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Abstract A study is conducted with the aim of developing voxel-based finite element method
related to the whole fiber distribution for predicting the macro-mechanical properties of 3D
orthogonal woven composites. For the rationality of this model, multi-scale finite element
method, which is on the basis of the surface and interior representative volume cells, and
digital image correlation tests are carried out. The results show that the proposed voxel-based
finite element method is capable of precisely calculating the macro-level properties of 3D
orthogonal woven composites, validated by the comparison the mechanical behaviors as well
as the full-field strain fields.
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1 Introduction

Owing to the comparable capability of weight reduction with excellent mechanical properties, three-
dimensional (3D) woven composites as structural components are being used increasingly for the
space and aircraft applications, such as rag brace, propeller blades and trailing arms etc. [1–3] A
major advantage of 3D woven technology to fabricate such complex-shaped components is the
near-net shape capacity. However, the full-field fiber distribution of the obtained preform is marked
heterogeneous. This has important impact on the macro-mechanical properties of the composite
materials. The current macroscopic-like point of view is usually adopted by idealizing the hetero-
geneous phases as the homogeneousmedia [4]. In fact, this limitation reduced seriously the accuracy
for predicting the mechanical behavior of macro composites. Thus, a more effective method related
to the full-field fiber distribution is needed in order to provide a powerful tool for a better design.
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As reviewed in the previous reports, the current popular macro-mechanical characterization
to the study of woven composites can be largely belong to multi-scale method [5, 6].
Generally, the multi-level structure of woven composites can be divided into three scales:
micro-, meso- and macro-scale, which correspond to matrix impregnated yarn, representative
volume cell (RVC), and whole component, respectively. Homogenized macro-scale method
can be employed to evaluate the stiffness, strength, damage initiation/evolution from the
micro-scale and meso-scale step-by-step. For instance, Kwon YW et al [7] discussed the
thermomechanical analysis of refractory woven fabric composites using a multi-scale analysis
technique. Bacarreza et al. [8] developed a semi-analytical homogenization method to predict
the progressive degradation of plain woven composites. Also, the failure of the open hole
tension specimens was simulated. Lu et al [9] studied the stress-strain and progressive failure
behaviors of 2.5D woven composites subjected to the axial tensile loading by using a two-step
multi-scale method. Recently, Dai et al. [10] presented a detailed mosaic macro model to
predict the elastic and damage progressive process of 3D woven composites. Bassam ES et al
[11] developed multi-scale modeling of strongly heterogeneous 3D woven composite struc-
tures based on a spatial Voronoi tessellation. The numerical results showed that the predicted
stiffness and surface strain agree well with the experimental ones. Wang et al. [12] proposed a
multi-scale modeling to study the damage responses of 3D orthogonal woven composites
subjected to the quasi-static and high strain rate compressions. This multi-scale model mainly
includes [1] micro/meso/macro models with periodic boundary conditions for homogenizing
the heterogeneous constituent system into RVC, and [2] a macro-scale rate dependent plasticity
model combined with the critical damage area failure theory. Unfortunately, the macro-scale
properties of homogenization woven composite, based on the basis of the result of meso-scale
finite element solid models, can not reflect precisely the effect of the full-field fiber
distribution.

In order to overcome the above difficulties, some novel macro-scale methods need to be
developed. In our previous paper [13], fiber embedded matrix method related to the full-field
fiber distribution is proposed to evaluate the macro-mechanical properties of 3D textile
composites. The present work is aimed at establishing a simple and accurate analytical method
to calculate the macroscopic mechanical properties of 3D orthogonal woven composites using
a voxel-based finite element model (VFEM). Firstly, the detailed microstructures of two types
of 3D orthogonal woven composites are established. Subsequently, voxel-based finite element
models, with different mesh sizes, are proposed. Meanwhile, for comparison, multi-scale finite
element model (MFEM), based on the surface and interior RVCs, are also presented. Then a
careful experimental details including the composite specimen preparation and the digital
image correlation (DIC) tests are described. Furthermore, the predicted results of VFEM are
shown and compared with those of MFEM and experiment. Finally, some valuable conclu-
sions are summarized.

