpret the deformation process and failure 
mechanisms of the PU material microscopic studies are also undertaken. Fig. 1 presents the 
microscopic photos of the cells before and after the compression test. One can observe permanent, 
large in micro scale deformation of cells and the failure concentrated at the boundaries of cells. This 
picture is in good agreement with observations on macro-scale. In the advanced state of loading in 
compression test specimens deformed non-symmetrically showing large transverse displacements.  
  

  
Figure 1: Micro observation of cell shape and damage. 
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ABSTRACT 
 
The identification and/or the validation of CFRP models, particularly for strain rate dependent models, 
require experimental results at various strain rates. These tests are classically performed on various 
testing devices, for example creep tests are performed on conventional testing devices with normative 
specimens and dynamic tests are performed on hydraulic jacks with non-normative specimens, due to 
a lack of normative procedure for high strain rate tests. Usually, shorter specimens are used to perform 
dynamic tests in order to adjust the specimen mechanical behaviour to the device capabilities and to 
reach higher strain rates. These shorter specimens may lead to inconsistencies between high and low 
strain rate tests, inter alia in the identification of the shear modulus, only because of the modification 
of the geometry [1].   
 
In this work, an experimental campaign is performed on the T700GC/M21 composite laminate 
material for various kinds of loading: creep, static and dynamic tests. The objective is to identify a 
viscoelastic model of the UD ply in a large range of strain rate [2]. In order to avoid the inconsistency 
between low and high strain rate tests, a validation study of a short geometry for dynamic tests has 
been performed with controlled strain rate tests and full field measurements with Stereo-Digital Image 
Correlation system. Strain fields and stress-strain curves are compared for the proposed and normative 
geometry to validate or reject experimental results from the shorter one. A geometrical criterion for 
[ 45°] laminate is build up with the results of the validation study to avoid inconsistencies. 
 
The validated geometries are used to perform dynamic tests on an hydraulic jack (see Figure 1), as 
well as static and creep tests on conventional testing devices.  
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Figure 1: Stress-strain curves for dynamic tests at various testing speeds for [ 45°] laminate. 

 
 

Results of this campaign are used to identify a multi-spectral viscoelastic model of the ply [2]. After 
identification of the parameters, the model is able to describe the creep, static and dynamic viscoelastic 
behaviour of the T700GC/M21 UD ply (see Figure 2). 

 

 
 

Figure 2: Comparison between model and experiments for dynamic tests on the left hand side, and for 
a multiple steps creep test on the right hand side for [ 45°] laminate. 
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ABSTRACT

The appearance of excessive residual strains during the manufacturing of composite structures is a
major issue, as this can result in strength reduction, the creation of cracks or even delamination. The
main origin of residual strain is thermal strain arising from the difference in thermal expansion
coefficient between the main composite constituents, namely the matrix material and the
reinforcement fibres. Fiber Bragg grating (FBGs) based optical fibre sensors are a powerful tool to
perform internal measurements of strain and temperature. Fibre optic sensors appear to have
interesting features to measure the build-up of residual strains during the cure cycle when embedded
inside the composite part without disturbing the material structure [1]. Research in this field has so far
been limited to the measurement of a wavelength shift attributed to longitudinal (in-plane) strain [2]
and to temperature. An extra grating [3] or another type of sensor is used to compensate the influence
of the temperature variations. All of those techniques require knowing the temperature at the exact
location of the grating which is rather difficult in large carbon fibre reinforced plastic (CFRP) part and
with high temperature variation. However, during the cure cycle the residual strain consists of thermal
strain induced in all three directions. Fibre optic sensor based methods for determining the transverse
(out-of-plane) strain have not been extensively investigated so far.

In this work, we describe how the use of a combination of two types of optical fibre sensors allows
identifying the residual strains built up during the cure cycle. First we rely on FBGs in a highly
birefringent microstructured optical fibre (MOF) specifically designed to be insensitive to temperature
effects and to identify transverse strain components with a sensitivity ten times larger than that of
conventional optical fibres [4]. The temperature insensitivity of the sensor stems from the very low
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sensitivity of the phase modal birefringence of a MOF to temperature changes [5]. The transverse
strain is encoded in the spectral distance between the two reflected resonance wavelengths of the
FBG in such a fibre. Second, we use single mode fibres protected from the transverse effects to
identify the longitudinal strain in combination with a system that corrects for the effects of temperature
changes.

These two types of FBG-based sensors were embedded in a CFRP material. The composite laminate
was produced by the vacuum bag autoclave technique. The lay-up was made of M10/T300 prepreg
material (Hexcel) with a thickness of 6 mm. The optical fibre sensors were integrated at critical
locations in the composite part in a specific fibre network to be able to monitor the residual strain
creation at several locations. The composite structure was also instrumented with several
thermocouples to monitor the temperature in the material at the FBG locations. The entire cure cycle
was monitored by following the Bragg wavelength changes and the wavelength separation of the
FBGs. Figure 1 presents the spectral distance versus the cure cycle for the MOF. It evidences a first
drop of which is linked to the polymerization onset. Moreover it features a large decrease of the
peak separation linked to the build-up of the residual strains during the consolidation phase.
Eventually, using the sensor signal of the MOF we will be able to assess the transversal strain in the
final composite piece while using the sensor signal of the second type of FBGs allows determining the
longitudinal strains as well.

Figure 1: Variation of the temperature and of the peak separation ( ) during the entire curing cycle.

