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Abstract

A reasonable boundary condition for the meso-scale finite element (FE) simulation of textile composites is necessary for
model validation against experiments, which is sometimes over-simplified for saving computation time. This paper examines
the influence of boundary conditions on the global stress—strain response and deformation pattern, as well as the local damage
and failure characters, through systematically comparison studies of numerical results against experimental results under
different loading conditions. The results suggest that reasonable application of periodic boundary conditions can effectively
improve the calculation efficiency, and the employment of symmetric boundary conditions along the loading direction will
cause the undesired strain concentration and premature damage at the loading edges of the model. Besides, extra constraints
along the thickness direction may restrain the normal out-of-plane deformation of the braided composites and thereby cause

an overestimation of the transverse strengths.

Keywords Braided composites - Meso-scale model - Boundary condition - Free-edge effect - Progressive failure simulation

1 Introduction

The textile composites have been widely used in the fields
of aerospace, automotive, marine, etc., due to their supe-
rior mechanical performance and suitability for integrated
molding of the complex structures [1, 2], as well as their
potential applications in the fields of electromagnetic and
intelligent materials [3—6]. However, its intricate braided
architecture and sometimes large size in the representative
unit cell (UC) leads to a complex deformation and failure
behavior [7, 8], which drives the meso-scale finite element
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simulation to become a popular method in relevant analysis
and prediction [9-13]. Nevertheless, the implementation
of the meso-scale simulation for the textile composites is
time-consuming attribute to the fictitious reconstruction
of the braided architecture and model individually the
deformation and failure process of each component of the
braided composites. As a result, the meso-scale simulation
is usually performed on the periodic UC which is much
smaller in size than the experimental samples but can rep-
resent the composite’s geometric features and mechanical
performance.

During a simulation scenario, the comparability
between the small size UC model and the large size speci-
men is relying on the reasonable application of boundary
conditions. The uniform strain or stress boundary con-
ditions were easier applied on a single RVE model to
calculate the homogenized mechanical properties, such
as the works presented in [14—17]. Also, some research-
ers utilized the symmetric boundary condition (SYBC)
[18, 19] or other local constraints [20-23] in the RVE
model to predict the mechanical behavior of a sample
contains multiple UCs in-plane or through-the-thickness.
Besides, the periodic boundary conditions (PBC) [24]
are also employed frequently to model the mechanical
behavior of the continuous fiber-reinforced [25-32] and
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the particle or discontinuous fiber-reinforced composites
[24, 33-35]. In practice, different boundary conditions are
usually used in combination. Barbero et al. [36] assigned
the SYBC and the uniform strain constraint to one-quarter
of the UC to predict the elastic and in-elastic behaviors of
a plain weave composite. Jiang et al. [37] employed the
PBC in conjunction with the SYBC to simulate the failure
behavior of a triaxially braided composite under tensile
load, the method of which will be further investigated in
this study.

A lot of experimental [38, 39] and numerical [40, 41]
results reveal that mechanical performances of braided
composites exhibit high sensitivity to the sample size and
the applied boundary conditions, which can be attributed
to their large size in UC. Hence, it is no doubt that the
reasonability of the boundary condition plays a critical
role in predicting the mechanical response and failure
behavior of composite material [42]. Unfortunately, this
issue was ignored or skipped in most of the related pub-
lications. Rare works reported by Song [43] and Zhang
et al. [44] only concerned with the usage and effective-
ness of the PBC on the UC of braided composites. In this
study, the two-dimensional triaxially braided composite
(2DTBC) is taken as an example to investigate system-
atically the influence of boundary conditions and model
size on the meso-scale simulation results. Then the more
effective method of boundary condition definition is
proposed in a view of the numerical model validation,
which can provide an important reference for the fur-
ther development of mesoscopic FE simulation of textile
composites.

2 Meso-scale FE model and boundary
conditions

2.1 Model generation of 2DTBC

The meso-scale FE method is mature in simulating the
mechanical behaviors of braided composites. The main
focus of this study is the usability of boundary condi-
tions when employing the meso-scale simulation, and the
detail of generating the meso-scale FE model as well as
the constitutive model for each component of the 2DTBC
can be found in previous studies [11, 39, 40]. During the
simulation, the impregnated fiber tows are modeled as a
transversely-isotropic material in which the Hashin-based
damage criterion [45] is employed in cooperating with
the Murakami-Ohno damage theory [46] to simulate the
internal damage initiation and evolution. The pure matrix

@ Springer

part is modeled as an elastic—perfectly plastic material.
Besides, a cohesive element model [31] is employed to
simulate the tow-to-tow and tow-to-matrix delamination.
It is worthy to note that the FE models of 2DTBC adopted
in this study have been extensively validated in previous
works [39, 40].

