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Abstract

The applicability of voxel meshes to model the mechanical behavior of woven composites at
the mesoscopic scale is studied and compared to consistent Finite Element (FE) meshes. The
methods are illustrated by mechanically modeling a Representative Unit Cell (RUC) of a
composite made of four layers of glass fiber plain weave fabric embedded in an epoxy matrix.
Mesh convergence is studied to determine the minimum element size necessary to obtain a
correct yarn volume fraction. The comparison between both methods is based on (i) homog-
enized macroscopic elastic properties, (ii) local stress fields, and (iii) first damage prediction.
Even if a good agreement is obtained for the elastic properties, the stress concentrations due
to the steplike shape of voxels induce significant differences between both methods in terms
of first damage prediction.

Keywords: A. Fabrics/textiles, A. Thermosetting resin, C. Finite element analysis, C.

Damage Mechanics

1. Introduction

Woven composites are of great interest for industrial applications as they are increasingly
used for lightweight applications in aeronautics as well as in the automotive industry. One of
the advantages of textile composites is the high flexibility of the reinforcement, which can be
draped or directly woven into complex shapes. Therefore, compared to laminated composite
structures, fewer assembly operations are needed, which reduces the number of weak points
in the structures and production costs.

In an industrial design process, the mechanical properties (in most cases at least the elastic

properties and strength) of potentially new materials need to be known. Experimental iden-

Preprint submitted to Composites Part A January 28, 2015



tification is both expensive and time consuming. Moreover, some properties (for composites,
e.g., in the out-of-plane direction) are difficult to measure. Therefore, predictive modeling
tools are needed to replace some of the experimental tests during the design phase. These
modeling tools have to bridge the characteristic scales of composite materials: from the mi-
croscopic scale, which is the scale of the constituents (fibers and matrix) to the macroscopic
scale, the scale of the structure, at which the material is considered to be homogeneous. An
intermediate scale, the so-called mesoscopic scale, is usually defined to take into account the
reinforcement architecture. In the case of textile composites, the yarns often consisting of
several thousands of fibers are modeled as a homogeneous material. They are interlaced such
as to represent the reinforcing fabric architecture and embedded into the matrix material.

The first step in a multi-scale analysis of textile composites [1] is therefore the choice of
suitable representative unit cells (RUC) at the different scales. At the meso-scale, the use
of yarn shapes and positions that are close to those observed in real composites is extremely
important to obtain reliable results [1]. Several tools able to generate geometric models of
meso-scale RUC for textile composites exist [2, 3, 4]. However, most of these models imply
simplified yarn shapes (constant cross sections) and possible interpenetrations between the
yarns, both factors leading to yarn volume fractions lower than those observed experimentally.
In order to conserve the overall fiber volume fraction in the composite, very high, sometimes
non-physical [5, 6] fiber volume fractions have to be used in the yarns. Less idealized geome-
tries can be obtained by explicitly modeling the preforming step of the woven fabric, as it is
done, e.g., in [5, 7, 8]. The resulting yarn shapes have varying cross sections as observed in
real composites.

With the aid of the meso-scale RUC, the homogenized macroscopic properties of the
composite material can be calculated from the properties of the yarns and the matrix at the
mescoscopic scale, using a suitable homogenization technique. Analytical methods [9] have
the advantage of being computationally very efficient. However, most of them are limited to
specific simple reinforcement architectures and all of them only predict linear elastic behavior
(non-linear behavior or damage prediction is not considered). Numerical methods, such as
Finite Element (FE) modeling are more flexible, as (in principle) any kind of material behavior
can be used, and there are no limitations on the geometry, as long as an appropriate FE

mesh can be generated. This is in fact one of the main difficulties of this approach, as the



generation of a periodic mesh at the RUC boundaries (in order to apply periodic boundary
conditions) or to impose a conformal mesh at the contact zones between yarns is far from being
obvious. The latter problem is often removed artificially by inserting a matrix layer between
the yarns in contact [1, 10, 11, 12], which makes the application of automated meshing tools
straightforward. If this layer is thin, the element size at the yarn interfaces has to be very
small in order to avoid poor quality elements. If it is thick, the fiber volume fraction in the
yarns has to be increased significantly above that of the real composite in order to preserve
the overall fiber volume fraction [6]. Grail et al. [5] proposed a method for the generation
of consistent FE meshes of textile composite RUC with yarns in contact. The contact zones
are treated separately and meshed only once, which allows for the generation of conformal
meshes without the need of inserting a matrix layer between the yarns. However, this method
is complex and its current implementation is not robust enough to ensure automatic mesh
generation of any complex 3D reinforcement architecture.