C. Sonnenfeld and T. Geernaert are supported by the Research Foundation-Flanders (FWO-
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ABSTRACT 
 

Over the last decade, there is growing interest in condition monitoring of large composite structures. 
Several industrial applications (e.g. Aerospace, Wind industry, Naval industry, Civil infrastructure) are 
looking for reliable methods, capable of investigating damage evolution during the entire lifetime of the 
structures employed. In the Wind Energy (WE) sector, for example, there is a need to decrease the cost of 
the energy production, and therefore they are searching for ways to optimize the Operation and 
Maintenance (O&M) phase of their wind turbines. Since the WE market is moving towards Offshore 
application, the difficulty and thus the cost of O&M is increasing. 
Among all different sensing techniques, conditions monitoring using Optical Fiber Sensors (OFS) appear 
to be the most suited, because of their high accuracy (±1 μ ), their immunity to electromagnetic 
interference and their small intrusive character when embedded in composite materials [1]. Furthermore, 
OFS technology has also been proven useful as a monitoring tool during composite manufacturing [2]. 
Although their small intrusive character, still questions are raised on the quality of embedding, the 
position of the sensor after production, and the to be maintained accuracy of the embedded sensor during 
the whole life cycle of the composite structure. The present work, therefore, aims to show the potential of 
micro-computer tomography (μCT) to answer these questions. 
 
High-resolution 3D X-ray micro-tomography is a relatively new technique, which allows investigating the 
internal structure of samples without actually opening or cutting them. The physical parameter, providing 
the information about the structure, is the X-ray attenuation coefficient μ, which depends on the local 
composition of the material of the sample and on the energy of the X-rays. Digital radiographs of the 
sample are made from different orientations by rotating the sample along the scan axis from 0 to 360 
degrees [3]. After collecting all the projection data, the reconstruction process is producing 2D horizontal 
cross-sections of the scanned sample. μCT has some advantages over other non-destructive technology 
(NDT): e.g. the high scanning resolution (~2 μm, strongly focused) allow you to clearly identify the 
damaged zones, the possibility to reconstruct a 3D volume of the investigated region makes it easy to 
interpret, and an important advantage is the possibility to monitor the specimen each time in between two 
fatigue test cycles without the need for a “post-mortem analysis”. The μCT gives you information on the 
embedding process itself: the correct placement of your OFS in the embedding process assures you an 
accurate measurement (correct interpretation of the strain measured), reducing the possibility of having 
asymmetric stresses on your sensor (premature damage). For example, the layup of the composite plays an 
important role in the embedding as can be seen in Fig. 1.  
In this work, we have fatigue cycled several cross ply carbon fibre reinforced plastic (CFRP) laminates 
and followed up the damage evolution around the embedded OFS; all OFS are Ormocer coated. 
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Figure 1: left, 3D-tomography of three samples [0°,90°]2s carbon pps laminate with in the middle section an embedded optical 
fibre. Right, the microbending to which an OF is subjected in a fabric carbon/PPS laminate. 
 
In Fig. 2 a high resolution μCT – 2D section and a 3D rendering, respectively – are presented. A 
transverse crack in the proximity of the OFS, as well as the coating surrounding the OFS is clearly visible. 
 

 
Figure 2: left, 2D cross section taken from a micro-CT of an embedded OFS on a cross-ply CFRP. Right, 3D micro-CT 
reconstruction of an embedded OFS on a cross-ply CFRP.  
 
By using the μCT technique, it was shown that the quality of the embedding of an OFS in a CFRP can be 
controlled during the whole life cycle of the composite structure beginning at the stage of the production. 
This allows us to conclude that using μCT, the quality of different embedding techniques and procedures 
can be evaluated. The overall goal is to define a reliable embedding method able to ensure adequate 
accuracy and repeatability that may be implemented in industry. This has partially already been achieved 
with one of our industrial partner, Airborne (NL), through an automated optical fiber placement process 
(AFP). 
 
The authors wish to acknowledge the support of SONACA S.A. (Société Nationale de Construction 
Aérospatiale SA) and the European Commission for funding the FP7 SmartFiber project. 
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ABSTRACT 

 
A spent nuclear fuel (SNF) transport cask is required by international atomic energy agency (IAEA) 
safety standard for the transportation of radioactive materials. The SNF transport cask should be 
without any damaged during transport. For this reason, the nuclear spent fuel cask has been protected 
using impact limiter made of sandwich panels[1]. 
 
The balsa wood, red wood and urethane foam were mainly used as the core materials for impact 
limiter. The balsa and red wood materials have been applied to KN-18 SNF transport cask as impact 
absorbing material in Korea. The carbon steel has been used as impact limiter of AGN1 SNF transport 
cask in Italy[2,3]. However, the impact limiter of new developing SNF transport cask should be 
designed in accordance with the required impact absorbing capacity and size. Thus, the mechanical 
and impact characteristics according to the core materials applied to impact limiter is evaluated and 
certified. 
 
In this study, the mechanical properties and low-velocity impact test was conducted for balsa wood 
and urethane foam considered as the core materials for impact limiter of new developing SNF 
transport cask. Also, it was done for sandwich panels with steel facesheets. 
 
For urethane foam, three categories of tensile, compressive and shear mechanical test were conducted. 
For balsa wood, nine mechanical properties were measured by the reason of orthotropic property 
having the different materials properties in different orthogonal directions. All mechanical tests were 
conducted according to the ASTM standards. 
 
In order to evaluate the impact characteristics of balsa wood, urethane foam core and their sandwich 
panels, the low-velocity impact test was conducted for impact energy levels of 1J, 3J and 5J. The low-
velocity impact test was performed using Instron DYNATUP 8250 drop weight impact tester. The 
experimental results showed that both of urethane foam and balsa wood except growth direction (z-
direction) had similar impact responses. Figure 1 shows that the impact test instrument and specimens.  
 
