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Smoothing artificial stress concentrations in voxel-based models of textile composites
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Abstract: Voxel meshing is an effective method to discretise the internal architectures of multi-phase
materials. Spurious stresses are however introduced in the vicinity of a multi-material interface due to the
stepped, block-like representation of smooth boundaries. A stress averaging technique is presented to
eliminate artificial mesh-imposed stress concentrations. The effect of the local averaging domain size,
averaging weight function, and mesh dependence is explored. The voxel finite element method with stress
averaging is then further developed to study progressive damage propagation and failure analysis of
composites. An additional control, based on the failure plane angle of each element, is included to ensure
propagation of damage in the direction dictated by the physics of the process rather than mesh artefacts. It
is found that the stress averaging technique is an effective way to alleviate local stress concentrations and
can ensure correct damage and failure mode prediction when compared to a conformal mesh.
Keywords: A. Fabrics/textiles; B. Stress concentrations; B. Mechanical properties; C. Finite element
analysis (FEA); Voxel mesh
1. Introduction

Finite element (FE) analysis is a powerful way to study the mechanical properties of textile composites,
such as stiffness, nonlinear progressive damage, strength and fatigue etc. [1-3]. However, if the internal
geometry of the composite is too complex, it is difficult to generate a consistent conformal mesh of the

interacting composite components. In textile composites, the meso-scale geometry configuration is
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complex due to yarns interacting with each other during preforming, draping and consolidation [4]. The

resin rich zones between yarns are irregular and highly distorted with extremely high aspect ratios. Usually,

a large number of tetrahedral elements are used to discretise such complex geometry, but it is difficult to

guarantee the mesh quality, or meshing such shapes can be beyond the capability of state of the art

automeshing programs. Therefore, alternative methods have been proposed in the literature to solve the

problem of mesh generation for composites with complex meso-scale geometry.

In order to overcome these difficulties, Cox et al. [5, 6] proposed the FE based binary model to study

the elastic and nonlinear deformation of 3D interlock woven textile composites. In this model, the yarns

were represented by two-node line elements without explicit 3D morphology meshing. Yarn nodes were

connected with the effective medium nodes via coupling springs. The advantage of this model is the ability

to analyze the behavior of large specimens. Its weakness however is that it cannot obtain the local detailed

stress fields for the yarns. Following on from Cox’s binary model, other methods have been proposed such

as the independent mesh method (IMM) [7] and the domain superposition methods (DST) [8, 9] with direct

3D meshing of the yarns coupled to a matrix material. A common aspect of these methods is that yarns and

global volume are meshed independently. However, the connection constraint conditions between the

individual yarns and global volume can differ. Methods [7-9] all consider yarns with 3D morphology,

meshed explicitly, and can tolerate small errors in the detailed yarn geometry. The weakness of these

methods is that they utilize penalty functions to approximate the strain field jump at the interface and these

penalty functions may increase the computational burden.

Some novel elements have also been developed to describe the interface strain discontinuity problem

in order to circumvent the mesh generation difficulties. One approach, called the Mixed FE Method (MFEM)
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[10], also uses regular meshes, in which interfaces between the different constituents are not required to

coincide with element boundaries. If an element is cut by an interface, the integration points at the two sides

of the interface have different material properties. This numerical strategy can calculate the homogenized

parameters and be extended to handle progressive damage analysis. However, due to the different materials

at different integration points within one element, the large variation in gradients of local displacement and

stress can result in a slow rate of convergence for the MFEM. Another potential strategy originally proposed

by Belytschko et al. [11] is the extended finite element method (XFEM), which is based on the concept of

partition unity to analyze mesh-independent crack propagation in heterogenecous media with phase

boundaries. Belytschko et al. [12] and Moés et al. [13] utilized voxel/pixel based meshing to combine

implicit surface descriptions of engineering components in a structured FE analysis. An arbitrary mesh was

created, similar to the voxel method. A level set function was then calculated at the nodes of elements to

determine the location of the implicit surface. Then enrichment functions were used to modify the structured

FE approximations of the displacement field so that a strain field jump at the phase boundary was modeled.

However, this method becomes difficult to use for multiple and possibly very complex enrichment schemes

necessary for characterizing multiple yarn junctions and sharp corners.

