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Crack initiation in unidirectional off-axis laminates made of carbon fiber and epoxy
resin is predicted based on multiscale modeling. This multiscale modeling consists
of two finite-element analyses (FEA) on different scales. One is macroscopic FEA,
based on the assumption of homogeneous materials, and the other is microscopic
periodic unit-cell (PUC) analysis using a micromechanical model. The macroscopic
FEA is performed by applying uniaxial tension to off-axis laminates, in which we
employ an anisotropic elasto-plastic constitutive law to obtain accurate deformation
fields in laminates. In the microscopic PUC analysis, the strain history at a point in
laminates obtained from the macroscopic FEA is applied as external forces, and
crack initiation is predicted using two failure criteria for the matrix resin. The first is
the dilatational energy density criterion under elastic deformation, and the second is
a ductile damage growth law under plastic deformation. The simulated predictions
are compared with the experiments results.

Keywords: composite materials; crack initiation; multiscale modeling; dilatational
energy density; ductile damage growth

1. Introduction

Carbon-fiber-reinforced plastics (CFRP) offer the benefits of higher specific strength
and stiffness than do conventional metal materials. Therefore, engineering applications
of CFRP have been spreading rapidly for aerospace structures to reduce weight and
fuel consumption. Laminates of angled unidirectional CFRP are often used in these
applications, and complex combined stress/strain states appear in general laminates.
The prediction of failure in laminates under these complex stress/strain states is impor-
tant for engineering applications, so many researchers have studied the failure problem.

A major aspect of the failure problem has been the propagation problem. We often
see in the literature a progressive failure analysis using cohesive zone modeling (CZM)
[1,2] for delamination. These studies have succeeded in reproducing the fracture patterns
and the final strength of general laminates. However, predicting crack initiation in lami-
nates is difficult even now. Initial damage in composites, such as cracking in the matrix
or interfacial debonding between fiber and matrix, occurs in microscopic structures. A
conventional homogenized finite-element analysis (FEA), which does not distinguish
between fiber and matrix resin, intrinsically has difficulty predicting crack initiation
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since the deformation fields in internal microscopic structures cannot be simulated.
Therefore, multiscale approaches are required to predict crack initiation in composites.

During the last decade, multiscale modeling has been developed to predict the ini-
tial damage occurring in composite materials.[3,4] Canal et al. [3] performed two-
dimensional periodic unit-cell (PUC) analyses using the Jeong model [5] based on the
Gurson model [6] for matrix resin. CZM was also used for interfacial debonding
between fiber and matrix resin. They applied certain combined loading conditions under
transverse tension and out-of-plane shear, and compared the simulated results with tra-
ditional failure criteria. We applied the Gurson—Tvergaard—Needleman (GTN) [6-9]
model for matrix resin in our PUC model, and investigated the effect of fiber arrange-
ment on crack initiation under transverse tension.[4] We also employed a realistic
microstructure model in which fibers were located in a realistic arrangement, and con-
firmed that the simulated cracking position was consistent with the experiments.[10]
These studies employed a ductile damage growth law under plastic deformation for the
matrix resin. On the other hand, Asp et al. [11,12] claimed that the stress state in the
matrix near the pole of a fiber becomes triaxial due to constraints imposed by the stiff
fiber, resulting in the cavitation-induced brittle failure that occurs under elastic deforma-
tion. They successfully predicted the failure strain under transverse tension using the
dilatational energy density criterion for the matrix. These studies indicate that crack ini-
tiation can be predicted by multiscale approaches, although the modeling of damage
mechanisms differs in each case. However, the analyses mentioned above were per-
formed under uniaxial transverse tension or virtual simple combined loadings. There-
fore, we need to discuss the validity of these multiscale analyses in more practical
problems such as general angled laminates.

For this study, we applied a multiscale approach to predict crack initiation in compos-
ites deformed under general conditions. We simulated crack initiation in unidirectional
off-axis laminates with combined stress states of tension and in-plane shear. This multi-
scale modeling consisted of two FEA models on different scales. The first is macroscopic
FEA, assuming composites to be homogeneous materials, and the second is microscopic
FEA, using a three-dimensional (3D) PUC model consisting of fibers and matrix resin.
In the microscopic analysis, we employed two failure criteria under elastic and plastic
deformation. In addition, we performed a series of uniaxial tensile tests for off-axis lami-
nates with different angles, and compared the results with simulated predictions.