A simpler method, widely used in industrial applications, is voxel meshing [13]. With
this method it is quite straightforward to generate meshes of any kind of fabric architecture
[14]. It has been used to generate meshes of 2D woven composites [15] as well as 3D woven
composites with more complex architectures [16]. The voxel method has been successfully used
to calculate the homogenized thermo-elastic properties of composites [16]. Several authors
also applied voxel meshes to model damage initiation and progression in 3D woven composites
[17, 18, 19]. However, spurious stress concentrations are observed at the steplike surfaces of
the yarns [15], which are expected to influence damage prediction.

The aim of this work is therefore to evaluate the accuracy and the computational efficiency
of the voxel method compared to a consistent FE mesh and to study the range of possible
applications during the design phase. The two meshing procedures and a mesh convergence
study on the homogenized elastic properties are presented in section 2. The local stress fields
are analyzed in section 3 and their influence on damage onset in section 4. Finally, the stress
fields are smoothed in order to reduce the spurious stress concentrations obtained with the
voxel meshes (section 5). The whole analysis is illustrated on the RUC of a composite made
of a compacted and nested reinforcement of four layers of a glass fiber plain weave fabric

embedded in an epoxy matrix.



2. Finite element meshing of the Representative Unit Cell

The first step in FE modeling of woven composites at the meso-scale is the generation of a
RUC of the reinforcing fabric. The composite modeled in this work consists of four layers of a
glass fiber plain weave fabric embedded in an epoxy matrix. If no particular attention is paid
to the position of the fabric layers, they are in general shifted randomly with respect to each
other. First, four copies of a unit cell of a single layer of plain weave fabric are generated using
the method by Hivet and Boisse [20]. The layers are shifted with respect to each other in
the fabric plane, using the shifts determined from experimental observations [21]. The shifted
layers are stacked on top of each other. The resulting geometry is repeated periodically in
warp and weft direction and then cut to the composite RUC boundaries. A FE mesh is
generated of each yarn independently, and the fabric compaction is simulated numerically to
obtain the desired final composite thickness, taking into account all the contacts between the
yarns [5]. Due to the relative shift between adjacent layers, nesting occurs during compaction.
The resulting yarn volume fraction is the same as in the real composite, and the yarn shapes
and positions are similar. Although a plain weave is the simplest fabric architecture, the
reinforcement geometry already exhibits most of the main difficulties as (i) complex multiple
contact zones between the yarns, (ii) irregular yarn shapes with varying sections, (iii) high yarn
volume fraction, and (iv) random shifts and nesting between fabric layers. The yarn shapes
resulting from the compaction modeling are used in the following to generate FE meshes of
the composite RUC made of the deformed reinforcement and the matrix complement. Two
methods that ensure conformal meshes at the contact zones between yarns are presented in

the following sections 2.1 and 2.2. A mesh convergence study is carried out in section 2.3.

2.1. Consistent meshing of the Representative Unit Cell

Grail et al. [5] have developed a method to generate FE meshes of woven composite RUC
with complex yarn shapes and multiple contact zones between the yarns. Mesh conformity is
ensured as the interfaces between yarns are represented by a single mesh. No artificial matrix
layer is needed between yarns, and there are no limitations on yarn shapes. More details
concerning this algorithm can be found in [5].

Fagiano et al. [21] have used this method to generate a FE mesh of the RUC studied in

this work and to obtain the homogenized macroscopic elastic properties of the material. In a



first step, the mechanical properties of the yarns are calculated by means of a FE micro-meso
homogenization, similar to the method used by Melro et al. [12]. As thermosetting polymer
matrices typically used in composites exhibit only weakly nonlinear behavior before failure
under tension and strains remain small (see, e.g., [22]), the matrix behavior is supposed to
be linear elastic in this study and strain rate dependence is neglected. If the behavior of
the composite under compression or shear should be studied, this approximation is no longer
valid. The glass fibers are also in a good approximation linear elastic. Both the matrix and
the fibers are isotropic materials. The properties used in the following calculations are shown
in Table 1. A cylindrical fiber in a hexagonal RUC is used at the micro-scale, which ensures
transverse isotropic elastic properties for the yarns. Periodic boundary conditions are applied
in all directions. The fiber volume fraction in the yarns is 57%. The homogenized stiffness
tensor is calculated from the average stresses in response to the six elementary strains applied
consecutively to the RUC. The resulting yarn properties are given in Table 2.

