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Abstract 
A coupled stress and energy criterion is used to analyze crack initiation at the mesoscopic scale in a 
four-layer plain weave glass-epoxy composite. The choice of possible crack configurations is 
restricted based upon optical microscope observations of damage mechanisms on a specimen edge 
during tensile testing. It is found that transverse yarn cracking accompanied by yarn-yarn decohesions 
around the crack tips is the first damage that occurs in the composite. For the stress condition in the 
yarns, a criterion developed for modeling failure of unidirectional plies in a laminate is applied. For 
the energy condition, the difference between the potential energies of an undamaged and a cracked 
unit cell is calculated, using identical mesh topologies. The energy criterion is found to be dominant in 
the studied case. It leads to an estimation of the crack initiation strain much closer to experimental 
observations by acoustic emission than the stress criterion alone and allows to determine crack length 
and orientation at damage onset. The coupled criterion leads to the conclusion that the yarn-yarn 
decohesions are a direct consequence of the transverse yarn cracks, and its length can be determined 
through the energy criterion. 
 
 
1. Introduction 
 
The prediction of damage onset by means of numerical modeling is one of the great challenges for the 
industries using composite parts with textile reinforcements. The mechanical performance of textile 
composites depends on the reinforcement architecture, which is defined at the so-called mesoscopic 
scale (at which consolidated yarns are considered as homogeneous material embedded in a matrix). It 
has been shown in several studies that the local strain distribution and hence damage onset depends 
not only on the weaving pattern, but also on the yarn waviness [1-2] and the relative shifts and nesting 
between the layers of the reinforcing fabric [3-4]. It is therefore important to take into account the 
layer shifts and the effects of fabric compaction during the manufacturing process in order to obtain a 
reinforcement geometry for damage modeling that is close to those of real composite specimens [5-6]. 
 
In most published works on damage modeling in textile composites, a stress based criterion is used to 
predict damage onset from the stress fields obtained from a Finite Element (FE) model of a 
representative unit cell (RUC) of the composite [1-2, 7-9]. It is often used together with continuum 
damage mechanics approaches [1-2, 8] to model the effect of damage via a progressive reduction of 
the material properties. However, these methods lead to mesh depending results and erroneous 
prediction of the damage propagation directions [8, 10] if no suitable regularization technique is used 
[11-12]. The latter leads to a non-local damage zone and hence avoids mesh dependence. In this case, 
the FE mesh must be very fine compared to the geometric features of the RUC in order to model the 
experimentally observed localized cracks, which results in high computational costs. 
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An alternative approach, which is closer to the experimental observations at the mesoscopic scale, is 
discrete damage modeling [6, 13-14] by inserting cracks directly into the FE mesh. A stress based 
criterion seems to be appropriate to predict the crack location [6] but not its length. Furthermore, it is 
only a necessary condition for crack initiation but not a sufficient one, as enough energy must be 
provided to overcome the material toughness in order to open a crack [15-16]. The consequence of this 
coupled stress and energy criterion is that at weak stress singularities or at non-singular stress 
concentrations (as occur in the undamaged zones of textile composites), cracks of finite size are 
generated instantaneously [16]. The crack configuration is given by the state that fulfills both the 
energy and the stress criterion over the whole crack surface for a minimum global strain. The coupled 
criterion has been successfully used at the macroscopic scale to model the strength of an open hole 
composite plate [17], at the mesoscopic scale to predict delamination of angle-ply laminates [18], and 
at the microscopic scale to analyze fiber-matrix decohesion [19]. In this contribution, we present its 
application to the prediction of crack onset at the mesoscopic scale in a multi-layer woven composite. 
In Section 2, the experimentally observed crack configurations are presented with the aim of 
restricting the possible crack configurations studied numerically. Section 3 summarizes the procedure 
of crack insertion into a meso-scale textile composite RUC. In Section 4, the coupled criterion is 
defined and its application to the case of textile composites is explained. Section 5 presents the results 
of this study. 
 