2. Multiscale modeling
2.1. Macroscopic FEA

Macroscopic 3D FEA of unidirectional off-axis laminates is performed by applying uni-
axial tensile loading. Off-axis specimens exhibit nonlinear behavior when loaded
because of plastic deformation in the matrix resin. Therefore, we need to model the
macroscopic nonlinear behavior to accurately predict deformation fields in specimens.
We apply an anisotropic elasto-plastic constitutive law that was modified by Yokozeki
et al. [13] based on the elasto-plastic law proposed by Sun and Chen [14]. In this con-
stitutive model, the effective stress ¢ and yield function f'are defined by the stress com-
ponents in coordinate system of the material principal directions as follows.

_ 3
7= \/5 {(azz — 033)" + 2444035 + 2a6(03, + 0%3)} + ajo}, + ai(o11 + o + 033),
(1)
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Here, 1, 2, and 3 are the material principal directions: 1 is the fiber axial direction, 2 is
the in-plane transverse direction, and 3 is the out-of-plane transverse direction. ay4, dee,
and a; are constants controlling the plastic behavior. We referred to the literature and
employed a44=2.0 and a;=0.01.[13,15] ags=1.6 is determined from the experiment
results mentioned in Section 3. This constitutive law includes the hydrostatic depen-
dence of plasticity, enabling us to reproduce the difference between the tensile and
compressive yielding. The detail of the plasticity model is described in the literature,
[13] in which we can see an explicit form of the stress—strain relationship for a plane-
stress condition.

The master relationship of the effective stress ¢ and effective strain & for plastic
behavior is approximated by the following power laws.

&= Al (6')”1 for 6 < 6_threshuld (3)

& = A2(6'>n2 for 6 > Gupreshold (4)

Here, we use two sets of fitting constants, 4, ny, and 4,, n,, to reproduce the nonlinear
behavior precisely, in the same way as in [15]. These constants are determined so that
the power laws reproduce the master curve obtained by the experiments described in
Section 3. The constants used in this plasticity model are summarized in Table 1.

The angles of fiber direction in the unidirectional laminates were 15°, 20°, 30°,
45°, 60°, 75°, and 90°. The macroscopic FEA is then analyzed using an incremental
algorithm. The finite-element model of laminates is modeled by eight-node brick ele-
ments (Figure 1). We use a FE model with 10-times length of actual specimens. The

Table 1. Constants used in the anisotropic plasticity model for unidirectional off-axis CFRP
laminates in macroscopic 3D FEA.

o as6 a; Ay ny A ny O threshold

2.0 1.6 0.01 3.2x 1071 3.8 45x107'8 7.0 138 MPa

Fixed in y and z at x=L Incremental uniaxial

displacement
ra ST
L=1900mm
Fixed in x, y,
_____ and z at x=0
A‘/' “““ b4
x
%: 1.9mm y \T/

Figure 1. 3D FE model for macroscopic analysis.
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reason for employing the model is described later. The elastic properties of unidirec-
tional CFRP used in these simulations are listed in Table 2.

2.2. Microscopic PUC analysis

To predict the initiation of cracks in off-axis laminates, we employ 3D PUC modeling
consisting of fibers and matrix (Figure 2). In this study, we only focus on damage in
the matrix, with the interface between fiber and matrix assumed to be perfectly bond-
ing. The fiber is treated as an orthotropic elastic, and the matrix resin is assumed to be
an isotropic elasto-viscoplastic body. Both components are modeled by 10-node tetrahe-
dral elements. Applying a periodic boundary condition to the model enables us to elim-
inate the virtual edge problem in the model. The unit cell includes five fibers
(Figure 2). The fiber diameter is 7 um, and the length of each side of the unit cell is
determined by making the fiber volume fraction 56%.

The elasto-viscoplastic constitutive relationship of the matrix element, including
damage parameter D, is presented as follows,[16] based on the hypothesis of strain
equivalence.[17-19]

. ¢ 3;1?,]’ , D
6=(1-D)C; :¢—(1—-D) = °%~1-p

o 5)

Table 2. Elastic properties of unidirectional CFRP laminates used in macroscopic 3D FEA.