2.2 Definition of boundary conditions

In Fig. 1, the different boundary conditions are applied
individually or cooperatively on the meso-scale FE models
with different dimensions, aiming to simulate the mechani-
cal responses of the 2DTBC coupon specimen under axial
tension (AT), transverse tension (TT), axial compression
(AC), and transverse compression (TC). For the AT or TT
condition, as shown in Fig. 1a, b, the full-width 8-layer
FE model matching the tested specimen was adopted, and
the PBC or the combined uniform displacement (UD)
with SYBC (denoted as UDSYBC) is used in the loading
direction to simulate the long gauge section of the speci-
men. Also, the half-width FE model was also employed
in conjunction with the SYBC to simulate the full-width
specimen, and the UDSYBC or PSYBC (PBC combined
with SYBC [37]) was applied in the loading direction. The
AC and TC tests were also simulated by the full width
or half width FE models, as shown in Fig. 1c, d. For one
of the full-width models making use of UDBC, two elas-
tic bodies are placed on both sides of the gauge region to
simulate the clamping compression condition for the com-
pression specimens [47]. In contrast, the other full width
model adopts the UDSYBC in the loading direction. The
half width model and the applied boundary conditions for
compression simulations were the same as those for ten-
sion simulations. The label of each model is attached to its
schematic drawings in Fig. 1.

The computational efforts of the meso-scale simula-
tion can be reduced by employing the SYBC on the thick-
ness direction of the FE model, which has been imple-
mented by Li et al. [48]. In Fig. 2, the model named
“F-ZSYM” indicates that the SYBC was applied on the
top surface of a full-width four-layer model, and the label
“F-ZDSYM?” signifies that two symmetric constraints were
applied simultaneously to the upper and lower surfaces
of a full-width two-layer model. The in-plane tensile and
compressive loads will be imposed in the same way as
those in F-PBC for tension simulation and F-UDBC for
compression simulation, respectively. Also, single-layer
models imposing a through-the-thickness PBC as reported
in [40] are involved here as well to predict the mechani-
cal response of the infinitely thick specimen (denoted as
F-ZPBC model).
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Fig. 1 Meso-scale FE models with different in-plane boundary conditions for the simulation of a axial tension, b transverse tension, ¢ axial com-

pression, and d transverse compression

The method of applying each boundary condition Assuming the SYBC is applied on X- surface, then
aforementioned can be illustrated by Fig. 2, in whicha FE  (Eq. 2),
model of 2DTBC is generated in a rectangular coordinate v
system and the monotonic load is hypothetically imposed ~ % =0 @)
along x-axis. .AS shown in the l.e ft half of Fig. 2, e.ach f.ace Assuming the PBC is applied on opposite surfaces X+ and
of the model is marked according to its normal direction,

. . o X—, then (Eq. 3),

and the two opposite faces along the same axis are distin-

guished by assigning plus or minus after the capital letters [T S
X, Y, and Z, respectively. After that, the loading bound- u& + uxX‘ _ 6‘ 3
ary conditions can be applied by activating the governing u§(+ B ug(_ _0o

equations below: z z

Assuming that the UDBC is applied on X+ surface, then
Finally, assuming that the PSYBC is applied on opposite

(Eq. 1),
surfaces X+ and X—, then (Eq. 4),
ut =6, (1)
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Fig.2 Schematic diagram of the
transverse tensile models with
different thicknesses
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where u represents the displacement variable and ¢ indicates
the specified applied displacement; superscripts X+ and
X— denote the node-set on opposite surfaces of the model
along x-axis, as shown in Fig. 2; and subscripts x, y, and z
refer to the three axes, respectively.

3 Results and discussions

3.1 Effect of in-plane B.C. on tensile simulation
results

Figure 3 gives the numerical predictions of tensile responses
from the meso-scale FE models depicted in Fig. 1a, b. The
experimental results of the long coupon specimens of
2DTBC reported in Zhao et al. [47] are also presented here
to evaluate the simulation results. From Fig. 3, we can see
that the numerical predictions of stress—strain curves and
strain distributions of AT from different models are com-
parable. On the other hand, the simulation results of TT
depend on the boundary conditions adopted; the full-width
models without using the SYBC as well as the H-PSYBC
model predicted well the experimental results. The predicted
transverse tensile response from the H-UDSYBC model and
F-UDSYBC model present unnatural strain concentrations
along the loading edge and significantly underestimate the
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transverse strength, which does not agree with the experi-
mental results.