 
2. Experimental observations 
 
The composite under investigation consists of four layers of an E-glass fiber plain weave fabric 
embedded in an Araldite LY564 epoxy matrix. Before resin injection, the fabric is compacted in a 
steel mold by tightening the screws that keep the mold closed. Rectangular specimens were tested 
under monotonic tensile load using acoustic emission (AE) sensors to detect damage onset and optical 
microscope observations on the specimen edge to determine the crack configurations. 
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Figure 1. Optical microscope observations of the specimen edge with zooms on cracks of different 
orientations and bilateral (b) and unilateral (c) yarn-yarn decohesions at the crack tip. 
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Figure 2. Amplitude and cumulated AE energy as a function of tensile strain. 
 
 
The observed cracks extend through the whole yarn thickness in direction transverse to the fibers and 
at different angles with respect to the loading direction (Fig. 1a). Both bilateral (Fig. 1b) and unilateral 
(Fig. 1c) decohesions between yarns in contact are observed around the crack tips. The crack initiation 
results in a spontaneous release of elastic energy that generates waves detected by the AE sensors. The 
first events were observed for a global strain of εexp = 6.10·10-3 (Fig. 2). 
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Figure 3. FE mesh of the composite RUC (a) and the yarns only (b). Location of the yarn under 
consideration in the undamaged state (c) and after insertion of a crack into the mesh (d). 
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3. Discrete damage modeling 
 
The geometry of the reinforcement of a RUC is obtained by numerical modeling of the fabric 
compaction taking into account the multiple contacts between the yarns. The result is close to the 
reinforcement geometry in the real composite specimens [4]. A FE mesh of the composite RUC 
containing the compacted reinforcement and its matrix complement is then generated using the 
algorithm presented in [5]. Cracks are inserted into the mesh by first remeshing locally the undamaged 
mesh in order to represent the crack by the remeshed element faces [20], and then doubling the nodes 
at the crack surface. The FE mesh of the undamaged RUC is shown with and without matrix in Fig. 3a 
and b. The yarn studied in the following is highlighted in Fig. 3c without and in Fig. 3d with crack, 
where the element outlines are removed for the sake of clarity. The node positions and the element 
topology are perfectly equivalent in the undamaged and the damaged mesh, which allows to compare 
accurately both states in the following section. 
 
 
4. Coupled stress and energy criterion for crack onset 
 
The coupled criterion [15] states that two conditions must be fulfilled simultaneously to induce crack 
onset. The stress condition requires that the whole surface of the crack is overloaded prior to crack 
initiation [16], i.e., 
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is fulfilled everywhere on the surface in the undamaged mesh, where the crack is going to be inserted. 
The crack criterion chosen here is based on the transverse tensile failure mode of a criterion developed 
for UD plies in a composite laminate [21] and transferred into the coordinates normal to the crack 
plane (N), parallel to the fibers (L) and perpendicular to the fibers in the crack plane (T). tY  is the 

transverse tensile yarn strength, R
LTS  and R

TTS  are the shear yarn strengths, and LTp  and TTp  are shape 
parameters that take into account the coupling between compressive stress and shear strength. The 
values of the different parameters are summarized in Table 1. 
 
The energy criterion is fulfilled if the elastic energy released during crack initiation is at least equal to 
the energy required to create the crack surface. The former is equal to the difference between the 
elastic energy in the undamaged RUC W(0) and the elastic energy W(d) in the RUC with the crack 
inserted at the same global strain. The latter is equal to the crack surface multiplied with the critical 
energy release rate of the material Gc. The energy criterion can thus be written as 

( ) ( ) cGSdWW ⋅∆≥−0  (2) 

where d is a parameter set defining the crack shape (position, length, orientation, etc.) and ∆S the 
crack surface area. 
 