Voxel meshing in contrast to these more advanced numerical formulations is a conceptually straight

forward technique to discretise complex geometry of composites, especially for textile reinforcement. A

voxel mesh uses a regular grid of elements and the internal yarn architecture is defined by assigning

different material properties to the individual elements. Voxel meshes for woven composites with complex

geometry can be obtained directly from textile pre-processors such as Texgen [14]. One of the main

limitations of this technique is that the mesh size needs to be much smaller than the features of interest,
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such as the cross section dimensions of yarns. Voxel meshes can be introduced in IMM, DST, MFEM and

XFEM, and also can be directly employed in standard FE to study the effective properties [15, 16] and

progressive damage analysis [17, 18] of composites. However, due to the regular grid mesh used, non-

orthogonal interfaces will appear stepped, or block-like in nature when the appropriate material properties

are assigned to the voxel mesh. When considering the resulting stresses from mechanical loading, spurious

stress concentrations will exist in the elements at the interface due to the stepped geometry, resulting in

issues with stress continuity. These stress concentrations are highly localized and relatively benign for

determining elastic stiffness of textile composites, but have a much higher risk of influencing predictions

of failure and progressive damage analysis. Various smoothing algorithms for voxel mesh also have been

developed [19, 20]. Charras and Guldberg [21] used the boundary-specific filtering method to improve

efficiently local solution accuracy of voxel-based model of complex biological structures, and found that

the errors of filtered solutions consistently decreased after mesh refinement. Doitrand et al. [22] recently

used a least squares method to interpolate the local non-smoothed voxel element stresses at surrounding

integration points. However the interpolation process may remove realistic stress concentrations in

elements situated in nearby regions. Thus, it was reported in reference [22] that this smoothing method may

influence the predicted damage location. Thus it is necessary to overcome the problem of local stress

concentrations if voxel-based meshes model of composites are to be used to analyse their mechanical

behavior.

This paper describes a new, simple, direct and robust voxel FE method capable of obtaining accurate

stresses at yarn interfaces in a voxel mesh, as well as correct progressive damage and failure analysis, for

textile composites. A stress averaging technique is proposed to deal with the spurious stress concentrations



Accepted for publication in Composites Part A, DOI:10.1016/j.compositesa.2015.10.025

arising. The effect of the local averaging domain size, averaging weight function and mesh dependence of
the stress distribution is taken into account. A method for tracking the damage path is further developed to
study the progressive damage propagation. A model of a single yarn embedded in a matrix with periodic
boundary conditions and a transverse load applied is used as an example to examine the proposed method.
The feasibility of the stress averaging technique to deal with composites with more realistic textile
architectures is verified using a plain weave composite unit cell model.
2. Meshing issues associated with finite element models of composites
2.1 Artificial stress concentrations in voxel meshes

A representative volume element (RVE) containing a simplified circular cross-section inclusion with
yarn properties, embedded in a matrix, is modelled as shown in Fig. 1 to demonstrate the issues that arise
in voxel meshes. The longitudinal direction is aligned with the z axiz, and the transverse directions with the
X and Y axes. The volume fraction of the yarn in the RVE is 60%. The yarn used in this model exhibits
transversely isotropic homogeneous symmetry with characteristic effective properties of E, =146.8GPa,
E, =11.4GPa, v, =03, Vy =04 and G,, = 6.1GPa [23]. The properties of the isotropic matrix
material surrounding with yarn are E_ = 3.45GPa and Vv, =0.35[24]. 8-noded solid elements
(Abaqus/Standard element type C3D8R) are used to discretise the RVE and the enhanced hourglass control
option is used to prevent spurious zero-energy deformation modes. Periodic boundary conditions are
applied in both the longitudinal and transverse directions. Transverse compressive loading is applied in x
direction.

In order to examine the spurious stresses generated in a voxel FE model, the RVE is discretised by

voxel meshing with different mesh densities as shown in Fig. 2(a-c). A conformal mesh FE model was also
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created as shown in Fig. 2(d), to be used as a benchmark for verification. Fig. 2 shows the stress distribution

in the loading direction for the models with different voxel mesh densities and the conformal mesh model.

It can be seen that local stress concentrations appear at the stepped block-like interface between the yarn

and matrix. This local stress concentration does not reduce with an increase in voxel mesh density. The

minimum values obtained by the voxel mesh are notably lower than that of conformal mesh.

Fig. 3 (a) and (b) show the loading direction stress component for two paths, one along the yarn

interface and the other across it. It can be seen that the stresses obtained from voxel meshes with different

mesh densities fluctuate and deviate significantly from that of the conformal mesh model. In Fig. 3(b), each

hollow symbol corresponds to one node in the voxel mesh model. A step change in the stress exists at the

interface. It can be observed, that stresses over a region two voxels wide across yarn interface path for the

voxel mesh models deviates from that obtained by the conformal mesh model. Thus, the local stress

concentration region in the voxel mesh model is approximately two elements deep at the interface for each

different material domain. It should be noted that if the voxel FE model were to be directly used to study

progressive damage and failure, the spurious stresses may trigger non-existent damage. In the following

sections we show the spurious stresses in the voxel FE models can be eliminated by averaging the local

stresses around each element on the material interfaces. This is followed by an examination of the effect of

the spurious voxel stresses on the transverse damage in the single yarn model.