Figure 4 shows the tensile damage patterns predicted
by different FE models and the corresponding compari-
sons with the failure morphologies observed from the
tested specimens. From the damage patterns shown in
Fig. 4a, the fiber breakage in axial tows and matrix crack-
ing among bias tows can be reasonably predicted by these
four models. The studied boundary conditions although
affect the deformation patterns, however, do not affect
the loading path of the specimen, where the axial fiber
bundles are still going across the two loading ends and
play a major role in load affording. From the simulation
results shown in Fig. 4b, we can find in the F-PBC and
the H-PSYBC models that fiber damage goes across some
bias fiber tows and the matrix damage is evenly distrib-
uted in both the axial and bias tows, which matches well
with the experimental results. However, little fiber dam-
age is observed in F-UDSYBC and H-UDSYBC models,
and the predicted matrix damage is unreasonably central-
ized along the loading edges.

3.2 Effect of in-plane B.C. on compressive
simulation results

For the simulation results of compression conditions,
firstly, we can see in Fig. Sa, b that there is no significant
difference between each simulation result of AC, except
for the F-UDBC model which performs much better in
predicting the local concentration of shear strain. But for
the results of the TC condition shown in Fig. 5c, d, the
F-UDBC model and the H-PSYBC model can effectively
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Fig.3 Numerical predictions of stress—strain curves and full-field strain distributions under axial tension (a, b) and transverse tension (c, d)

capture the distinct antisymmetric deformation field and
reasonably predict the ultimate strength. However, in the
results of the F-UDSYBC and H-UDSYBC models, the
SYBC in the loading edge causes the shear strain concen-
tration and therefore leads to the premature failure of the
model.

The accurate simulation of the axial compression
should predict the local buckling of fiber tows and the
resulting failure behaviors, as shown in Fig. 6a. We can
find from Fig. 6a that the F-UDBC model can effectively
model the local buckling of axial fiber tows and capture
the damage of fiber tows near the grip region. The simu-
lation results of the F-UDSYBC model and the H-UDS-
YBC model are comparable in which the damage was con-
centrated in the loading edge. While employing the PBC
through the loading direction in the H-PSYBC model,

the contrived displacement continuity of the nodes in
the opposite loading edges produced more uniform
damage distributes than that in other models. Further-
more, the SYBC applied on one of the loading edges
limits the nodal movement out of the symmetrical plane
(UfYM = 0). As a result, the nodes in the two loading
edges tend to dispersion and accordingly lead to interface
failure near the loading ends, as shown in the lower right
corner of Fig. 6a. The results shown in Fig. 6b suggests
that the model considering the grip region or employing
the PBC along loading direction can generate a pleased
result in modeling the transverse compression failure
behavior. On the contrary, the models which utilize the
SYBC along loading direction drew undesired failure
modes on the loading edges and resulted in a tendency to
global instability of the model.
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Fig.4 Comparison of damage
patterns predicted by different
FE models with the experimen-
tal results for the tensile loading
conditions: a AT and b TT

F-UDSYBC

3.3 Effect of through-thickness B.C.
on the simulation results

This section will discuss the effect of using SYBC or
PBC on the thickness direction of the thinner full-width
model to simulate the eight-layer coupon specimen.
Firstly, the numerical predictions of stress—strain curves
using different models are summarized in Fig. 7, and the
simulation results from the F-PBC and F-UDBC mod-
els are also involved here as indicators. The simulation
results of axial tensile and compressive responses from
the F-ZSYM and F-ZDSYM models are closed to those of
the F-PBC and F-UDBC models. On the contrary, there
were significant differences between the results from
the F-ZSYM and F-ZDSYM models and the eight-layer
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models in predicting the global responses under trans-
verse loading conditions. The predicted strengths, in both
transverse tension and transverse compression, increase
as constraints are imposed in the thickness direction. In
particular, the numerical infinitely thick model (F-ZPBC)
predicted the highest value of strength in each loading
condition. These results indicate that the model with
reduced thickness can maintain accuracy only in pre-
dicting the axial mechanical response of an eight-layer
2DTBC coupon specimen. We note that the fluctuation of
stress—strain curves at very low-stress levels (see Fig. 7b)
is caused by the residual stiffness set to the failure ele-
ment, which aims to avoid the non-convergence of calcu-
lation induced by the element stiffness degradation to 0
in the numerical calculation.
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Fig.5 Numerical predictions of stress—strain curves and full-field strain distributions under axial compression (a, b) and transverse compression