Also, in order to verify the proposed finite element model for impact limiter of SNF transport cask, 
low-velocity impact analysis of core materials and their sandwich panels were carried out using 
explicit finite element analysis code LS-DYNA 3D. The low-velocity impact analysis results were 
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compared with experimental results for damage areas and contact force-time history. The numerical 
results showed that low-velocity impact responses of wood and urethane foam materials and their 
sandwich panels were in a good agreement between numerical and experimental results. Figure 2 
shows the comparisons of experimental and FE analysis results for impact test of sandwich panels. 
 

(a) Test instrument                                                (b) specimens 

Figure 1: The impact test instrument and specimens. 
 

Figure 2: The comparisons of experimental and FE analysis results for impact test. 
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ABSTRACT 
 
Composite materials are used in marine industry for the building of a wild variety of boats. These 
materials are in general constituted with thin polymeric skins (polyester, vinylester or epoxy) 
reinforced with fibres (glass, carbon or Kevlar) surrounding a core made by an ultra-light material 
(balsa or polyurethane foam). However, the use of this kind of material in marine industry requires 
precaution, in particular concerning fire damage. Indeed, sandwich composites are highly 
inflammable, badly resist to heating and emit toxic stuff during combustion. Then, these materials are 
subject to a severe control and it is mandatory to well know their thermo-mechanical properties before 
every application [1-3].  
 

 
Figure 1: The ATLAS cone calorimeter and detail about 

a sandwich composite sample during fire testing. 
 
 
In this work, we focus on the analysis of the thermo-mechanical properties of sandwich composite 
materials (polyester skins with E-glass fibres and balsa core). As the present application is for marine 
industry, we studied dry samples but also hygroscopicaly aged (to saturation) samples. Thanks to a 
cone calorimeter (fig.1), fire damages were checked on both materials (dry and wet) to determine the 
combustion kinetic (fig. 2). Fire-tested composite experiments were performed at 750°C and for 
various ignition times. Thus, sandwich composites were mapped during combustion in terms of 
structural variations (delamination, cracking…) and of mechanical properties changes in particular in 
flexion deformation (fig.3).  
 
Cone calorimeter and 3-points flexion measurements allowed to highlight the exponential behaviour of 
the slide of the dry and wet sandwich composites mechanical properties. Mechanical damages are 
observed during the first 150 s of ignition time when cracking growth and delamination appears 
progressively from 200 s. These results were completed with thermogravimetric analysis to better 
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understand the structure-properties relationships and to finely detail the thermal behaviour of balsa 
core inside the global composite material. Activation energies of the dry and wet balsa samples were 
notably determined. 
 

 
Figure 2: Dry sandwich composite, cone calorimeter: fire damage kinetic at 750°C and determination 

of the combustion speeds for the separated component elements. 
 
 

 
Figure 3: Wet sandwich composite, 3-points flexion: Young modulus variation as a function of the 
ignition time. The fire-tested sample profiles at 750°C are reported for ignition times up to 2500 s. 
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ABSTRACT 

 
The design of wind turbine blades to date is done using design codes employing advanced analytic 
models. While these models are very good for performing many iteration steps in the design process, 
little is known about the exact stress distribution within the blade under different loads and conditions. 
Such conditions may include transportation, power production, emergency stops, etc. For this purpose 
a finite element model can be used. However, such a model is only as good as it is detailed. A real life 
wind turbine blade is typically built from sandwich materials, consisting of a foam or balsa core and 
glass or carbon fibre epoxy laminate on the top and bottom. Such a blade has a composite layup 
consisting of a large number of plies. As a consequence, adding all the detail of each ply to a finite 
element model can be a rigorous process.  
 
In this work, a finite element model of a real life 50 metre long glass fibre epoxy composite wind 
turbine blade has been developed. The model employs shell elements with top offset positioned on the 
outer mould layer. For this purpose, a python script was built to automate the partitioning and layup 
creation process in the finite element code AbaqusTM. Based on an excel sheet, each ply is 
automatically added to the model, starting and ending at the exact specified millimetre. The use of 
shell elements results in a stepwise thickness transition of the laminate. This aligns with reality, since 
the local laminate thickness is the result of a discrete number of layers. As a consequence, each ply 
drop-off is accurately represented in the model.  
 
 

 
Figure 1: Rendered thickness of the shell elements at the root of the blade. Notice the smooth, 

stepwise thickness transition. 
 
 
A modal analysis was conducted on the obtained model. The resulting Eigen frequencies were in 
agreement with those predicted in the design. The result of a computational fluid dynamics analysis 
was also applied to the model, under the form of a distributed pressure across the blade’s surface. 
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mode 

1.0-1.35 1.21 

  
 

Figure 2: from top to bottom:1) the first Eigen mode corresponding to a flap wise Eigen shape, 2) the 
second Eigen mode corresponding to an edgewise Eigen shape, 3) the first torsional Eigen mode. 

 
 
Because the generation of the model is automated, the model is parametric and can hence be used for 
optimization purposes. This possibility was demonstrated using a genetic algorithm, using the tip 
displacement under a uniform surface traction load as fitness function. 
 
 

  
Figure 3: (left): FEM in the Abaqus/CAE pre-processor, each yellow plane performs an intersection. 

(Right): cross section of the blade mesh. 
 