A unit cell of plain weave textile composite with complex architectures is also studied. The geometric

parameters of the unit cell as shown in Fig. 4(a) are: L=6.27mm, H=0.6864mm. The long and short axial

lengths of the elliptical cross-section of yarn are 1.09mm and 0.312mm, respectively. The fiber volume

fraction of the unit cell is 0.42 [25]. The FE models with voxel meshes or conformal meshes are generated
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by TexGen software. Due to the complexity of the meso-structure of the plain weave textile unit cell, the
conformal mesh FE model is discretised by four-node tetrahedral elements. The elastic properties of
constituents are: E, =221GPa, E, =16.6GPa, v, =026, G, =589GPa and G, =8.27GPa for
fiber, E_ = 3.5GPaand v, =0.35for matrix [25]. The yarn effective properties are obtained by the
Chamis formulae with 70% intra-yarn fiber volume fraction. Periodic boundary conditions are applied to
the FE model of the unit cell in all three directions and a 0.4% tensile strain is applied in the x direction. A
top view of the longitudinal stress field in one yarn (red yarn as seen in Fig. 4(a)) within the unit cell,
obtained with different voxel meshes, is shown in Fig. 4(b). The material axis x direction stresses along the
yarn surface is also compared along a path, A-A’ for the different meshes in Fig. 4(c). There exist severe
stress oscillations along the path on the yarn surface and whilst the fine voxel mesh can improve the
representation of the yarn shape, the local stress concentrations do not have any improvement. These stress
oscillations cause significant deviation from the results obtained by the conformal mesh model.
2.2 Mesh orientation influence on damage propagation direction
2.2.1 Progressive damage model
(1) Damage initiation criterion

The failure mechanisms of yarns can be categorized into longitudinal fiber failure and inter fiber
failure, Cuntze and Freund characterized this with their so-called Failure Mode Concept (FMC)[26]. In the
present study, only the transverse damage is taken into account due to the RVE only being subjected to an

applied transverse load. The transverse matrix failure of the yarn can be predicted, dependent on the

magnitude of normal stress o, acting on the failure plane, by the bimodal criterion:
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2 2
( I j +£ Tt ) >1 (o, <0)
ST ~— KO, SL —H O,

)= o

where, 0, 7T, and 7, are the normal and two shear stresses on the failure plane with angle ¢0 as
shown in Fig. 5, respectively. £ and g4 are the longitudinal and transverse friction coefficients in the
fracture plane, respectively. S, ,S; and Y, are the longitudinal shear strength, transverse shear strength
and transverse tensile strength, respectively.

The typical values of the fracture plane angle for unidirectional fiber composites under pure
compressive loading are in the range of 50°-60° [27]. For simplicity, it is assumed in this paper that the
angle ¢, is equal to 53°. The transverse friction coefficient can be related with the fracture plane angle in
pure compression, that is 4 =—1/tan(2¢,) . The longitudinal friction coefficient £ can be
calculated from the transverse friction coefficient and the longitudinal and transverse shear strengths as
proposed by Puck and Schiirmann [28], thatis £4 =4S, /S;.

When the yarn is in a complex stress state, the action plane angle ¢ will be a variable. The normal
of the action plane is rotating in the X,X; plane as shown in Fig. 5. The values of o,, 7, and 7

are relevantto ¢ for a given stress state. Thus, Eq. (1) can be rewritten as a function with respect to ¢ .

2 2

wl@) V[ _wml@) )y (6 (9)<0)
fr (¢)= S ~:0,(4))  \S—m0,(9) @)

[%Tmz >1 (c.(¢)>0)

When ¢ is considered over the interval [-90°, 90°], there must exist a maximum value of f; (¢) .