2 Microstructures of 3D Orthogonal Woven Composites

The weave style considered in this paper is 3D orthogonal woven composites, as shown in
Fig. 1. The warp and weft are oriented along the x-direction and y-direction, respectively. The
Z yarns interlocks with the weft layers through the thickness (z-direction). Also, the warp and
Z yarns arranges alternately with a certain ratio of 1:1 along the x-direction. The preform
structural parameters which are also known as manufacturer specified parameters are the
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number of layers (n), the warp density (Pwarp), the weft density (Pweft), the Z yarn density (Pz −
yarn), the warp fineness (Texwarp), the weft fineness (Texweft) and the Z yarn fineness (Texz −
yarn). These detailed parameters are summarized in Table 1.

For textile composites, the accuracy of the mechanical behavior simulation is highly
dependent upon their actual microstructures [14]. The analytical geometry model proposed
in this paper takes into account the cross-section and paths of yarns. It becomes known that a
composite is an extremely complicated structure for the mechanical analysis. There exist
several structural levels from yarns to preform and eventually to the composite. In each level,
there are many geometrical and mechanical variables which control or influence the final
composite behaviors. Therefore, this paper retains the essence of the physics but avoid
unnecessary complexity so as to make our model r more user-friendly. On the basis of the
microscopic image analysis (Fig. 2a and b), the following assumptions should be provided.

(1) For both carbon/epoxy composite and carbon/Kevlar/epoxy composite, the ideal cross-
section shape of warp, weft and Z yarn, respectively, are consistent.

(2) The section of surface weft is an ensemble of ellipse and rectangular, while the section of
interior weft are rectangular, as shown in Fig. 2d.

(3) Both the section of warp and weft are rectangular (see Fig. 2c and e). Also, warp and weft
remain straight straighten.

Table 1 The detailed manufacturing parameters of the considered preform

Preform type Yarn type Yarn density
(tows /cm)

Yarn
fineness(Tex)

Number of
layers

Carbon Warp carbon 5 800 4
Weft carbon 5 800
Z yarn carbon 5 400

Carbon/Kevlar Warp carbon 5 800 4
Weft carbon 5 800
Z yarn Kevlar 5 158
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Fig. 1 Schematic diagram of 3D orthogonal woven composite



The geometrical parameters of yarns can be expressed as

Swarp ¼ Texwarp � 10−2

δwarp � ρ
; Si−we f t ¼ Texwe f t � 10−2

δi−we f t � ρ
; Ss−we f t ¼ Texwe f t � 10−2

δs−we f t � ρ
; Sz−yarn ¼ Texz−yarn � 10−2

δz−yarn � ρ
;

Hwarp ¼ Swarp
Wwarp

;Hi−we f t ¼ Si−we f t
Wi−we f t

;Hs−we f t ¼ 8Ss−we f t
4Ws−we f t þ πWs−we f t

;Hz−yarn ¼ Sz−yarn
Wz−yarn

Where Swarp(mm
2), Si −weft(mm

2), Ss −weft(mm
2) and Sz − yarn(mm

2) are the cross-sectional
area of warp, interior weft, surface weft and Z-yarn, respectively.

Texwarp(tex), Texweft(tex) and Texz − yarn(tex) are warp fineness, weft fineness and Z-yarn
fineness, respectively.

ρ(g/cm3) is the density of carbon/Kevlar fiber.
δwarp, δi −weft, δs −weft and δz − yarn are fiber volume fraction of warp, weft and Z yarn,

respectively. Here, it should be noted that the cross-sectional shape of warp, interior weft and Z
yarn is rectangular, δwarp = δi −weft = δz − yarn = 0.785 [16]. However, the cross-sectional shape
of surface weft is an ensemble of ellipse and rectangular. Here, δs −weft = 0.76 [15].

Hwarp, Hi −weft, Hs −weft and Hz − yarn is the thickness of single warp, interior weft, surface
weft and Z-yarn, respectively.