 

An important influence on the stiffness and the general response of the blade are the adhesive bonds. 
These are present between the shear webs and spar caps and at the leading and trailing edges. As these 
undergo a complex loading and shear effects are very large, solid elements should be employed to 
model the adhesive. The bonds are modelled using a multi-layer orphan mesh, which extrudes the 
shell elements of the laminate on the top and bottom of the shear webs which is connected to the 
adhesive. On each of the bonds, a tie constraint is applied to the outer surfaces to constrain them to the 
blade’s shell or shear web. An option is used to set the distance between the outer surface of the 
adhesive layer and the blade’s shell to zero before the simulation starts. This makes it possible to 
obtain a smooth, well connected adhesive. 

In an effort to expand the flexibility of this type of model, to explore the possibility of other element 
types, such as continuum shell and solid elements and to make it possible to include other complex 
details of real life blades, such as the adhesive bonds at the leading and trailing edges, a script is under 
development which directly generates the mesh for a finite element model of a wind turbine blade 
starting from aerofoil data files. 
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ABSTRACT

The present study is aimed at identification and quantitative evaluation of bend-twist coupling effects 
in composite beams. The study motivation was to incorporate coupling effects in modern long wind 
turbine blades [1] which at a certain point lead to a simpler problem of bend-twist coupling 
identification in small-scale uniform composite beams.

Currently Euler-Bernoulli beam formulation was used for describing bend-twist coupling effects in a 
generic beam. Consider a beam that can take on only a torque and a bending moment in one principle 
direction. Then, the relation between the generalized torque and moment acting at a beam cross-
section and the cross-section bending ( ) and twist ( ) deformations can be written as: = (1)

According to the above formulation, a bend-twist coupling coefficient was introduced [2]: = (2)

The novelty of the method is in evaluation of bending stiffness and torsional stiffness together 
with the coupling coefficient by obtaining both bending and twist responses of a beam in two load 
cases: Beam is loaded by a tip bending moment and by a tip torque. This can be done numerically, by
developing 3-D beam finite element (FE) model of high detail (using shell or solid elements), or 
experimentally, using full-field digital image correlation (DIC) measurements. Thus, it is also possible 
to validate the beam finite element models of high detail against experimental results in terms of 
Euler-Bernoulli formulation.

While application of tip bending moment to a beam in a FE model can be done with little efforts, 
accurate implementation of this load case experimentally is a challenge and it was addressed in the 
present study. A load application system with three hydraulic axes was developed for accurate 
application of torque and bending moment by mean of two actuators running simultaneously. The 
entire test setup was built based on a four-column testing machine with the tested beam specimens
mounted vertically, Fig. 1.

Measurements on the beam deformations were done based on the full 3-D deformation field obtained 
numerically or measured by DIC system, Fig. 1. Several approaches to setup and configure a DIC 
system for measurements on beam specimens are presently addressed. Calculations of cross-section 
bending displacements, rotations and twist angles along the beam specimen were done based on the
assumption of all the beam cross-sections remain rigid. Thus, homogeneous rigid-body transformation,
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that is three translations and three rotations, was considered and an algorithm [3] based on the least 
square fit method was used. Beam cross-section deformations and according to eq. (1) were 
calculated using the obtained cross-section displacement and rotation distributions along the tested 
beam length.

Two load cases were of a particular interest of this study: Pure bending (a bending moment is applied
at the beam tip) and pure torsion (only a tip torque is applied). Beam bending and twist responses in 
these load cases were obtained as and for the bending load case and and for the torsion 
load case. By solving the system of four equations (1), evaluations on the beam bending stiffness ,
torsional stiffness and bend-twist coupling coefficient were finally obtained for the numerical 
models and experiments.

Small-scale bend-twist coupled composite beams made of glass-fiber reinforced plastics were tested 
experimentally and modeled using FE. Straight walls open (I-) and closed (box-) cross-sections were 
selected for the beam specimens, with the beam flanges containing fibers in the only direction. An 
example of bend-twist coupling coefficient for box-beams with different fiber directions (0°, 15° 
and 25°) in the uni-directional flanges is shown in Fig. 2.

Figure 1: Test setup and DIC measurements. Figure 2: Coupling coefficients for box-beams.
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ABSTRACT 
 
A new experimental procedure for crack propagation in composite sandwich structures under fatigue 
loading conditions is proposed and used to evaluate the performance of a damage tolerant design 
approach [1]. The investigation concerns crack propagation in all 3 dimensions and thus, composite 
sandwich panels are utilized as specimens. Few investigations have been conducted on crack 
propagation inside a sandwich panel [2] as the use of beam specimens is often more convenient and 
results are easier to assess. Sandwich structures, though, are commonly used in large panels and less 
often as beam elements making failure inside them a multidimensional problem. Testing sandwich 
panels instead of beams to evaluate the performance of the damage tolerant approach in fatigue 
appears to be a more resourceful experimental investigation. 
 
The panel specimens consist of glass fiber laminates while the core structure includes the main core 
foam material, the peel stopper and the insert, (Fig. 1). The panels are mounted in a specially designed 
rig that restricts displacement in the lateral direction and imposes simple support boundary conditions 
on all four edges of the plate, (Fig. 1). 
 
 

 
 

Figure 1: Experimental set-up for testing sandwich panels and cut view of the core structure. 
 
 
The structure is loaded in fatigue and an initial debond is propagating outwards, towards the support of 
the panels. A Circular peel stopper is built into the panels core structure. The peel stopper confines a 
circular area in which the initial debond should propagate freely but not exceed its limits, “spreading” 
into the rest of the panel. A thin circular Teflon layer is included at the center of the panel in the lower 
interface in order to induce an initial debond in the structure.   
 