The fracture angle ¢0 is determined by searching for the maximum value of fT (¢)
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f(¢)=max f. (¢) if maxf; (¢)>1 3)

The extended golden section search method [29] can be adopted to calculate the maximum value of

fT (¢) over the interval [-90 °, 90 °] in this paper. First, the golden section search is conducted several
times to obtain a subinterval [¢1, ¢3] . The maximum value of f; (¢) is in the subinterval [¢1, ¢3] . Then,
an arbitrary point ¢, is chosen between ¢ and ¢3. And a parabola formula can be generated by the
interpolation of the three points @, @, and ¢,. The maximum value of the function f; (¢) is close to
the maximum value of the parabola formula. Finally, if fT (¢0) >1, the fracture angle ¢0 can be

calculated by

(¢2 _¢1)2(fT (¢2)_ fT (¢3))_(¢2 _¢3)2(fT (¢2)_ fT (¢1))
2((¢2 _¢1)( fT (¢2)_ fT (¢3))_(¢2 _¢3)( fT (¢2)_ fT (¢1)))

by =@, — “4)

For the matrix material only, the maximum and minimum principle stress criteria are adopted as a damage
initiation criterion, which can be expressed as

o,
f,=—22>1, f, =
Mt Ml Mc M3

>1 (5)

where 0, and M, are the maximum principle stress and strength of matrix, respectively. 05 and
M 3 are the minimum principle stress and strength of matrix, respectively.
(2) Constitutive tensor of damaged material and damage evolution model
In order to characterize the different damage modes, Murakami’s damage tensor, which has previously
been used to describe damage in textile composites [30], is adopted and can be expressed as
D=>Dn®n, (i=123) (6)
i
where, Di and N, are the principal value and principal unit vector of the damage tensor. The symmetric

effective stress can be written as
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s=[(1-D)" -c+o-(1-D)*]/2 2

The Eq. (7) also can be rewritten as
6=M(D):o ®)
Based on the equivalent elastic complementary energy theory, the compliance matrix of the damaged

material can be derived as

S(D)=M D)S MQ ©
Then, inverting the compliance matrix, the stiffness matrix of the damaged material C(D) can be
expressed in matrix form by using the components of the stiffness matrix of undamaged material and the

principal value of the damage tensor D, [31], which can be explicitly represented as

b’Q,, bhQ pbQ ; ;P 0 0
b}Q,, bbQ ,; 0 0 0
(D)= bQ,; 0 0 0 00
sym bR, 0 0
b;Qss O
L b, Q 6

where, D, (i=1,2,3) is the damage variable in the local material coordinate system. b =1-D,,

2 2
2(1-D,)(1-D )j (2(1— D,)(1-D )j
b,=1-D,, b,=1-D,, blz[ L 21, by= . =,
2 2 3 3 2 2—D1—D2 23 2_D2_D3

0 _(2(1—D3)(1—D1)
| 2-p,-D
3 1

2
J , Qij ,(1, ] =1,2,3) is the component of stiffness matrix of undamaged
material.

When the damage propagation analysis is implemented by using FE implicit algorithm, the rapid

change of damage variables may induce numerical convergence problems. An effective method to improve

numerical convergence is an artificial viscous model [32], which can be used to delay the damage

10
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development by introducing a viscous coefficient. The time derivatives of the damage variables D,

(1=212,3) can be written as

D==(@-D) =123 (an

where, 77, is the viscosity coefficient recognized as the relaxation time of the viscous model, D, and

Q) are the regularized damage variable and realistic damage variable for damage mode I, respectively.
The regularized damage variables are used in stiffness matrix of the damaged material. If the viscosity
parameter is a small value compared to the time increment, the numerical convergence of the model will
have a significant improvement without sacrificing numerical accuracy greatly. In this paper, the viscosity
coefficient is set equal to 0.0001s.
In the present study, Q, =€, =Q, =d,,, d,, is the matrix damage initiated by the criterion in
Eq. (5). For the yarn, we do not consider the longitudinal direction damage, so D, = 0.0 . When the single
yarn model has an applied transverse loading, transverse damage, dr, of the yarn can be initiated by the
criterion in Eq. (1). The damage variables in the local material coordinate system, €2, of the yarn can be
written as
Q,=0Q,=d, (12)

The evolution law for the damage variable dS (S =T,M ) [33] can be written as

550 55_550
ds=1—z - 1-eE19M) ( 1-(exp (13)

where, 55 is the equivalent displacement, 550 and 5; are the displacements corresponding to initial
damage and final failure, respectively.