Wwarp, Wi −weft, Ws −weft andWz − yarn is the width of single warp, interior weft, surface weft
and Z-yarn, respectively.

According to Fig. 1, the geometrical relationship can be expressed as.

10

Pwarp
¼ 10

Pz−yarn
¼ Wwarp þ Hz−yarn;

10

Pwe f t
¼ Wi−we f t þWz−yarn ¼ Ws−we f t þWz−yarn;

T ¼ n� Hwarp þ n−1ð Þ � Hi−we f t þ 2� Hs−we f t
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Fig. 2 Detailed structural information of 3D orthogonal woven composite: (a) real yarn cross sections of carbon/
epoxy composites, (b) real yarn cross sections of carbon/kevlar/epoxy composites, (c) ideal shapes of Z yarn, (d)
ideal shape of weft, (e) ideal shape of warp



By calculating, the corresponding geometrical parameters of carbon/epoxy and carbon/
Kevlar/epoxy 3D orthogonal woven composites are summarized in Table 2. Also, the meso-
scale geometric models of carbon/epoxy and carbon/Kevlar/epoxy 3D woven composite,
respectively, are illustrated in Fig. 2.

3 Analytical Model

As shown in Fig. 3, an analytical framework of mechanical property is presented. Two
methods, voxel-based finite element model (VFEM) and multi-scale finite element method
(MFEM) are proposed to predict the macro-scale elastic analysis of 3D orthogonal woven
composites. The detailed analysis is described in the subsequent section.

3.1 Materials Properties of Matrix-Impregnated Fiber Bundles

In this paper, the yarn is carbon T700-6 K, carbon T700-12 K and Kevlar, and the matrix is
epoxy resin (TDE 86). The mechanical properties of component materials are summarized in
Table 3. For 3D orthogonal woven composites, yarns are thought to be the matrix-impregnated
fiber bundles, which are assumed to be transversely isotropic. For the matrix-impregnated fiber
bundles, the stress increments in the constituent fiber and matrix can be correlated by the
bridging matrix as follows [16]:

dσmi
� � ¼ Aij

� �
dσ f

j

n o
ð1Þ

Where

dσif g ¼ dσ11; dσ22; dσ33; dσ23; dσ12; dσ13f gT ð2Þ

dσm
i

� �
and dσ f

i

n o
represent the matrix stress increments and the fiber stress increments,

respectively. ⌊Ai j⌋ is the bridging matrix, which is expressed by:

Ai j
� � ¼

a11 a12 a13 0 0 0
a21 a22 a23 0 0 0
a31 a32 a33 0 0 0
0 0 0 a44 0 0
0 0 0 0 a55 0
0 0 0 0 0 a66

2
6666664

3
7777775

ð3Þ

Table 2 Geometrical parameters of 3D orthogonal woven composites

Composite type Hwarp

(mm)
Hi −weft
(mm)

Hs −weft
(mm)

Hz − yarn
(mm)

Wwarp

(mm)
Wi −weft
(mm)

Ws −weft
(mm)

Wz − yarn
(mm)

Carbon/epoxy 0.31 0.48 0.75 0.17 1.83 0.65 0.48 1.51
Carbon/Kevlar/epoxy 0.29 0.50 0.76 0.08 1.91 0.65 0.50 1.50
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Where

a11 ¼ Em=E f
11

a12 ¼ a13 ¼ S f
12−S

m
12

� �
a11−a22ð Þ= S f

11−S
m
11

� �

a21 ¼ a31 ¼ a23 ¼ a32 ¼ 0

a22 ¼ a33 ¼ 1=2 1þ Em=E f
22

� �

a44 ¼ 1=2 1þ Gm=Gf
12

� �

a55 ¼ a66 ¼ 1=2 1þ Gm=Gf
12

� �

8>>>>>>>>>><
>>>>>>>>>>:

ð4Þ

In the above formulas, Em and Gm are the elastic and shear modulus of the matrix,

respectively. E f
11;E

f
22 and Gf

12 are the longitudinal, transverse and shear modulus of the fiber,
respectively.