In a second step, the same procedure is applied to the meso-scale FE mesh of the woven
composite RUC. However, periodic boundary conditions are only applied in the fabric plane
directions of the RUC. The displacement at the out-of-plane faces is left free in order to
correctly represent the boundary conditions applied to the composite specimen in a tensile test.
The homogenized properties given in Table 2 are used for the yarns and the same properties
as at the micro-scale are used for the matrix. The local orientation of the yarn material is
calculated separately at each integration point by orthogonal projection of its position on the
neutral line of the yarn. The tangent of the neutral line at the projected point defines the
axis of transverse isotropy of the yarn material (the fiber direction) at the integration point.
The material orientations are assigned automatically using a Python script. The yarn volume
fraction in the meso-scale RUC is 82%, resulting in a total fiber volume fraction in the RUC of
47%, which corresponds approximately to yarn volume fraction observed experimentally [21].
The resulting tensile modulus and Poisson’s ratio are in good agreement with the experimental
observations (Table 3), as well as the strain fields on the surface of the composite. It can be
noted that the confidence interval of Poisson’s ratio is higher than the confidence interval of
Young’s modulus. Indeed, the measurement of Poisson’s ratio reflects the uncertainty of both
longitudinal and transverse strain measurements whereas the measurement of Young’s

modulus only reflects the former. The damage localization obtained with the consistent



mesh model has not yet been validated against experimental results. It would require a finer
analysis about some aspects affecting the mechanical behavior of the composite e.g. (i) the RUC
geometry, (ii) the use of appropriate constitutive laws, etc. However, the principal aim of this

paper is the comparison of two FE methods in terms of damage onset localization.

2.2. Voxel meshing procedure

The voxel method consists in dividing the composite RUC into a regular 3D grid of voxels.
Thus, mesh periodicity at the boundaries of the RUC is ensured automatically. The main
difficulty of the method consists in assigning the material properties to each voxel element.
In a voxel mesh, the element surfaces do not follow the yarn surfaces but are determined
by the regular 3D grid. Therefore, elements at the yarn surfaces may be shared between
several yarns and the matrix. However, it is only possible to assign a single material behavior
to each voxel for FE calculations. A solution proposed by Kim and Swan [13] is to define
a special material behavior for these elements whose properties are obtained from mixing
rules. This implies to calculate as many homogenized material behaviors as there are shared
elements in the voxel mesh. Moreover, the definition of the material orientation in elements
shared between two yarns of different local fiber orientation is difficult and does not have
real physical meaning. Therefore, in most of the studies [14, 15, 16] the shared elements are
assigned to either one yarn or to the matrix. For instance, a possible method is inspired from
polycristal’s microstructure modeling [24] and consists in growing each part from an initial
configuration (e.g., a Voronoi tessellation in the case of polycrystals) until they are in contact.
This method as been applied to voxel representations of woven composite RUC by Aboura et
al. [23], using the yarn center lines as initial configuration, as it easily allows to assign the
voxels to a single material even if there are interpenetrations between the yarns.

Since in this study the geometry is obtained by modeling explicitly the preforming step,
there are no interpenetrations between the yarns. Therefore, a simpler method is used to
determine to which part a voxel belongs: A voxel is assigned to a yarn or to the matrix
depending on its center position. A schematic view of a yarn cross section (black line) is
shown in Figure 1, illustrating the voxel assignment to the yarn or the matrix for different
voxel sizes. It can be seen that for the same yarn shape, the yarn volume fraction varies

from 58% (Figure 1 (a)) to 48% (Figure 1 (b)) depending on the size of the voxel elements.



Therefore, a mesh convergence study is required to ensure that an accurate yarn volume
fraction is used in the FE calculations with voxel meshes. This study is presented in the
following section 2.3.

A general problem of voxel meshes due to the fact that the element boundaries do not
follow the yarn surfaces is that artificial contacts between yarns are introduced (see Figure
2). This issue cannot be avoided, but its impact can be reduced by refining the voxel size.
A problem of assigning the voxels through their center position is that there may be isolated
matrix elements between yarns (see Figures 2 and 3). The center of these elements lies within
the matrix but most of their volume belongs to one or several yarns. To overcome this problem,
the volume fractions of matrix and yarns are calculated in the shared elements. If in these
elements the matrix volume fraction is lower than the volume fraction of at least one of the
yarns, it is assigned to the yarn with the bigger volume fraction in the element. Therefore, the
elements wrongly assigned to the matrix are assigned to the yarn they mainly belong to (Figure
3). Due to the generality of the applied method, this procedure is applicable for any kind of
woven fabric architecture. Finally, a third general difficulty of voxel meshes is the
representation of the edges of yarns with varying sections where isolated elements can be found
(see Figure 3). Such isolated voxels can lead to stress concentrations, see Section 3. This
problem is treated and discussed in Section 5. Whatever the voxel size, this phenomenon can be
avoided only in yarns with constant cross section and without in-plane waviness, which is not

the case in real geometries of compacted fabrics.

2.8. Mesh convergence study

The fiber volume fraction has a first order impact on the mechanical behavior of composite
materials. For a given fiber volume fraction in the yarns, it is therefore crucial to use the
correct yarn volume fraction in the meso-scale RUC. The following mesh convergence study
is therefore first carried out on the yarn volume fraction. For a given mechanical behavior,
the computational time mostly depends on the number of degrees of freedom of the problem
to be solved, which is proportional to the number of nodes in the FE mesh.