Using the crack band theory of Bazant et al [34], the element dissipated energy is set equal to the

11
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material fracture energy when the element has failed, which can be written as
1_;_
Egst'SfIE’:GéI2 (14)

where, | is the characteristic length of element, which is the cube root of element volume for cubic voxel

. —f —=f . .
elements, Gé is the fracture energy, O, and &, are the equivalent peak stress and maximum

s
equivalent strain, respectively.
The equivalent displacement will thus vary with element size, and is defined as
o, =&l (15)
The initial equivalent displacement is the value of Eq. (15) when the damage initiation criterion equals

to one, that is 550 = 55 fet- Using the Eq. (14) and Eq. (15), the maximum equivalent displacement at

. . f
failure can be written as 0. =

! =21 =2G 15! . The equivalent strain and equivalent peak stress [35,36]

can be expressed as
= 2 2 2 f
& :4/5n+7n1+7/m and; :«/angrrnl-%rm

ta (6,>) O

— _ —f _
gy =¢ and &, —0'1‘ o

?T: 1 (O-nS )

ands =o,

& =&,

(16)

g,=—¢& and &, =-o, oo
2.2.2 Damage development path of the RVE with different conformal meshes

Based on the damage model in the Section 2.2.1, the progressive damage and failure analysis of the
RVE under a transverse compressive load has been carried out. The strength parameters of the
constituents within the RVE model in Section 2.2.1 are Y; =66.5MPa, S; =S, =58.7MPa, M,

=80MPa, M, =240MPa, Gl =0.76N/mm and G.'=0.23N/mm [23]. After damage is initiated at an

element in the RVE, damage will propagate into neighboring elements with an increase in applied load. The

12



Accepted for publication in Composites Part A, DOI:10.1016/j.compositesa.2015.10.025

damage development path is thus gradually formed during the analysis. The damage development path may

however depend on the orientation of the mesh used. Fig. 6 provides the predicted damage development

path of RVE with different conformal mesh models under compressive loading in the x direction. Four

different conformal meshes for the RVE were considered in this analysis, with the central region’s element

mesh orientation being 0°, 15°, 30° and 45° with respectto the X  direction. The material axis orientation

for the yarn remains unchanged in the each conformal mesh model. It can be seen from Fig. 6 that the

damage development path is significantly influenced by the local mesh direction in the RVE model. Based

on the Puck criterion, the failure plane angle should be approximately 50°. When the centre elements are

nearly parallel to the failure plane angle, the damage development path is only one element wide, such as

the 45° mesh.

3. Local stress averaging technique

3.1 Method and implementation

In the absence of a local discontinuity such as damage, crack, sharp geometric change or material

boundary a model with a consistent material should have a smoothly varying local stress. A change in

material will cause a sharp change in stress, but for a model discretised by a voxel mesh it can be seen that

stresses around such an interface thus become further disrupted as shown in Fig. 3(a), resulting in local

stress concentrations. This is caused by the element boundaries forming an irregular non-smooth surface.

Here we propose to employ stress averaging technique to alleviate these spurious local stresses. This is a

reasonable approach since overall the system remains in equilibrium and the averaging impact is limited to

the local vicinity of the stress concentration. For the elements close to such an irregular interface, a stress

averaging scheme can be conducted over a local domain around each element to approximate the realistic

13
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stress, which can be expressed as
[floy ) )
—_0

[o() ¥

(17

where, f (o) is the stress function, @(F) is the weight function, € is the local averaging domain,
I is a vector pointing from the centre the element of interest to other elements in the local domain.

It should be noted that the elements in the local domain should be of the same material, as shown in
Fig. 7(a), because only these elements can be considered to have a continuously changing stress level. From
the plot in Fig. 3(b) it can be seen that for the voxel mesh the stress distribution in elements further from
the material interface are sufficiently accurate. Therefore, only two layers of elements adjacent to the
material interface should be considered for this stress averaging treatment as shown in Fig. 7(b). It is
necessary to determine the size of the averaging domain and the weight function for the stress averaging
technique. In this paper, we adopt and examine three kinds of weight function forms: linear
o(T) :1—|f| / |f|max , exponent @(F) = exp(—|?| / |f|max) and constant @(F) =1. For the different
density voxel meshes, it is difficult to determine directly a constant size for the local averaging domain. It
is however possible to use the element layers around a given element. Therefore, one layer, two layers and
three layers of elements surrounding an element of interest, as shown in Fig. 8, are recognized as three
different sizes of averaging domain to be considered. The local averaging domain sizes thus depend on the
mesh size.