When the bridge matrix is given, the compliance matrix for the matrix-impregnated fiber
bundles is defined as follows:

Si j
� �

n ¼ V*
f S f

i j

h i
þ V*

m S f
i j

h i
Ai j
� �� �

V*
f I½ � þ V*

m Ai j
� �� �−1

ð5Þ

Where S f
i j

h i
and Smi j

h i
represent the fiber andmatrix compliancematrices, respectively. [I] is

a unit matrix. V*
f and V*

m are the fiber and matrix volume fractions of the matrix-impregnated

fiber bundles, respectively, and the relation is V*
f þ V*

m ¼ 1.

Table 3 Mechanical parameters of constituents

Type Mechanical parameters Carbon T700-12 K Carbon T700-6 K Kevlar

Yarn Longitudinal modulus E f
11 (GPa) 232 221 156

Transverse modulus E f
22 (GPa) 15 13.8 90.9

Longitudinal poisson ratio ν f
12

0.28 0.2 0.19

Longitudinal shear modulus Gf
12 (GPa) 24 9 17.3

Transverse shear modulus Gf
23 (GPa) 5.03 4.93 38.19

Epoxy
Matrix Moulus Em (GPa) 3.5

Poisson ratio νm 0.35
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Fig. 3 Meso-scale RVC of 3D orthogonal woven composite, (a) carbon/epoxy, (b) carbon/kevlar/epoxy



Furthermore, the relation between the compliance matrix and the engineering constants of
the matrix-impregnated fiber bundles can be expressed by

S½ � ¼

1

EL

vLT
ET

vLZ
EZ

0 0 0

vLT
EL

1

EL

vTZ
EZ

0 0 0

vLZ
EL

vTZ
ET

1

EZ
0 0 0

0 0 0
1

GTZ
0 0

0 0 0 0
1

GLT
0

0 0 0 0 0
1

GLZ

2
666666666666666664

3
777777777777777775

ð6Þ

By calculating, the mechanical properties of the matrix-impregnated fiber bundles are listed
in Table 4.

3.2 Method 1: Voxel-Based Finite Element Model (VFEM)

For traditional meso-scale finite element solid models, the discrete mesh are quite tedious
owing to the complex yarn architecture and the cross section shapes. A non-uniform element
size and distorted elements are most probably obtained, which not only affects significantly the
computational efficiency of the analysis, but also results in the inaccurate stress and strain
distribution [17, 18]. Voxel meshing is an advanced method to generate meshes of any kind of
textile architecture. The advantages of this methodology for modeling 3D orthogonal woven
composites are [1] quick and automatic generation of regular 3D grid of voxel meshes [2];
assigning automatically the material properties. Several authors [19–21] has applied voxel-
based finite element method to calculate the damage initiation, progression and homogenized
thermo-elastic properties of 3D woven composites. The framework is summarized in Fig. 4.

In this study, voxel-based finite element method is developed to study the macro-mechanical
properties of 3D orthogonal woven composites. The detailed full-scale model of 100 mm×
20 mm× 4.2 mm is built, as shown in Fig. 5. The three considered elements of Nx ×Ny ×Nz are
generated with TexGen (see Fig. 6). Table 5 summarizes the results of the experimental and
predicted fiber volume fractions. It can be clearly seen that a general problem of voxel mesh is

Table 4 Predicted elastic constants of matrix impregnated fiber bundles using bridge matrix method

Carbon/epoxy
(T700-12 K, δ = 0.785)

Carbon/epoxy
(T700-12 K, δ = 0.76)

Carbon/epoxy
(T700-6 K)