The fatigue loading conditions are induced close to the maximum load limit of the panel, 80% of the 
maximum load. The limit refers to the maximum load needed to propagate the initial debond and is 
determined quasistaticaly. The experimental investigation aims at evaluating the overall effect of the 
peel stopper on the fatigue life of the specimens. To achieve this goal, panels that do not contain peel 
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stoppers are also tested for comparison reasons. Results from first experiments showed that the peel 
stopper is able to extend the fatigue life of the specimens. 
 
The experimental procedure is designed such that axisymmetric behavior can be approximated around 
the area of the peel stopper. A cylindrical steel insert in the middle of the plate is utilized to apply the 
load, a circular initial debond is introduced on the structure and a circular peel stopper is used to 
confine the propagating crack. By doing so, the initial debond propagates in a circular shaped crack 
front and “strikes” the peel stopper at the same time. Axisymmetric behavior is evaluated through a 
series of numerical analyses by comparing displacement and stresses responses of an axisymmetric 
model with a full rectangular plate model (Fig. 2). The analysis indicates that a certain radius exists 
around the center of the panel on which the deviation of the two responses does not exceed a small 
percent. The peel stopper is well inside this radius. 
 
 

 
 

Figure 2: Transverse shear stress resultant comparison in the core material. The comparison is made 
for the axisymmetric model (right and up) and the 3D plate model (right and down) in the diagonal 

and one of the main axes (X-axis). 
 
 
For the purpose of assessing the results of the experiment, the compliance of the specimen was 
obtained. The compliance is derived and expressed as a function of the crack propagation radius, R 
while the specimen retains its axisymmetric behavior. Using the compliance of the test specimen, the 
energy release rate can be obtained for the propagating crack [3-4]. Monitoring energy release rate can 
be essential for assessing the results of crack propagation in fatigue and can provide insight for the 
performance of damage tolerant design. Finally, the compliance of the structure also relates the 
vertical displacement of the steel insert, measured by the test machine, with the crack propagation 
length (radius, R) inside the panel. An approximation can thus be made for the position of the crack 
while fatigue testing is running.  
 

REFERENCES 
 

[1] J. Jakobsen, E. Bozhevolnaya, T. Thomsen New peel stopper concept for sandwich structures, 
Composites Science and Technology, (2007), Vol. 67 (15-16), pp. 3378-3385. 

[2] R. Moslemean, C.Berggreen, A.A. Karlsson Face/Core debond propagation in sandwich panels 
under cyclic loading Part-II experimental valiadation,  Book of abstracts 10th International 
Conference On Sandwich Structures ICSS 2012 (Eds. P. Casari), Nantes, France, 27-29 August 
2012, Universire de Nantes,  pp. 43-44. 

[3] Avilés F, Carlsson LA. Analysis of the sandwich DCB specimens for debond characterization. 
Engineering Fracture Mechanics,75, 2008, pp.153–68. 

[4] Quispitupa A, Berggreen C, Carlsson LA. On the analysis of a mixed mode bending (MMB) 
sandwich specimen for debond fracture characterization. Engineering Fracture Mechanics,76, 
2009, pp.594–613 

172172



6th International Conference on Composites Testing and Model Identification 
O.T.Thomsen, Bent F. Sørensen and Christian Berggreen (Editors) 

Aalborg, 2013 

CHANGES IN MECHANICAL BEHAVIOUR OF A GLASS FIBRE REINFORCED EPOXY 
BY ADDING POLYAMIDE 6 NAN-OFIBRES 

I. De Baere1, B. De Schoenmaker2, S. Van der Heijden2, W. Van Paepegem1 and K. De Clerck2

1 Department of Materials Science, Ghent University 
Technologiepark-Zwijnaarde 903, 9052 Zijwnaarde, Belgium 

Email: Ives.DeBaere@UGent.be, web page: http://www.composites.ugent.be

2 Department of Textiles, Ghent University 
Technologiepark-Zwijnaarde 907, 9052 Zwijnaarde, Belgium 

Email: Bert.DeSchoenmaker@UGent.be, web page: http://www.ugent.be/ea/textiles/en

Keywords: Glass-epoxy, Nano-fibres, Mechanical properties, Tensile test, Damage behaviour 

ABSTRACT 

Owing to their light weight and high stiffness and strength, fibre-reinforced epoxy resin composites 
are widely used in industry. However, an epoxy matrix is a brittle material, so an improvement of the 
interlaminar space would be interesting. Therefore, secondary (sub-)micron reinforcements are often 
incorporated in the matrix. Since it is difficult to obtain a homogeneous dispersion of these nano-
particles with common techniques, the mechanical improvement of the composites is only moderated. 
Thermoplastic nano-fibrous structures can tackle this dispersion issue, as they can be inserted by other 
means. Therefore, this study investigated the effect of polyamide 6 nano-fibrous structures on the 
mechanical properties of a glass fibre/epoxy composite.  The nano-fibres are produced using a multi-
nozzle electrospinning set-up, using an in house developed technology [1]. These nano-fibres are then 
incorporated in the glass fibre/epoxy composite either as stand-alone interlayered structures (noted 
NF-I) or directly spun on the glass fibre reinforcement (noted NF-C). By doing so, the dispersion issue 
is taken care of.  The composite plates for this study were manufactured by vacuum assisted resin 
transfer moulding (VARTM) using a closed steel mould. Both ways of nano-fibre incorporation have 
no negative effect on the impregnation of the epoxy. Fig. 1 (a) illustrates the cross section of the 
interlayered structures, whereas Fig. 1 (b) illustrates the nano-fibre rich epoxy. Compared to a 
standard VARTM glass/epoxy plate, it can be noted that the interlayer has a non-negligible thickness 
and the same can be said concerning the deposited version, although the effect is lesser in this case. 
Given the fact that all plates were 3 mm in thickness because of the closed mould, the thickness of the 
glass fibre reinforcement will be smaller when thicker interlayers are present. Also, different transfer 
of shear loads between neighbouring glass reinforcement is expected, compared to the basic plate 
without reinforcement. 