The stress averaging does not change the finite element computation based on the voxel meshes, but
can be considered as a post-processing treatment on the spurious stresses at the end of each increment. The

averaged stress of an element can then be used to identify whether it is damaged or not. It should be noted

14



Accepted for publication in Composites Part A, DOI:10.1016/j.compositesa.2015.10.025

that if the element is damaged it is excluded from the stress averaging algorithm and its adjacent elements

will also not use the stresses of the damaged element in averaging. In the present study, the stress averaging

treatment is implemented in the commercial FE software ABAQUS/Standard. The computation process is

as follows: Firstly, element information, such as element number, element centre coordinates, and each

element volume in the local averaging domain, should be gathered. Then, the element information is read

into the ABAQUS global variables by using the Fortran common block in the ABAQUS UEXTERNALDB

subroutine at the start of computation, which can be accessed by element in the voxel model. Finally, the

stress averaging can be conducted at each element integration point by using ABAQUS USDFLD or UMAT

subroutines. It should be noted that the stress averaging technique does not increase the nodal degrees of

freedom or the number of integration points during the computation. It only increases the computation for

gathering element information before computation and for the stress averaging at each increment during

the calculation.

3.2 Stress analysis of voxel FE model with stress averaging

After a 0.5% compressive strain is applied to the RVE in the x direction, the distribution of averaged

stress in the x compressive loading direction of RVE with different voxel meshes can be obtained as shown

in Fig. 9. Here two layers of elements around each element of interest are averaged using an exponent

weight function. Comparing with the stress distributions against those in Fig. 2, it can be seen that the

averaging stress distributions give a significant improvement. The local stress concentration close to the

material interface is nearly eliminated. The maximum and minimum stress obtained by the three voxel

meshes and conformal mesh models are as given in Tab. 1, in which the two element layer averaging domain

and exponent weight function are adopted. Although the averaged stress distributions for the different voxel

15
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meshes are slightly different from the results obtained from the conformal mesh, the maximum and

minimum averaged stress values are acceptable to use in a progressive damage analysis.

Fig. 10 shows the effect of different averaging domain sizes on the average stress along path 1 of the

RVE, using the coarse voxel FE mesh. The exponent form of the averaging weight function was used. It

can be seen that the stress components at the interfacial elements along path 1 all have a good improvement

after the stress averaging technique. The averaging domain sizes has some influence on the stress averaging

results, with generally the larger averaging domain giving a result closer to the conformal mesh model. The

normal Syy stress and shear Sy, stress along path 1 after stress averaging treatment have the greatest deviation

from the conformal mesh, but their absolute values are relatively small since these are introduced by

Poisson’s contraction only.

The two-layer averaging was chosen as the most suitable to take forward since this gives sufficiently

accurate results, but with a reduced computational cost compared to the three-layer averaging. This

technique was then use to study the influence of mesh size, since for failure analysis it is important to have

a mesh objective formulation. Fig. 11 shows the result of stress averaging in the x loading direction for

different voxel mesh densities. The exponent form of the averaging weight function was also used here. It

can be seen that although the absolute size of the stress averaging domain varies with the mesh size, overall

it produces good results for all mesh densities. As perhaps can be expected, the best results are obtained

with the finest mesh, but the coarse and medium mesh results are also acceptable. The effect of the

averaging weight function used for the stress averaging scheme is also considered and shown in Fig. 12.

After calculation, the effect of varying the averaging weight function is small, but from the stress

contribution view, the linear and exponent forms are more reasonable. Above all, it can be seen that the
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stress averaging does indeed give useful results. Now, a reasonable stress field has been achieved to apply

a progressive damage model in the following section.

For the unit cell model of a plain weave textile composite, the stress fields of a yarn (red yarn in Fig.

4(a)) are provided in Fig. 13(a). Different voxel and conformal mesh sizes are taken into account. It should

be noted that some distorted tetrahedral elements exist in the conformal mesh model. And these elements

also can induce stress concentrations. The predictions of the conformal mesh model have some dependence

on mesh size and the coarse mesh cannot guarantee the accurate results. The two-layer exponential form of

the averaging weight function is adopted for the voxel-based model. The stress field distributions of voxel-

based model after stress averaging are similar to the conformal mesh model. The maximum stress of the

voxel based model after stress averaging is however slightly lower than that obtained by conformal mesh

model, but unlike the case of artificial voxel stress concentrations these stress values improve towards the

conformal mesh values with mesh refinement. Fig. 13(b) provides the stresses along a path on the yarn

surface. The path stresses of the voxel-based model after stress averaging have greatly alleviated the serve

oscillations as shown in Fig. 4(c), and they are close to the path stresses obtained by conformal mesh model.

Fig. 14 shows cross-section stress contours of the models with different meshes. It can be seen that the

stress concentrations are obvious at the boundaries between yarn and matrix for voxel-based model with

coarse and fine meshes. After stress averaging treatment, the stress contours are similar to the conformal

mesh models. This shows that the stress averaging treatment can effectively alleviate the spurious stresses

at the boundaries due to the voxel meshes for more realistic and complex textile geometries.