One of the most important parameters of the consistent meshing procedure by Grail et
al. [5] is the maximum edge length of the elements. Further parameters include tolerance

parameters for the definition of the yarn contact zones and parameters for local refinement



of the mesh, for example around the yarn interfaces. Details can be found in the paper of
Grail et al. [5]. In the present convergence study, only the maximum edge length is varied.
The meshing tool tries to mesh the RUC with tetrahedral elements with the maximum edge
length. Shorter edges are used only where it is required to accurately reproduce the geometry
and close the meshes. The shorter the maximum edge length, the higher the number of
nodes in the FE mesh, but the better the curvatures of the geometry are approximated. The
yarn volume fraction of the consistent meshes remains constant within about 0.03% from a
maximum edge length of 0.25mm downwards (see Figure 4). If 10 node quadratic elements
are used, this corresponds to a FE mesh with 259 000 nodes and a yarn volume fraction of
82.18%. The mesh is shown in Figure 5.

The number of nodes in a voxel mesh made of linear hexahedral elements is given by
Nnodes = (nz + 1)(”1} + 1)(nz + 1) (1)

where n, is the number of voxels in direction of the warp yarns, n, in direction of the weft
yarns, and n, through the thickness of the RUC. In most published works involving voxel
meshes of woven composites cubic voxels are used [14, 15, 16]. The mesh size thus depends
only on one parameter: the length of the voxel edge. For the present RUC, 2 000 000 nodes
are needed to obtain a difference of less than 0.4% between the yarn volume fractions of the
converged consistent mesh and that of the voxel mesh, if cubic voxels are used.

An alternative is to use hexahedral voxels with different edge lengths in the three direc-
tions. Since the yarn width in the studied fabric is the same in warp and weft direction, we

choose the same voxel size in the fabric plane, i.e.,
ny = [—|ng (2)

where L, and L, are respectively the RUC length in warp and weft direction. The number
of voxels in the thickness direction is chosen independently, leading to flatter voxels.

The voxel size in thickness direction and hence the number of nodes needed to obtain a
relative difference lower than 0.25% between the yarn volume fractions of the consistent mesh
and those of the voxel meshes depends on the number of voxels in the plane n,. The evolution
of the yarn volume fractions with the number of nodes is shown in Figure 4 for three different

values of n,. For n, = 20, convergence is reached for n, = 150, which corresponds to a



voxel mesh with 72900 nodes. Note that in contrast to the consistent mesh, linear elements
are used in the voxel meshes, because the use of quadratic elements does not improve the
representation of the steplike geometry, but only increase the number of nodes and hence the
computational costs. If the consistent mesh shown in Figure 5 was made of linear tetrahedral
elements (which would be sufficient if the objective was only to get a correct volume fraction as
the yarn volume fraction does not change if linear or quadratic elements are used), it would only
contain 34100 nodes. Therefore, using a consistent mesh with tetrahedral elements, fewer nodes
are needed to correctly represent the RUC geometry than with a voxel mesh consisting of
hexahedral elements..

However, such a low number of voxels in the plane insufficiently describes the geometrical
characteristics of the RUC and thus alters the local stress fields significantly, as will be shown
in the following section. Therefore, a finer discretization is required if the mesh should not
only be used to compute homogenized elastic properties. The converged voxel mesh with
ng = 70 and n, = 90 is shown in Figure 6. This mesh contains 504 000 nodes. Thus, even
for high n, the use of hexahedral voxels drastically reduces the number of nodes required to
achieve convergence of the yarn volume fraction compared to cubic voxels.

The homogenized elastic properties have been calculated using the consistent mesh and the
different voxel meshes and following the methods described in section 2.1. As both the voxel
meshes and the consistent mesh are periodic, the application of periodic boundary conditions
is straightforward. It has been found that the homogenized elastic properties are mainly influ-
enced by the yarn volume fraction in the RUC and the distribution of the fiber orientations.
The exact yarn shapes are less important to the averaged elastic behavior. To obtain a correct
fiber orientation distribution, the yarns have to be sufficiently well discretized along the fiber
direction. As in a plain weave, the yarn path is similar to a sinusoidal curve, n, = 20 voxels
in the plane are sufficient. Therefore, for voxel meshes with converged yarn volume fractions,
the homogenized elastic properties are also converged with a similar precision. The results
for the mesh shown in Figure 6 are given in Table 4 compared with the values obtained with
the consistent mesh. This study shows that voxel meshes are well suited to calculate the
homogenized elastic properties of textile composites. The computational costs are similar to

those that can be reached with consistent FE meshes.