Kevlar/epoxy

EL(GPa) 173.79 168.37 165.59 117.11
ET(GPa) 10.7 10.32 10.15 8.88
EZ(GPa) 10.7 10.32 10.15 8.88
νLT 0.41 0.39 0.3 0.5
νLZ 0.41 0.39 0.3 0.5
νTZ(GPa) 0.44 0.44 0.42 0.32
GLT(GPa) 8.12 7.47 5.27 4.26
GLZ(GPa) 8.12 7.47 5.27 4.26
GTZ(GPa) 3.70 3.58 3.59 3.36
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that non-orthogonal interfaces appear stepped in nature. This phenomenon cannot be avoided,
but its influence can be effectively reduced by refining the voxel mesh size. However, when the
mesh sizes are much small, the computational time and cost increase greatly. Also, another
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problem of adjusting element size of the voxels is that there may be added matrix elements
between yarns, missing yarn elements and unsmooth link etc (see Fig. 6). The effect of themesh
number on the mechanical properties will be discussed in the following section.

Once the voxel mesh of the macro-scale model has been obtained, it is necessary to apply
the correct boundary conditions as well as the materials directions, and then imported into a
finite element program (Abaqus) to simulate the macro elastic properties of the material.

3.3 Method 2: Multi-Scale Finite Element Method (MFEM)

Figure 7 presents the framework of multi-scale finite element model of 3D orthogonal woven
composites. The MFEM is carried out using Abaqus/Standard software. The most basic step in
developing MFEM is to predict the elastic constants of the matrix-impregnated fiber bundles.
Considering the periodic fiber arrays, a hexagonal RVC instead of the matrix-impregnated
fiber bundles is used in this paper (see Fig. 7).

Next, the effective mechanical properties of the matrix-impregnated fiber bundles are
passed to the meso-scale solid model. Here, it should be noted that meso-scale RVC, which
serves as a bridge linking the micro-scale analysis and macro-scale analysis, is capable to
efficiently capture the effects of complicated yarn architectures. For 3D orthogonal woven
composites, there are two types of RVCs, interior RVC and surface RVC. By applying the

Table 5 Fiber volume fraction of varying voxel mesh models

Composite type Nx ×Ny ×Nz Warp (%) Weft (%) Z yarn (%) Total (%)

Carbon/epoxy 430 × 30 × 20 21.42 23.37 7.95 52.74
540 × 30 × 30 23.53 23.59 6.35 53.47
700 × 30 × 30 23.94 23.52 6.89 54.35
Experimental – – – 53.69

Carbon/Kevlar/epoxy 540 × 30 × 30 25.32 24.26 5.09 54.67
Experimental – – – 53.29
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periodic boundary condition22, the meso-scale materials properties of two solid RVCs are
calculated.

Finally, meso-level data is delivered to the macro-scale homogeneous composite, and then
the tensile properties of 3D orthogonal woven composites are simulated. Clearly, this macro-
scale finite element model can calculate the effective moduli and strength. Here, it scarcely
evaluates the strain and stress elastic distribution of the whole field, as will be verified in a later
section of this paper.

4 Experimental Details

3D orthogonal woven preforms are fabricated using the 3D woven machine at the Institute of
Composite Materials of Tianjin Polytechnic University (China). Then epoxy matrix (TDE 86)
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is injected into 3D orthogonal woven preforms by the process of the resin transfer molding
(RTM) to produce carbon/epoxy and carbon/Kevlar/epoxy composite specimens, as shown in
Fig. 8. The specimen geometry and dimensions are depicted in Fig. 9a. In preparing the tensile
samples, each side is affixed to an aluminum strengthening plate with the epoxy glue film to
protect the specimen from damage that caused by the rigid test fixture during the test, as show
in Fig. 9a.

For the tensile tests, the standard test methods ASTM D3039 are followed. All the tests
are carried out by SHIMADZU AG-250KNE equipment in the room temperature. For
validating the rationality of FEMM and MFEM, the digital image correlation technique
(DIC, see Fig. 9b) is used to measure the full-field strain distribution of composite
components subjected to tensile loading [22, 23]. This technique is becoming an widely
popular analytical tool in the field of structural mechanics owing to the low price and
availability of imaging setup and correlation software. A key step is that the white speckle
pattern on a matt black base coat is needed to paint onto the surface of the tensile
specimens, as shown in Fig. 9c-d. Then the charge coupled device (CCD) camera is used
to obtain grey scale images of the samples during loading. Noted that the measurement
error of DIC is estimated less than 2%. Each test result in this paper is the mean of three
repeats.