4. Tracking damage development path

Damage usually initiates at the first point that satisfies the above damage initiation criterion. The
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damage should then propagate at the failure plane angle of that point. Damage cannot however be

introduced suddenly as this can lead to convergence problems in ABAQUS/Standard. Thus, viscous

regularization, as given in Eq. (11), is usually introduced to delay the damage development. This may

however have the unintended consequence that the elements surrounding the initially damaged element will

satisfy the initiation damage criterion as well, due to the delay in energy dissipation. For transverse damage

of the yarn the local mesh orientation also has an effect on the direction of crack propagation, with cracks

tending to follow the mesh lines rather the predicted fracture angle as mentioned in Section 2.2.2. An

algorithm is thus introduced to prevent this. When an element is damaged, a local domain two layers of

elements deep surrounding that element is defined. Within this zone only those elements in line with the

fracture angle, ¢o, may further initiate damage (as shown in Fig.15), thus alleviating the mesh orientation

bias. Beyond the local domains defined around damaged elements, damage can freely initiate and new

damage centres, with new local domains can be further established. It should be noted that the new local

domain may include elements which are members of already existing local domain associated with other

elements. The elements in the new local domain are tagged, again based on the failure plane angle of the

new damage centre element as shown in Fig.15. Looping over this procedure, the damage path can be

obtained, and multiple damage paths can be allowed to join together.

Fig. 16 is the computation flow chart for the progressive damage and failure analysis by using a voxel

FE model with the stress averaging technique and damage path tracking method, which can be divided into

three main parts. Firstly, the preprocessor part is used to gather the element information for averaging the

stresses and tracking the damage path. In the second part, based on the damage initiation criterion, the

integration point of an element is identified as whether it has been damaged or not. The damage variables
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of the element integration point are then updated by the damage evolution law. The third part concerns

tagging the damage path elements in a local damage domain surrounding each damaged element at the end

of'each increment. In the computation, the element stresses and strains are obtained by the Newton-Raphson

incremental method and the damage variables are introduced through an ABAQUS UMAT subroutine.

After the convergence criterion is reached by several equilibrium iterations, the analysis goes to the next

increment.

Fig. 17 is the predicted damage development path of RVE with different conformal mesh models under

compressive loading in the x direction. The damage path tracking method is implemented to compare with

damage being allowed to development freely. After the damage tracking scheme is adopted, the mesh

dependence of the damage path is improved. Although the damage path is still quite wide for certain meshes,

the direction of damage development is improved. It can thus be seen that where very regular meshes are

used, as in the case of voxel analyses, such crack path tracking algorithms can improve results.

5. Comparing the damage analysis of the RVE with voxel and conformal meshes

The following cases have been considered for progressive damage analysis of the RVE: the conformal

mesh model, using a voxel mesh directly and using a voxel mesh combined with stress averaging. The

results obtained from the conformal mesh are used as a verification baseline for the other cases. The stress

averaging treatment for voxel meshes here uses an exponent weight function and a two element deep local

averaging domain. In addition, the effect of voxel mesh density and loading conditions on the progressive

damage analysis of the RVE is studied. The damage path tracking method is implemented to deal with the

multiple damage path junctions, and ensure a mesh independent damage development direction.

Fig. 18(a) and Fig.19(a) show the normalized macroscopic stress vs normalized strain curve of the
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RVE with different meshes under transverse compressive stress and combined compressive and shear stress,

respectively, in which 0, and &, correspond to the maximum stress and strain at the maximum stress

of the results obtained from the conformal mesh. It can be seen that the slope of the curves do not have any

notable differences for the different meshes. It can thus be concluded that the voxel FE model can be used

directly to predict the effective elastic properties of composites. When only transverse compressive loading

is applied to the RVE with different meshes, almost the same peak values are obtained by all of the voxel

meshes, as shown in Fig. 18(a). The peak value of the fine voxel mesh is closest to that obtained by smooth

interface FE model as shown in the magnified view of Fig. 18(a). The stress and strain response obtained

from the voxel mesh with stress averaging is same as without stress averaging for each voxel mesh density.

Fig. 18(b) shows the damage development path for the different meshes under only compressive loading.

In this case, the damage development paths in the RVE appear to be independent from the voxel mesh

density, stress averaging treatment and conformal meshing. In this case the spurious stresses of the voxel

mesh do not influence the failure of the RVE since damage initiates in the centre of the yarn, away from

the multi-material interface.