(a) Cross section at larger scale (b) the nano-fibre containing interlaminar space 

Figure 1 SEM observations of the nano-fibres in the glass/epoxy composite. 
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To determine the influence of the effects of the added nano-structures, tensile tests were conducted on 
[0/90°]2s and on [±45°]2s stacking sequences and this for both the interlayered, the deposited nano-
fibres and for the base plate. For the [0/90°]2s, the effects on the Young’s modulus, the Poisson’s ratio 
throughout the test and the ultimate tensile strength were assessed. For the [±45°]2s, both the in-plane 
shear behaviour as the Poisson’s ratio was observed. 
With respect to Young’s Modulus Exx, the differences between the three types of composite were so 
small that they are most likely caused by scatter in the production process. For the evolution of the 
Poisson’s ratio xy, however, a significant and reproducible difference was seen, especially for larger 
stress levels, meaning when damage was already present in the material. The evolution of xy as 
function of the strain was highest for the deposited nano-fibres and the lowest for the interlayered 
plate. With respect to the failure strength, for the basic glass/epoxy, an average value of 550 MPa was 
found, compared to 581 MPa for the interlayered and 611MPa for the deposited nano-fibres. 
Therefore, an increase in strength is present when adding the polyamide nano-fibres. To examine how 
the nano-fibres contributed to this increase in strength, the polished surfaces of the failed specimens 
where examined. Fig. 2 illustrates the crack growth in the 90° layers. For the standard glass-epoxy 
composites, the transverse cracks shift into a delamination upon hitting the 0°layer (Fig. 2 (a)). 
However, for the deposited nano-fibres, it seems that the crack is stopped in the deposited region and 
does not shift into a delamination (Fig. 2(b)). Similar effects were seen over the entire specimen and 
also for the interlayered nano-fibres. 

(a) benchmark glass-epoxy (b) Deposited nano-fibres 
Figure 2: Microscopical investigation of the failed specimens

For the [±45°]2s stacking sequence, although there is not much difference between the interlayered and 
the basic glass/epoxy, the influence of the deposited nano-fibres cannot be neglected. For a given shear 
strain, the corresponding shear stress is significantly higher for the deposited version. With respect to 
the shear strain, both nano-reinforced versions show a value of 4.7 GPa, compared to 4.0 GPa for the 
basic plate. For the Poisson’s ratio, now both the nano-reinforced plates showed a lower evolution of 

xy as function of the strain xx, meaning less narrowing of the specimen, with the lowest values for the 
interlayered version. 

In conclusion, the polyamide 6 nano-fibres have an influence on the evolution of some mechanical 
properties, especially with growing damage. This influence is most likely due to their capacity of 
preventing transverse cracks from growing into delaminations and by changes in microstructure they 
impose by their non-negligible thickness.  
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ABSTRACT 
 
For modelling damage in short fibre composites, both the predictions of the effective properties and 
the stresses in the individual inclusions and in the matrix are necessary. Mean field theorems are 
usually used to calculate the effective properties of composite materials, most common among them is 
the Mori-Tanaka formulation [1]. Owing to occasional mathematical and physical admissibility 
problems with the Mori-Tanaka formulation, a pseudo-grain discretized Mori-Tanaka formulation 
(PGMT) was proposed  [2].  This paper compares predictive capabilities for stresses in individual 
inclusions and matrix as well as the average stresses in the inclusion phase for full Mori-Tanaka 
formulation and PGMT. The predictions of average stresses inside inclusions and the matrix by both 
Mori-Tanaka formulation and PGMT are compared to solutions of full-scale FE models for a wide 
range of configurations. A short fiber composite consisting of glass fiber inclusions and polyamide 
matrix was considered for all calculations.  

 
 

Figure 1 Finite element model of RVE containing 30 inclusions having uniform random 
distribution of inclusions and a volume fraction of 0.25. Notice that the structure is periodic and 

inclusions intersecting a face of cube also appear on the opposite face. 
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A range for representative volume elements (RVE) was analysed both by Mori-Tanaka formulation 
and PGMT. RVE considered had various volume fractions of inclusions from 0.01% to 0.25%, from 
fully aligned inclusions to various orientation distributions and length distribution. 

 

   
Figure 2 Inclusion average stresses in the global loading direction, random orientation of 
inclusions , applied load is 1% uniaxial strain , vf = 0.1, with orientation tensor (a11=0.51, 
a22=0.49); Fig 2a.  Average of stresses in axial direction, S11. Fig 2b. Average of stress in 

transverse to loading direction S22. 
 

Mori-Tanaka formulation gave good predictions of average stresses in individual inclusions, even 
when the basic assumptions of Mori-Tanaka were reported to be too simplistic [3], while the 
predictions of PGMT were off significantly in all the cases. However, the predictions of the matrix 
stresses by the two methods were found to be very similar to each other in all the cases considered. A 
Beneveniste [4] type interpretation of the PGMT will be provided to explain the discrepancies in 
prediction of stresses in individual inclusions by PGMT.  
 
The average value of stress averaged over the entire inclusion phase was also very close to each other. 
It is thus expected that the effective properties predicted by both methods will be similar.  
 