5 Results and Discussion

After generating the predicted models with two types of methods, VFEM and MFEM, a
commercial finite element software ABAQUS/Standard is employed to calculate the macro-
mechanical properties of 3D orthogonal woven composites subjected to tensile loading. The
primary goal of the development of voxel-based finite element method (VFEM) is to simulate
the full-field strain and stress distribution. Furthermore, the analytical results of VFEM are
compared to those of MFEM and DIC measurement to validate the accuracy of this model.
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5.1 Global Stress-Strain Curves

Figure 10 shows the comparisons of the typical stress-strain curves between simulation and
experiment. Clearly, the predicted stress-strain curve tendency of both VFEM and MFEM is
essentially in accordance with the experimental data. The computed initial modulus is in good
agreement with the experimental result. Also, it should be noted that the stress-strain curve of
all the specimen exhibits significantly linear characteristics, indicating that both carbon/epoxy
and carbon/Kevlar/epoxy 3D orthogonal woven composites are brittleness material. Moreover,
as compared to carbon/epoxy composites, the failure strain of carbon/Kevlar/epoxy woven
composites is higher, suggesting a excellent toughness properties.

Additionally, for carbon/epoxy composites, it is found that the max stress of voxel-based
finite element method (VFEM, 937.66 MPa) exceeds slightly that of multi-scale finite element
(MFEM, 892.36 MPa) by 5.08% and the experiment (911.33 MPa) by 2.89%. Also, for
carbon/Kevlar/epoxy composites, the max stress of the experiment, VFEM and MFEM is
1020.01 MPa, 1034.35 MPa and 1007.05 MPa, respectively. For aforementioned results, it can
be concluded that as compared to the multi-scale model, voxel-based model exhibits more
precise predicting ability.
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5.2 Digital Image Correlation Validation

Figure 11 displays the major strain contours along the longitudinal direction at the average
strain level of 1.0%. For both carbon/epoxy and carbon/Kevlar/epoxy 3D orthogonal
woven composites, the predicted results obtained from VFEM and meso-scale solid model
correlate the DIC image very excellently. However, unlike the above result, it is noticed
that the numerical image from macro-scale solid model shows that the strain isolines are
smooth and uniform. Not surprisingly, because the heterogeneity of the meso-structure is
considered in both VFEM and meso-scale solid model. Furthermore, the predicted major
strain fields by VFEM are somewhat regular than experimental one, attributable to the
varying of the local structure parameters during the process of composite preparation. As
for the graphs, the results of VFEM illustrate that the low strain concentrations exhibit the
marked directivity. Combined with the result of meso-scale solid model, it can be con-
cluded that the localized low strain areas are occurred in the Z yarns, whereas the localized
high strain regions occur mainly in the resin rich zones. Moreover, for the surface low
strain areas, the comparison between the predicted carbon/epoxy and carbon/Kevlar/epoxy
3D orthogonal woven composites are found of little difference, which can be attributed to
the varying of the Z yarn areas on the surface. This result also be verified by the meso-scale
geometric models in Fig. 3. Also, For both carbon/epoxy and carbon/Kevlar/epoxy 3D
woven orthogonal composites, the observed fracture surface are relatively even, indicating
the brittle rupture. This result is consistent with the obtained conclusion of the stress-strain
curve as mentioned earlier.

In order to make a better interpretation of the tensile behaviors of 3D woven orthogonal
composites, the predicted stress field contours of carbon/epoxy and carbon/Kevlar/epoxy
structures are presented in Figs. 12 and 13, respectively. In Figs. 12a and 13a, the predicted
result of VFEM fully captures the stress distribution of the whole field. It is interesting to see
that the stress distributions have a close relationship with the yarn paths. Moreover, warp and Z
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yarn are observed to have very high stresses as compared to matrix and weft. As to the graphs
in Figs. 12b and 13b, macro-scale solid models with a homogeneous materials exhibit the
smooth contours. Also, the highest stresses are located at the interior regions. This result is
consistent with that of meso-scale solid models. This is because that warp are straight, and bear
more loads.