Fig. 19(a) shows the normalized stress values from the RVE under combined compressive and shear

displacement for different voxel meshes and the conformal mesh. The applied macroscopic compressive

strain is equal to the macroscopic shear strain. In the results obtained directly from the voxel mesh without

stress averaging the yarn fails at a slightly lower load. After stress averaging treatment, the peak value for

each voxel model is closer to that of the conformal mesh model. With an increase in voxel mesh density,

the stress-strain response obtained by the voxel models with stress averaging has little increase as well. In

contrast to the small differences in failure load between models, an examination of the damage and failure
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modes in Fig. 19(b) shows significant differences. In the RVE using the voxel mesh without stress averaging

treatment damage is initiated at the material interface in elements with spurious stress oscillations. In

contrast, after stress averaging treatment, the initiation location of damage in the voxel meshes is same as

that from the conformal mesh. The damage development path also follows a similar pattern although there

are some small differences for damage distribution with different voxel mesh densities.

From these results it can be concluded that the stress averaging treatment for voxel models gives

improved results for the prediction of progressive damage when failure initiates from the location of

spurious stress oscillation caused by the voxelisation. This is dependent on the loading conditions applied

but for the general case and robust analysis it overall gives an improved result, with no detriment to cases

where failure does not initiate from these locations.

6. Conclusions

The stress averaging technique is an effective, simple and direct method to correct the spurious stresses

introduced by the stepped block-liked interface at material junctions in voxel finite element models, which

does not increase the number of integration points. This stress averaging technique is also shown to be

relatively mesh independent. If the local averaging domain is too large, the maximum averaged stress will

lower the accuracy of results. If the averaging domain is too small, the local stress concentration still exists.

It is found in the present study that a depth of two elements surrounding the element of interest is the best

choice for the local averaging domain. From the stress contribution view, the linear and exponent forms are

suitable to use as average weight functions. These spurious stresses can significantly change the damage

and failure modes. The initial damage location and development path for such voxel models has been

verified against results obtained from a conformal mesh model of the same geometry. The results shown by
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voxel meshing combining stress averaging and damage tracking algorithm are as good as those obtained

with conventional meshing techniques. Interfacial failure between the yarn and the matrix was not treated

separately to the yarn and matrix damage models in the analyses presented here. This would require the

insertion of specialist cohesive interface elements, which is not feasible with the block-like interfaces

created in the voxel meshing technique. Yarn disbond can however still occur, through failure of the

boundary layer of elements in the yarn or matrix, as a special case of the failure criteria in equations 2 and

5. Figure 13 shows that the stress averaging technique captures the stress state at the yarn interface well,

required for this mode of failure. If there was a genuine stress concentration at the interface causing failure,

then it would have to be highly localized (less than 2 layers of elements wide) before the stress averaging

technique would artificially smooth it over and delay initiation of damage. In such cases the exponential

weighting function may be more appropriate, to take account of the high local stress gradient. Stress

discontinuities due to a change of material are still captured, since the averaging is only performed over

elements with the same material type.

Compared to the use of a conformal mesh, voxel models are thus much more general for composites

with very complex internal geometry that needs to be included in the mesh. This technique can thus be

further developed to study progressive damage in textile composites with weave architectures more

complex than the simple unit cell presented here for verification.
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Fig. 2 Stress distribution of x direction stress component, (a) coarse voxel mesh, (b) medium voxel mesh,

(c) fine voxel mesh, (d) conformal mesh
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Tab. 1 Maximum and minimum stresses for the three voxel mesh and one conformal mesh models with

0.5% compressive strain applied in the x direction.

Voxel mesh
Conformal
Coarse Medium Fine
mesh

Direct Avg. Direct Avg. Direct Avg.

Sxx(Max) /MPa -8.87 -8.90 -9.99 -7.84 -9.45 -9.17 -10.01
Sxx(Min) /MPa -51.66 -60.15 -52.23 -61.40 -53.26 -59.85 -50.89

Syy(Max) /MPa 8.15 10.04 8.17 10.38 8.74 9.89 7.87
Syy(Min) /MPa -20.83 -20.74 -19.28 -21.69 -19.64 -20.28 -19.54
Szz(Max) /MPa 11.82 14.30 11.65 15.10 12.65 14.36 11.70
Szz(Min) /MPa -24.53 -24.72 -24.37 -25.42 -24.82 -24.29 -23.84

Sxy /MPa 5.50 4.57 391 4.87 4.35 5.25 4.73
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