3. Local stress fields

Local stress concentrations only have a minor influence on the homogenized elastic prop-
erties, as they are averaged out over the RUC. Therefore, the steplike structure of the yarn
surfaces in the voxel meshes does not have a major impact, as long as the yarn volume frac-
tion and the fiber orientation distribution are correctly represented. In this section, the local
stress fields are compared between the voxel and the consistent meshes, in order to asses the
viability of the voxel method for the prediction of phenomena that depend on local stress
concentrations, such as damage onset. Since the first damage observed in textile composites
under tension is usually transverse yarn cracking [1, 25, 26|, a weft yarn of one of the internal
layers is chosen to study the stress fields (the red yarn in Figure 7). A tensile load is imposed
in the warp direction. The average stress in the other directions of the RUC is zero.

The in-plane transverse stress fields in the selected yarn obtained with different voxel
meshes are shown in Figure 8. Four different voxel numbers (n;) are chosen in the in-plane
direction. The number of voxels through the thickness n, is fixed as a result of the convergence
study presented in section 2.3. It can be clearly seen that for n, = 20 the voxels are too big
to reproduce the geometric features of the meso-scale RUC. As a results, the stress concen-
tration zones observed with finer voxel meshes are dilated and their shape is not accurately
reproduced. For n, = 40 the characteristic shapes of the stress fields observed with the two
finer meshes start to appear, but the approximation of their shape is still very rough. For the
two finest meshes, the general shape of the stress fields are very similar, with the exception
of the stress concentrations due to the steplike yarn surface.

These stress concentrations are observed in all voxel meshes, regardless the voxel size.
They are even more important in the finer meshes, as for the very coarse mesh the yarn
shape is too much simplified. This is reflected by the maximum local tensile stress, which
increases with decreasing voxel size. The impact on the minimum local stress is less clear, as
it first decreases with the voxel size, which is probably due to the increasingly more accurate
representation of the yarn shape, but then increases again for the finest mesh.

The in-plane transverse stress fields in the selected yarn obtained with different consistent
meshes are shown in Figure 9. Four different mesh sizes (0.6, 0.25, 0.18 and 0.1 mm) are chosen.

It can be clearly seen that a mesh size of 0.6 mm is too coarse to well describe the
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stress field. For the three finest meshes, the obtained elastic properties as well as the shape of
the stress fields are very similar. Hence, if the mesh size is small enough, the stress field does not
vary locally contrary to the voxel case.

In terms of local stress fields, tetrahedral elements are less precise than hexahedral elements
[27]. However, it is really difficult to generate a consistent mesh with hexahedral elements, due
to the complexity of the geometry of woven composites. Tetrahedral elements have to be used
in order to obtain such a mesh. Quadratic instead of linear elements are chosen in order to
better take into account stress gradients that may occur through the yarn thickness.

The consistent mesh with a converged yarn volume fraction shown in Figure 5 only has
two elements in the direction of the yarn thickness, which is the minimum imposed by the
algorithm of Grail et al. [5]. This is sufficient to obtain a good convergence in yarn volume
fraction and homogenized elastic properties, but usually insufficient to take into account the
stress gradients that may occur through the yarn thickness. In the following, we therefore use
a refined mesh with four elements through the yarn thickness and a total of 845 000 nodes,
which should be sufficient because quadratic elements are used in the consistent mesh. The
obtained stress fields are shown in Figure 10 for both consistent meshes and for the voxel mesh
with n, = 70. There is no significant difference between the stress fields in the two consistent
meshes. Nevertheless, the refined mesh will be used in the following analysis in order to
better reproduce the stress gradients in the through-thickness direction. In all converged
voxel meshes, the number of elements through the yarn thickness is more than twice of that
in the consistent meshes, which means that stress gradients should be at least equally well be
taken into account.

A comparison between the stress fields on the whole yarn surface of the voxel mesh with
n, = 70 and the refined consistent mesh is shown in Figure 11. The zones where this yarn is
in contact with other yarns are surrounded by black lines. The minimum and maximum local
stresses observed with these two meshes are summarized in Table 5. Both values are quite
similar. The voxel mesh with n, = 70 gives the same overall shapes of the stress fields as the
mesh with n, = 100. However, mesh dependent stress oscillations are obtained with both
meshes, so that there is no advantage in using the finer mesh. Therefore, in order to perform a
quantitative comparison between voxel and consistent mesh results, the mesh with n, = 70 will

be used in the following comparisons.
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The general shape of the stress fields shown in Figure 11 are quite similar, with the
exception of the local oscillations between stress extrema induced by the steplike yarn surfaces
in the voxel mesh. The stress oscillations are caused by the inaccurate representation of the
yarn surface shape in the voxel mesh, and are therefore a geometric artifact not due to a
physical mechanism. These oscillations are more important at interfaces between yarns than
at interfaces between the yarn and the matrix. Even though the overall maxima and minima
of local stress are quite similar (Table 5), differences of more than 30% are reached in the
zones with stress oscillations. A zoom on a region with stress oscillations is shown in Figure
10. In the same region, the stress field obtained with the consistent meshes is smooth without

oscillations.