5.3 Effect of Voxel Mesh Convergence

In this paper, three different voxel numbers through warp and thickness direction are chosen
and the number of voxels (Ny) through the thickness is fixed. Figures 14 and 15 show the warp
strain and stress field of 3D carbon/epoxy orthogonal composites subjected to warp tensile
loading, respectively. It can be clearly seen that the full-field strain and stress distribution of the
x-y plane has obvious difference. Moreover, the strain concentration zones are observed in all
voxel meshes (white box in Fig. 14). This can be attributed to the added matrix elements
between yarns, missing yarn elements and unsmooth link etc (see Fig. 6) as mentioned earlier.
As to the graphs 15a and 15b (white box), it also can be observed the stress concentration,
while this phenomenon doesn’t appear in the finest meshes (Fig. 15c). This is probably
because that for that the mesh size is too coarse to well describe the yarn shape. Grail et al.
[24] reported that the maximum edge length of the elements is a key parameters which
influences the final mechanical behaviors, while the shorter edges are used only where it is
needed to precisely remodel the geometry shape. The above analysis confirms that the mesh
size effect plays an important role, which needs to a further study.
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5.4 General Discussion of the Prediction Model

For afore-mentioned results, it can be concluded that the developed voxel-based finite element
method (VFEM) is capable of accurately predicting the macroscopic elastic properties of 3D
woven orthogonal composites when subjected to tensile loading. The ability of this model to
obtain the stress-strain responses and the whole major strain distributions is clearly presented.
The predicted major strain contours agree very well with the DIC experimental result, which is
one of the contributions of this paper. Moreover, for VFEM, the discrete mesh process are
simple and easily implemented into the ABAQUS software. More importantly, VFEM can
reflect precisely the effect of the full-field fiber distribution, and probably extend to any textile
structural composite and the arbitrarily shaped components. This is seen as an obvious
advantage over many existing models in the previous literature.
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Fig. 12 Predicted strain field contours of 3D orthogonal woven composite, (a) Voxel-based finite element
method, (b) Multi-scale finite element method



Although the calculated capability of VFEM has been shown, the development of this
model is still in progress because there are a few of limitations with regards to its applicability.
For example, stress concentrations are found at the step-like surfaces of the yarns, which may
influence the damage prediction. Therefore, a further consideration may involve developing
new mesh strategy and suitable damage model.

6 Conclusions

The main objective of this study is to develop voxel-based finite element method (VFEM) to
predict the macro-mechanical properties of 3D woven orthogonal composites. For comparison,
conventional multi-scale finite element method (MFEM) and digital image correlation (DIC)
tests are carried out. Based on the detailed analysis, following conclusions are made:
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Fig. 13 Predicted stress field contours of 3D orthogonal woven composite, (a) Voxel-based finite element
method, (b) Multi-scale finite element method
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1) From the comparisons of the stress-strain curves, the initial modulus and the
max stress, the calculated results of VFEM correlate the DIC image very
excellently.

Fig. 14 Predicted strain field contours of voxel-based finite element method with different voxel mesh sizes

Fig. 15 Predicted stress field contours of voxel-based finite element method with different voxel mesh sizes



2) Under warp tensile loading, both VFEM and DIC successfully obtain the full-field
strain distribution, while MFEM hardly capture the local deformation in different
areas. Also, the results of VFEM agree well with the experimental ones.

3) The developed voxel-based finite element model is capable of accurately calculating
the macro-level elastic properties of 3D woven orthogonal composites when subject-
ed to warp tensile loading. However, as for the future studies, it is desirable to
continue with an effort to address some of its limitations, including the new mesh
strategy and suitable damage model. These insights can be extremely helpful in
solving any textile structural component with arbitrarily shaped.
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