For a given crack d, the strain at damage onset is determined by means of two FE calculations, one on 
the undamaged mesh and one on the mesh with the crack inserted. Linear elastic behavior is assumed 
both for the matrix and the yarns (see Table 1). The properties of the yarns are obtained from micro-  
 
 

Table 1. Material parameters used in the FE calculations. 
 

mE  mν  y
LE  y

TE  y
LTν  y

TTν  y
LTG  tY  R

LTS  R
TTS  pLT=pTT cG  

GPa  GPa GPa   GPa MPa MPa MPa MPa-1 N/mm 
3.2 0.35 41.0 9.79 0.32 0.42 7.21 35 72 45 8.8·10-3 0.118 
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meso homogenization [2], using the matrix properties given in Table 1, a Young's modulus of 73.6 
GPa and a Poisson's ratio of 0.3 for the glass fibers. The stress criterion is determined on the crack 
surface in the undamaged mesh. Using the proportionality between the local stresses and the global 
strain in the composite in the case of linear elasticity, the strain at crack onset predicted by the stress 
criterion εstress can be calculated as the lowest strain, for which the stress criterion is fulfilled over the 
whole crack surface. Since the energy difference in Eq. 2 is proportional to the square of the global 
strain, the strain at crack initiation predicted by the energy criterion εenergy can be determined from the 
difference between the elastic energies obtained with the two FE calculations as the strain, for which 
this energy difference reaches ∆S·Gc. 
 
 
5. Prediction of damage onset in a woven composite 
 
In order to limit the number of FE calculations, we first assume that the crack plane is normal to the 
loading direction. The influence of the crack orientation will be presented in Section 6. Since the stress 
criterion must be fulfilled (f ≥ 1) everywhere on the crack surface, the front of the initiated crack 
follows the line f = 1 around a local maximum of f in the case of a crack d, for which the stress and the 
energy criterion are fulfilled at the same global strain (εstress(d) = εenergy(d)). Several FE calculations 
have shown that for cracks that do not extend through the whole yarn thickness, the energy criterion is 
fulfilled for a much larger strain than the stress criterion. We therefore consider in the following only 
cracks that extend through the whole yarn thickness and approximate the crack fronts by straight lines. 
The parameters describing such a crack are the position of its center (x, y) and its length in yarn 
direction l. 
 
Fig. 4 shows the evolution of the crack initiation strain obtained with the energy criterion as a function 
of the crack length l and of its position. A minimum strain of 31037.6 −∗ ⋅=energyε  is found for a crack 

of a length l* = 2.02mm centered at (x*, y*). The energy criterion thus provides a lower limit for the 
strain at crack onset. At a global strain of ∗

energyε , the stress criterion is exceeded everywhere in the 

yarn (f between 1.1 and 1.4). Hence, in our case, the energy criterion is dominant and the crack length 
at initiation is given by the abscissa of the minimum of the curve shown in Fig. 4 (l*). The predicted 
strain is about 4% higher than the strain at damage onset εexp detected by acoustic emission (Section 2). 
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Figure 4. (a) Minimum of the strain at crack initiation over the yarn as a function of the crack length l, 
(b) strain at crack initiation as a function of the position (x, y) of the crack center for the crack length 

minimizing the crack initiation strain at (x, y). 
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It should be noted that the crack predicted by the minimum of ∗
energyε  is centered not exactly at, 

but close to the maximum of the stress criterion (at xs = 3.31mm, ys = 6.42mm). Most of the 
distance to the point (x*, y*) is in fiber direction (y). The maximum of the stress criterion thus gives 
a relatively accurate estimation of the location of the crack plane, but the crack is not centered around 
(xs, ys). The crack initiation strain obtained by minimizing εenergy as a function of the crack length for 
cracks located at (xs, ys) is 6.8·10-3; which is about 7% higher than ∗energyε  and 11% higher than εexp. 

The corresponding crack length is 3.4mm, which is significantly longer than the length of the 
crack minimizing εenergy over the whole yarn. 
 