4. Damage onset

One of the most important criteria in a design process of composite structures is the level
of damage onset, which is highly influenced by the local stress distributions. The differences
highlighted in Figures 10 and 11 are therefore expected to significantly impact the prediction
of the first damage. In order to estimate numerically damage onset in the yarns, a suitable
damage criterion has to be used. The yarns are made of fibers embedded in matrix, which are
locally almost parallel to each other, similar to a unidirectional (UD) ply. We therefore use
a damage criterion developed for UD plies in a composite laminate [28, 29] to locate the first
damage in the yarns. In this model, three different damage modes are taken into account:
(1) damage in the direction of the fibers dominated by fiber breaking and matrix dominated
damage in (2) the transverse in-plane direction and (3) the out-of-plane direction. For each
mode, tensile and compressive damage are distinguished, as the physical mechanisms are not
the same. The criteria for the different modes are given in Table 6.

The lower index in the failure criteria f,ijE indicates the damage mode, and the upper
index distinguishes between tensile (+) and compressive (—) damage. X; and X, are the
tensile and compressive ply strength in direction of the fibers, which are determined by tensile
and compressive tests on UD plies. Y; and Y, are the transverse tensile and compressive
strengths. S{Q and 5{3 are called the effective shear strengths. They are higher than the
real shear strengths Sf% and Sf% of the ply such that damage onset is predicted correctly

in a matrix-dominated mode (2 or 3) for pure shear loading, and not in the compressive
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fiber failure mode [29]. pi2, p13 are shape parameters that take into account the coupling
between compressive and shear stresses. These parameters can be directly determined from
the transverse compressive ply strength Y. [29]. For the polymer matrix, a failure criterion
proposed by Chaboche et al. [30] for quasi-brittle materials is used (last equation in Table
6). Failure is driven by the principal tensile stresses < oy >, < 077 > and < o777 >. X is the
matrix strength under uniaxial tension. Triaxiality is accounted for through the exponent p,
which is set to 1 in this study.

Damage occurs when any of the different criteria becomes larger than 1. The integration
point where this occurs first in the FE calculation gives the location of damage onset. The
local damage mode is given by the criterion f that is maximum at the integration point.

Experimentally, the first damage mechanism observed in woven composites is transverse
cracking in yarns that are orthogonal to the loading direction. The next damage mechanisms
are (i) yarn/yarn or yarn/matrix decohesions at the crack tips, (ii) matrix cracking in the
matrix pockets and (iii) fiber fracture leading to the failure of the material. A more detailed
description of the damage mechanisms can be found in [21] and [26]. At damage onset, only the
transverse yarn cracking mode of the failure criterion is active (maz(f) = f;), which agrees
with the experimental observations. Therefore, the results presented in the following only
concern the transverse yarn cracking mode of the failure criterion.

The damage onset locations obtained with the different voxel meshes presented in Figure 8
are shown in Figure 12. Damage onset prediction is clearly influenced by the stress con-
centrations that are observed for all the meshes. The damage onset locations obtained for the
reference weft yarn with the voxel and consistent mesh are shown in Figure 13. In order to
identify a damage zone rather than a single integration point, the applied load has been fixed
such that the maximum failure criterion max(f) is 1.1. This value is obtained for an average
tensile stress of 72.6 MPa in the warp direction. In Figure 13 all areas associated to integration
points where max(f) lies between 1 and 1.1 are marked in red.

For both meshes, damage onset is observed at the locations of maximum transverse tensile
stress in the yarns (see Figure 11). Some damage zones are similar for both methods, but
additional damaged locations are predicted with the voxel method at the locations of local
stress concentrations that are due to the steplike yarn surface, which are not present in the

consistent mesh. In particular, the first damage predicted by the voxel method is located in
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such a zone. However, an overall maximum failure criterion of 1 is reached for both methods

at similar loads, with a difference of only 0.6% between them.

5. Stress field smoothing

The differences between the consistent and the voxel meshes in the prediction of damage
zones is due to the oscillations between stress maxima and minima at the steplike yarn surface
in the voxel mesh. These oscillations can be reduced by smoothing the stress field. This is done
by calculating the stress at each integration point as an interpolation of the non-smoothed
values at the surrounding integration points using a least squares method [31]. The amount
of smoothing depends on the number of surrounding integration points that are taken into
account. Usually, all integration points are included that belong to the elements that share
a common node with the element containing the integration point where the smoothed field
is calculated. In this case, at each integration point, the stress field is smoothed over 216
integration points. If the integration points of second nearest neighbor elements are also
included, the number rises to 1000, for the third nearest neighbors it becomes 2744.