(c.d)

Since the results from F-ZSYM, F-ZDSYM, and F-ZPBC
models of AT show little difference, the simulated dam-
age patterns of different thick models for transverse loading
and the axial compression are further investigated in Fig. 8.
From the results of transverse tension and transverse com-
pression, we can see that the patterns of fiber and matrix
damages in different models are very similar. However,
as the result of axial compression, the imposed unilateral
asymmetry in the F-ZSYM model restrained the local buck-
ling of axial fiber tows near the constraint boundary. Hence,
the predicted axial compression strength of the F-ZSYM
model is a bit higher than the one of the F-UDBC model. In
this way, as the constraints are further strengthened in the
F-ZDSYM model and F-ZPBC model, out-of-plane defor-
mation, as well as the delamination of the specimen, is for-
bidden. Consequently, the predicted compression strength
is higher than that of the full-size model.

3.4 Effect of B.C. on the simulation of the free-edge
effect

According to the experimental results in Zhao et al. [40],
the transversely tensile and compressive loads will cause
significant tension—torsion coupled deformation along the
free-edges of the 2DTBC coupon, which is manifested as
periodical out-of-plane deformation patterns. Figure 9 com-
pared the out-of-plane deformation contours simulated by all
the models aforementioned. From the comparison results,
the H-PSYBC model predicted well the antisymmetric out-
of-plane warping along the free-edges, which are consistent
with the results from F-PBC and F-UDBC models. However,
the incorrect deformation field will be obtained if we try
to reduce the computation of the FE model by using the
symmetric boundary condition in the loading direction or
through-thickness direction.
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Fig.6 Comparison of damage
patterns predicted by different
FE models with the experimen-
tal results for the compressive
loading conditions: a AC and
b TC
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Fig.8 Comparison of numerical F-ZSYM F-ZDSYM F-ZPBC
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Table 1 Summary of the modeling capability of different boundary conditions for tensile and compressive simulation of 2DTBC

Boundary conditions Tensile simulation Compressive simulation
F-PBC Predicts well the global stress—strain response, and Inapplicable
accurately simulates the strain field and the failure
morphology
F-UDBC Inapplicable Capable of predicting the global stress—strain response,

and simulates accurately the strain field and the
failure morphology
F-UDSYBC and H-UDSYBC Lead to undesired strain and damage concentration at the loading edges in TT and TC simulations, and deliver
poor results in simulating the damage patterns of AC

H-PSYBC Performing well in simulating the deformation fields and damage patterns under transverse loadings, and the
prediction of global stress—strain curves are acceptable

F-ZSYM Predicts well the global stress—strain response and Acceptable results in predicting the stress—strain
failure modes, but shows insufficiency in modeling response of AC and the failure modes of TC
the free-edge effect

F-ZDSYM Capable in modeling the global stress—strain response  Acceptable results in predicting the stress—strain
and failure modes, but shows insufficiency in mod- response of AC and the failure modes of TC
eling the free-edge effect

F-ZPBC Similar to F-ZDSYM, the worst simulation results for TT and TC cases
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4 Conclusions

In this study, the applying of boundary conditions in meso-
scale FE simulation of the braided composite was system-
atically analyzed and discussed. Table 1 summarizes the
performance of various B.C. for the simulation of differ-
ent loading conditions. The results provide insights for the
development of more effectively meso-FE models of braided
composites. The following major conclusions are obtained:

1. The axial-tension simulation results are insensitive to the
change of boundary conditions, while the other loading
cases show obvious sensitivity to the applied boundary
conditions.

2. For transverse tension/compression simulations, the
employment of SYBC along the loading direction will
cause the undesired strain concentration and premature
damage at the loading edges of the specimen, which are
different from the experimental situations.

3. Extra constraints along the thickness direction may
restrain the normal out-of-plane deformation of the
braided composites and thereby cause an overestima-
tion of the transverse strengths.

4. Excluding the stress—strain response, more attention
should be paid to the prediction of damage and failure
patterns of braided composites, as well as, the major
deformation behaviors, including the periodic strain dis-
tribution and free-edge out-of-plane deformation.

5. The H-PSYBC is recommended for transverse load-
ing conditions, with good accuracy and computational
efficiency (half of the F-PBC and F-UDBC models).
Both F-UDSYBC and H-UDSYBC are inadequate for
the simulation of transverse loading conditions. The
F-ZSYM, F-ZDSYM, and F-ZPBC models present
relatively conservative predictions on the mechanical
behavior of multi-layered braided composites.
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