The maximum of the stress criterion reaches 1 at a global strain of 2.7·10-3. However, due to the 
localized character of the stress concentration at this maximum (even if there is no singularity), this 
value depends on the FE mesh. Therefore, regularization methods based on a non-local measure of 
stress (the average stress over a zone around the maximum or the stress at a given distance from the 
maximum) are often used to determine damage onset at stress concentrations. In the presented case, 
the stress criterion exceeds 1 over the whole surface of a small semi-elliptical crack (half axes 0.07mm 
and 0.5mm) centered at (xs, ys) at a global strain of 2.9·10-3. The energy released by the initiation of 
this crack would reach ∆S·Gc only for a much higher strain of 17.7·10-3. Since both conditions are 
necessary, such a small crack cannot initiate at the strain predicted by the stress criterion. Thus, the 
stress criterion alone, whether delocalizing regularization methods are used or not, significantly 
underpredicts strain at damage onset. Without regularization, this prediction will in addition depend on 
the FE mesh, whereas the difference between the elastic energy of the undamaged and the cracked 
RUC is almost mesh independent, because the difference is calculated between two identical meshes 
with the same node positions and element topologies, except for the duplication of the nodes at the 
crack surface. 
 
 
6. Crack orientation and decohesions around the crack tip 
 
The energy difference (Eq. 2) has been calculated for different crack orientations, in order to 
determine whether a crack plane normal oriented at an angle θ ≠ 0° from the loading direction leads to 
higher energy releases and thus the initiation of such a crack occurs at a lower strain. For the crack 
minimizing the energy criterion (located at (x*, y*) and of length l*), the minimum crack initiation 
strain is indeed obtained for a crack normal to the loading direction (θ = 0°). The same study has been 
repeated for different crack lengths (Fig. 5a) and for different crack center locations, leading to the 
conclusion that at least within a limited zone around (x*, y*) the optimum crack orientation is 
independent of the crack position and length and can thus be optimized separately. This greatly 
reduces the number of FE calculations necessary to determine the crack configuration at damage onset. 
It should also be noted that the crack orientation may well be different from θ = 0°, if a different RUC 
or a different yarn (for the initiation of the 2nd or 3rd crack, for example) is studied. 
 
Experimental observations (Section 2) show that transverse yarn cracks are usually accompanied by 
yarn-yarn decohesions around the crack tips. Therefore, different crack configurations, with and 
without unilateral or bilateral decohesions were analyzed in terms of the stress and the energy 
criterion. Whereas the stress criterion is not fulfilled on the yarn-yarn interface, the energy criterion 
yields a smaller initiation strain for small decohesion lengths (up to µ* = 0.09mm) than without 
decohesions (Fig. 5b). This means that at damage onset, no decohesions will be generated, because of 
the stress criterion, but as soon as the yarn has cracked, a stress singularity emerges at the crack tip. 
Therefore the stress criterion is exceeded locally around the crack tip, allowing decohesions to 
propagate. Since at the initiation of the transverse yarn crack, the global strain is already higher than 
energetically necessary to open the crack together with the decohesion (equality of Eq. 2 for the total 
surface of crack an decohesion), the decohesion will propagate instantaneously up to the length µ*, at 
which the equality of Eq. 2 is fulfilled for the strain at crack initiation ∗

energyε . 
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Figure 5. Damage onset strain obtained with the energy criterion for a crack centered at (x*, y*) as a 
function of the crack orientation for different crack lengths (a), and as a function of the decohesion 

length for a crack of length l* and θ = 0° (b). 
 
 
7. Conclusions 
 
Prediction of crack initiation in textile composites with a stress based criterion can lead to a significant 
underestimation of the strain at damage onset if energy aspects are neglected, and even if delocalized 
criteria such as the average stress or the point stress method are used. Comparing the energy released 
by the crack initiation to the energy required to generate its surface yields an estimate closer to 
experimental observations by acoustic emission. With this energy criterion, the crack configuration 
(location, length, orientation, and decohesion configuration and length) can be determined. The 
number of calculations required to determine the crack initiation configuration grows, in theory, 
exponentially with the number of parameters describing the crack. However, some parameters are 
uncoupled, which reduces the computational costs. In the presented work, the coupled criterion has 
been used to predict the first crack initiation. In the future, the criterion will successively be applied on 
cracked RUCs to determine the cracking sequence and damage kinetics in textile composites, as well 
as to study the influence of the material parameters on damage onset and evolution. 
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