The stress concentration smoothing leads to two configurations: (i) if the stress concentra-
tion is localized in only one element of the zone of interest, see Figure 14 (1a), the smoothing
technique is sufficient to reduce significantly the stress concentration in the isolated element,
see Figure 14 (1b); (ii) if several elements are subject to stress concentrations in the same zone,
see Figure 14 (2a) , the smoothing method may not be sufficient to completely reduce this
effect, see Figure 14 (2b). In this case, a damage zone may be detected erroneously.

The resulting smoothed stress fields are shown in Figure 15.The oscillations observed
in Figure 11 are no longer present. However, the stress maxima are decreasing and the
stress minima are increasing with the number of integration points included in the smoothing
process. This has an impact on the applied load level, for which damage onset is predicted.
For example, for an average stress of 72.6 MPa in the warp direction, the maximum failure
criterion reaches only max(f) = 0.97 after smoothing over 216 integration points instead of
1.1 if the non-smoothed stress fields are used. As a consequence, a 13% higher average stress
(82.5 MPa) is needed to reach the same maximum failure criterion max(f) = 1.1 as with the

consistent mesh.
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The smoothing procedure also has an influence on the predicted location of damage. In
Figure 16 a comparison is shown between the results obtained with the non-smoothed and the
smoothed stress fields of the voxel meshes and with the consistent mesh. The zones attributed
to integration points with f between 1 and 1.1 are highlighted in red. The load applied to
each mesh is chosen such that the maximum local value of f is 1.1. The Figure shows that
the smoothing removes some damage zones and the remaining zones spread out slightly. This
has the result that most of the damage zones caused by the stress oscillations at the steplike
yarn surfaces are removed, but also some relatively localized damage zones predicted with
the consistent mesh. Moreover, some damage zones not predicted with the consistent mesh
are not removed after smoothing. Further smoothing including the second and third nearest
neighbor elements has no major impact on the predicted damage zones. As can be seen from
Figure 15, the zones of maximum stress and their locations remain almost the same. They
only spread out slightly more. The same effect is observed on the damage zones.

Smoothing the stress fields is therefore only an insufficient solution to correct the stress
oscillations caused by the steplike approximation of the yarn shapes. Since the maximum local
stress depends on the level of smoothing, it is not appropriate to predict the absolute value of
the damage threshold. The voxel size also has an influence on the maximum local stress, which
may result in a mutual compensation of mesh refinement and stronger smoothing. However,

this does not mean that convergence is reached.

6. Conclusion

The applicability of the voxel method for mesoscale modeling of woven composites has
been studied using a RUC of a polymer matrix composite with a compacted and nested
reinforcement made of four layers of plain weave fabric. In comparison with the results
obtained with a consistent mesh, whose element faces follow the yarn surfaces, the voxel mesh
yields stress oscillations at the yarn surfaces. These are due to a less precise approximation
of the geometry of the reinforcement by the voxel mesh, which cannot represent smooth
curved surfaces. These oscillations average out, when the homogenized elastic properties are
calculated. For this reason, it is sufficient to choose the voxel size small enough to obtain an
accurate value for the yarn volume fraction. If hexahedral rather than cubic elements are used

for the voxel mesh, this is achieved for similar node numbers in the voxel and the consistent
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mesh. Therefore, the voxel method is a well suited and flexible method to determine the
average elastic behavior of composite RUC with highly complex reinforcement geometries.

However, if phenomena depending on local stress concentrations, such as damage onset,
are simulated, the difference between voxel and consistent meshes becomes significant. Using a
voxel mesh, damage is not only predicted in zones of stress concentration due to the geometry
of the reinforcement, but also at the stress oscillations at the steplike yarn surfaces. The effect
is particularly strong at the interfaces between two crossing yarns. The damage location is
thus incorrectly predicted in most cases. The damage threshold is also influenced, since the
stress concentrations at the steplike yarn surface depend on the voxel size. In fact, in these
zones, local differences of more than 30% are observed between the voxel and the consistent
mesh. Moreover, these stress oscillations are present regardless of the mesh size. Therefore, the
choice of a good mesh discretization to generate appropriate stress fields or to perform damage
analyses is not obvious.

The stress oscillations can be reduced by smoothing the stress fields. However, the smooth-
ing does not remove all damage zones that are predicted only due to the stress concentrations
at the steplike yarn surfaces. Moreover, some damage zones that are in agreement with those
predicted with the consistent mesh, are also removed. Even after smoothing, the prediction
of the damage location is thus not reliable and depends on the voxel size. The maximum local
stress, which determines the damage threshold, depends both on the level of smoothing and
on the voxel size. Both effects may compensate each other if the voxel mesh is refined and
the smoothing level increased. This makes the prediction of the damage threshold strongly
dependent on the parameters of the procedure.