Conclusion Mori-Tanaka method is the first choice homogenization scheme especially when the 
stresses in individual inclusions are important for further analysis and modelling.  
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ABSTRACT 

 
Over the past few years, due to the increasing technological demand for the passive suppression of 
mechanical vibrations, there has been a growing interest in developing high damping materials.  
In particular, this paper focuses on light, slender structures in which the Glass Fiber Reinforced Plastic 
is used as structural material, requiring, however, further improvement in terms of damping 
performance. 
To enhance the damping of a Glass Fiber Reinforced Polymer (GFRP) plate through passive vibration 
suppression, a shape memory alloy (SMA) can either be bonded or integrated into the part. Shapes 
such as fibers, ribbons and films have been the object of numerous research and development projects 
and have confirmed the feasibility of improving damping performance by using SMA [1]. Unlike 
GFRP, SMA alloys have a higher storage modulus and a higher specific damping [2]. Due to its higher 
storage modulus and, assuming that the interface guarantees the proper load transfer, the SMA 
material is capable of storing more specific elastic energy than the GFRP and, as consequence, is able 
to take maximum advantage of its higher specific damping in order to enhance the structural damping 
of the hybrid composite. Therefore the partial substitution of the GFRP material with SMA material in 
various shapes and forms is expected to significantly increase the damping properties of the hybrid 
composite. On the other hand, when during the fabrication process the hybrid composite is cooled to 
room temperature, high residual stresses are expected in SMA elements, due to the mismatch between 
the thermal expansion coefficients of the SMA material and of the GFRP laminated composite. As 
consequence the pullout of SMA fibers or the delamination of ribbons and films from the GFRP 
laminated composite can occur easily. 
Though seemingly promising, another architecture using SMA textiles or yarns as smart fibers, is not 
free from interfacial failures. Recent papers [3] report studies on a GFRP composite filled with SMA 
short fibers or particles. In these discontinuous SMA composites, the residual stresses are dispersed 
due to the random distribution of SMA fibers in the GFRP laminated composite. However, short fibers 
or particles have a low aspect ratio, to the point where this composite shows a low degree of load 
transfer between the SMA reinforcement and the GFRP laminated composite. 
In recent papers [2, 4] the authors have shown the design optimization and fabrication of a hybrid 
composite material, in the form of beam, made from GFRP laminates and reinforced with two thin 
sheets of shape memory alloy (Figure 1). The two SMA sheets are embedded below the upper and 
lower surface of the beam. The thin SMA sheets are laser-patterned in order to improve adhesion 
between the SMA sheets and the GFRP laminated composite, to avoid the delamination of the hybrid 
composite and to maximize the load transfer between the GFRP laminated composite and the SMA 
reinforcements.  
This new concept of a hybrid composite has original traits with respect to the solutions proposed in 
literature. The hybrid composite proposed has to be characterised, at temperature below martensite 
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finish temperature, by higher damping properties than those of traditional GRFP laminates. This 
increase is not, however, obtained to the detriment of the stiffness and weight of the component, which 
do not change significantly. Consequently, natural frequencies of the component are preserved. While 
not affecting none of the natural frequencies of the beam, the solution chosen can enhances its 
structural damping by as much as 40%. 
In this paper the experience gained in our previous papers will be used to design a SMA/GFRP hybrid 
composite in the shape of a plate with optimized structural damping with respect to its first vibrational 
mode. The new hybrid composite plate will be initially investigated by means of numerical simulation. 
In particular, the thickness of the SMA layers and their circular pattern geometry will be optimized by 
numerical calculation of the natural frequencies and the related loss factor of the hybrid composite. In 
order to evaluate the damping factor numerically, thermo-mechanical characterization of the SMA 
alloy are available. A solution combining the thickness and pattern geometry of the SMA inserts will 
be proposed.  
A prototype of the proposed hybrid composite plate will be manufactured in order to perform dynamic 
experimental test for the measurement of the structural damping in the intended range of small 
amplitudes.  
Particular attention will also be paid to the adhesion between SMA inserts and host composite. 
The strength of the interface will be tested statically, by means of pullout tests on small samples of 
SMA sheets partially embedded in the GFRP, and for fatigue load by means of preliminary fatigue 
tests at different load amplitude using other three samples of the hybrid composite plate. 
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Figure 1: Architecture of the hybrid 
composite beam. 

Figure 2: Geometry of the SMA/GFRP plate with 
similar architecture of beam of Figure 1. 
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ABSTRACT 
By adding particulate fillers to polymers, the properties can be improved. Many particles have been 
used, such as metals, carbon, glass fiber, and ceramic, each of which can give different qualities and 
properties for the intended end use. Carbon black (CB) has been used as an economical additive in 
many thermoplastics and thermosets compounds; it is also a very effective additive for improvement 
of the outdoor stability of plastics. It has been shown that for high density polyethylene-carbon black 
(HDPE/CB) composites, even at a level of 0.05 wt-% of CB, the composite has very good UV-
screening strength and this can be enhanced further by adding up to 5 wt-% of CB.1 The drawback is, 
however, that carbon black can reduce the mechanical properties of HDPE at higher loadings.2  
 
Talc is a mineral composed of hydrated magnesium silicate arranged in three disc-shape layers. In the 
middle, there is a layer of magnesium-oxygen/hydroxyl octahedra, while the two outer layers are 
composed of silicon-oxygen tetrahedra. These layers are kept together only by van der Waals’ forces, 
and the layers have the ability to slip over each other easily, which makes talc the softest known 
mineral, measured as 1 on the Mohs hardness scale. Due to its unique characteristics such as softness, 
chemical inertness, and its rather low price, talc has been used for many years as attractive filler in a 
wide range of industries. In recent years, there has been interest in investigating the effect of talc in 
polypropylene (PP) blends—not only as filler because of financial considerations, but also due to some 
of its functional properties.  
 
On the other hand, the most commonly used plastics, such as polyethylene (PE) and PP, are 
considered to be thermal insulators with low thermal conductivity. There are many new applications 
such as electronic packaging, pipe networks, heat exchangers, and domestic appliances, in which an 
increase in the heat transfer properties would be an advantage.  
 
In this study, HDPE precompounded with 2.5 wt-% CB was blended in a compounder with up to 35 
wt-% talc loadings. Specimens were then made by injection moulding for testing of the thermo-
physical and mechanical properties. The mechanical properties of the composites were studied by 
tensile testing and by impact testing. The thermal conductivity, thermal diffusivity, and specific heat 
were evaluated by the transient plane source (TPS) method, and the thermal stability of blends was 
examined by thermal gravimetrical analysis (TGA). The specific density and morphology were also 
measured and analyzed. The aim was to evaluate the effect of talc on the studied properties, in order to 
find the most optimal composition. 
  
The results indicated that CB causes a significant decrease in the toughness, while talc not only 
enhances the thermal conductivity and thermo-physical properties of the composites but can also play 
a role in compensating for the negative effects of CB on impact resistance. The experimental data 
showed that the presence of CB reduces the impact resistance of HDPE by up to 34%, while addition 
of up to 8 wt-% talc can return this value to close to that of pure HDPE. Carbon black proved to be an 
effective additive for enhancement of thermal stability, while it had a negative effect on the 
mechanical properties, particularly impact resistance. We have emphasized that due to its plate-like 
shape and evident aspect ratio, talc is a promising particulate to enhance the mechanical and thermo-
physical characteristics of PE. The improvement in toughness perpendicular to the direction of flow 
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was more pronounced, while the tensile at break and yield tensile remained unchanged when 
increasing talc addition. The thermal conductivity, the thermal diffusivity, and the specific density of 
the composites were enhanced, the specific heat capacity of the composites decreased, which can 
increase production speed. 
  
We are grateful to the Muovitech International Group in Borås, Sweden, and Västra 
Götalandsregionen, FoU-kort programme number RUN-625-0295-12 in Sweden for the financial 
support for this research study.  
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ABSTRACT

Recently, a wind power energy system has been developed actively among the renewable energy 
which is a solution for the global energy problem. A rotor blade is the most part in the wind power 
system because it revolves and has high weight. The box spar and tail parts are composed of the CFRP 
and GFRP hybrid laminate composites for the lightweight of the blade. However, CFRP/GFRP hybrid 
laminates have often damage as like the delamination condition and cracks at the interface of 
laminates. Due to the delamination or the interfacial crack tip behaviour at the hybrid materials, 
fracture occurs under mixed mode conditions, especially mode I and mode II. Therefore, there is a 
need for the evaluation of the mixed mode during the delamination of CFRP/GFRP hybrid laminate 
interface. This paper shows the results of an experimental examination of the delamination fracture 
toughness in a CFRP/GFRP hybrid laminate composites. 

Fracture toughness experiments and estimation are performed by using DMMB(Dissimilar mixed 
mode bending) specimen. The materials used in the test are a commercial woven type CFRP (Carbon 
fiber reinforced plastic) prepreg(CF3327) and UD type GFRP(Glass fiber reinforced plastic) 
prepeg(HD224A). A CFRP/GFRP hybrid laminate composite are composed by 
CFRP(10plies)/GFRP(10plies) laminate and CFRP(10plies)/GFRP(7plies) laminate. The thickness of 
CFRP(10plies) and GFRP(10plies) layer is 2.5mm and 3.0mm. The thickness of CFRP(10plies) and 
GFRP(7plies) layer is 2.5mm and 2.5mm, respectively. Also the fulcrum location which is the loading 
point distance from a crack end opening point is a loading parameter. It is changed from 30 to 50mm 
on the specimen of length 120mm because it defines the ratio of mode I to mode II. In this study, the 
effects of the fulcrum location as a loading parameter are evaluated in the viewpoint of energy release 
rate in mode I and mode II contribution. The fracture experiments were carried out in a small scale 
universal servo-hydraulic machine(H5KS). And the crack advanced length was recorded with a travel 
telescope jointed by a stereo microscope.      

The evaluation of the mode I and II energy release rate were conducted by the equations from the 
references[1,2].  The total strain energy release rate is given by Eq. (1) and mode I and II contributions 
are thus given by Eqs. (2,3). 
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Table 1 shows mechanical properties for plain woven CFRP  and Unidirectionl GFRP prepreg The 
crack extension as the delamination length were measured. These results show that the delamination 
crack initiate at the lower displacement and load according to the increasing of the fulcrum location 
ratio. The variation of the strain energy release rate for mode I and mode II contributions are shown in 
Figure 1. The total energy release rate fracture toughness Gc  are obtained as 20.94, 8.98, 4.57 and 
1.74 J/mm2 for the fulcrum ratio 0.3, 0.35, 0.4 and 05, respectively. And energy release rates are 
almost constant according to the crack extension. Also mode mixities GII/GI are obtained from 0.35 to 
0.22 Thus delamination crack behaviour on the hybrid laminate composite is mainly effected by mode 
I fracture even though the dissimilar materials with slightly different thickness of CFRP and GFRP 
laminate layers under mixed mode bending.    

Engineering 
constant

Unit CFRP(Woven) GFRP(UD)

E1 [GPa] 54.3 43.3
12 – 0.10 0.31

G12 [GPa] 28.39 -
u [GPa) 1.527 1.102

Thickness [mm] 2.5 3

Table 1: The mechanical properties of a plain woven CFRP and UD GFRP prepeg. 
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Figure 1: The energy release rate to the crack extension according to a fulcrum point. 
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