The main conclusion of this article is that it has been found that under some conditions the
voxel method is well suited to calculate the homogenized elastic properties of composites, but
it has to be used with caution when applied to the simulation of phenomena that depend on
local stress concentrations, such as damage onset and propagation. Therefore, the consistent
mesh method will be used for further work covering an experimental validation of the FE

model in terms of damage localization.
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Matrix Fibres

LY564

E [GPa] | v
3.2

E [GPa] | v
0.3

0.35 | E-glass 72

Table 1: Microscopic properties of the constituents: E-glass fiber and epoxy matrix.

Matrix | F [GPa] v

LY564 3.2 0.35

Yarns | E; [GPa] | E; [GPa] | vy v | G [GPa]
42.2 10.2 0.319 | 0.419 7.6
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Table 2: Mesoscopic properties of the constituents obtained from micro-meso homogenization.




Method E11 [GPa] V192

Finite element 20.94 0.132

Tests 21.31 + 0.6 | 0.148 4 0.027

Table 3: Macroscopic elastic properties of the four-layer plain architecture obtained numerically (FE) and

experimentally [21].

Properties Eq [GPa] | B9 [GPa] | w12 vas | Gia2 [GPa)
Consistent mesh 20.94 22.39 0.132 | 0.413 6.47

Voxel mesh 20.90 22.32 0.133 | 0.412 6.46
Difference (%) 0.2 0.31 0.29 | 0.23 0.18

Table 4: Macroscopic elastic properties of the constituents obtained from meso-macro homogenization using

consistent and voxel meshes, and the relative difference between both methods.
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Properties Omin [MPa] | omaz [MPa]
Consistent mesh 18.82 48.82

Voxel mesh 18.14 47.95
Difference (%) 3.7 1.8

Table 5: Maximum and minimum local stress in the studied weft yarn obtained with consistent and voxel

meshes.
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Table 6: Failure criteria for the yarns (first three rows) and the matrix used in the damage predictions.

23



(a) (b)

(C) el el ] °] °]

Figure 1: Schematic view of a yarn cross section. Elements are assigned to a yarn (in red) or to the matrix
according to the position of their centers. The yarn volume fraction depends on the voxel size and is equal to

(a) 0.58 (b) 0.48, and (c) 0.49.

Isolated element
of matrix

Artificial contact
between yarns

Figure 2: Illustation of isolated matrix elements and artificial contacts between yarns generated by assigning

voxels by their center position. Yarns are represented in red and blue, the matrix in grey.
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Figure 3: The interface between two yarns is represented in red before (a) and after (b) reassigning isolated

yarn edge

matrix elements. (c) shows an example for isolated elements at yarn edges.
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istent mesh of the RUC with 259 000 nodes.
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Figure 5

Figure 6: Converged voxel mesh of the RUC with 504 000 nodes.
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Figure 7: Schematic view of the FE simulation setup. A tensile stress is imposed in the direction of the warps.

The weft yarn marked in red is used to study the local stress fields and damage onset.
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Figure 8: In-plane transverse stress fields on the surface of the weft yarn marked in red in Figure 7 obtained
with voxel meshes with different voxel sizes. The maximum and minimum local stress in this yarn are given

in the table.
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Figure 9: In-plane transverse stress fields on the surface of the weft yarn marked in red in Figure 7 obtained

with different consistent meshes. The mesh size is indicated under the corresponding stress field.
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Figure 10: 3D view of in-plane transverse stress fields in the weft yarn marked in red in Figure 7 obtained with

(a) the voxel mesh with n, = 70, (b) the converged consistent mesh, and (c) the refined consistent mesh.
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Figure 11: Comparison between the in-plane transverse stress fields on the surface of the weft yarn marked in
red in Figure 7 obtained with the voxel mesh with n, = 70 (left) and the refined consistent mesh (right). The

contours of the yarn contact zones are traced in black.
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Figure 12: Comparison of the damage locations predicted using the voxel meshes presented in Figure 8. Damage
onset prediction is influenced by stress concentrations, regardless of the voxel size. The load required to reach

the failure criterion decreases as the voxel density increases.
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Figure 13: Comparison of the damage locations predicted by voxel and consistent meshes. Similarities and

differences are highlighted.
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Figure 14: (a) Non smoothed and (b) smoothed voxel stress fields. If the stress concentration is located in
only one element (1a), its effect is significantly reduced by smoothing (1b). If the stress concentration extend

over several elements in the same zone (2a), smoothing is not sufficient to eliminate their effect (2b).
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Figure 15: Above: Stress fields obtained with the voxel mesh with n, = 70 after smoothing over (a) 216, (b)
1000, and (c) 2744 integration points. Below: Evolution of the local stress maximum and minimum in the yarn

with the level of smoothing.
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Figure 16: Damage locations predicted with the voxel mesh with n, = 70 before (a) and after (b) smoothing

over 216 integration points in comparison with (c) the predictions obtained from the refined consistent mesh.
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