Longitudinal Young’s modulus £, 130 GPa
Transverse Young’s modulus E,, E3 8.21 GPa
Shear modulus Gy, G;3 4.00 GPa
Shear modulus G»3 2.77 GPa
Poisson’s ratio vy,, V3 0.26
Poisson’s ratio v,3 0.48

Fiber elements

Matrix elements

Figure 2. 3D FE model for microscopic PUC analysis.
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Here, o is the stress tensor, C;, is the elastic stiffness tensor, ¢ is the strain tensor, u is
the shear modulus, & is the von Mises stress, and ¢’ is the deviatoric stress tensor.
Superscript - indicates time-differentiation. The equivalent plastic strain rate & is deter-
mined by the following equation, presented by Matsuda et al. [20], which is a harden-
ing rule involving the effect of hydrostatic stress on an epoxy resin.

p . [0+ on "
T (ﬂ) ©
where g(&) = g1(")% + g3 (7

Here, m is an exponent regarding strain-rate sensitivity, &, is a reference strain rate, g,
is the hydrostatic stress, and £ is hydrostatic stress sensitivity. This study assumes m =
1/35, é. =1 x 107>, and f=0.2. Here, g, g», and g5 are material constants determined
as: g1=90, g,=0.08, and g3=20MPa. The linearity limit of the epoxy resin oy was
75 MPa in this study. The material constants regarding the elastic properties of fiber
and matrix are listed in Table 3.

This study employs two failure criteria for matrix resin. The first is the dilatational
energy density criterion reported by Asp et al. [11,12]. This failure criterion is valid
under triaxial and elastic deformation which appears in matrix resin near the poles of
the fibers in composites under transverse tension. The dilatational energy density U, of
a linear elastic material is given by

Uv - 3(127152‘}) G,zna (8)
where v is Poisson’s ratio and E is Young’s modulus. Matrix failure is assumed to
occur when the dilatational energy density reaches a critical value U™ as

U, > U"" for 5 < Gy. )

Here, U™ is a constant and was determined to be 0.9 MPa by comparing the cracking
strain of the PUC model under uniaxial transverse tension with the failure strain of the
experiment for unidirectional 90° laminates.

The second failure criterion is based on damage parameter D, calculated using a
ductile damage growth law under plastic deformation. This study uses a damage growth
model based on the GTN model,[6-9] which was modified for epoxy resin by

Table 3. Elastic properties of carbon fiber and epoxy resin used in microscopic 3D PUC
analysis.

Fiber longitudinal Young’s modulus E;, 230 GPa
Fiber transverse Young’s modulus Er 17.5 GPa
Fiber longitudinal Poisson’s ratio v, 0.17

Fiber transverse Poisson’s ratio vy 0.46

Fiber radius 7, 3.5mm
Fiber’s coefficient of thermal expansion for the longitudinal direction a, -1.1x107%K
Fiber’s coefficient of thermal expansion for the transverse direction ar 10 x 107K
Matrix Young’s modulus E,, 3.2GPa
Matrix Poisson’s ratio v, 0.38

Matrix’s coefficient of thermal expansion a,, 60 x 107%/K

AT -100K
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Nishikawa [21]. Damage parameter D, which decreases the stiffness of the matrix resin,
is calculated using the following equation.

D=H(G —ay)(1 —D)C{&) + (Bo + BiD)& (10)

o]

The first term of the right-hand side in Equation (10) represents void growth caused by
the average plastic vertical strain. This term is activated when the von Mises stress
exceeds the linear limit, as expressed by the Heaviside function H. The second term
indicates the damage evolution caused by plastic deformation. Here, ¢ is the reference
stress; A, By, and B; are non-dimensional constants; and () is the Macauley bracket.
Matrix failure is assumed to occur when the damage parameter reaches a critical value
Dcrit as

where C(&) = 4 (11)

D> D" for > Gy. (12)

Here, we performed FEA while applying uniaxial tension and compression to the neat-
epoxy model depicted in Figure 3 to determine the constants related to the damage
growth law. Each side of the neat-epoxy model was 50 um long, and the model
included an initial void with a diameter of 10 um at the central position. We then deter-
mined that 4=1.6, Bo=0.6, B;=0.6, and 6 =73 MPa through comparison with the fail-
ure strain in the experiments.[22] The calculated stress—strain curves of neat epoxy
using these parameters are plotted in Figure 4. We can see that ductile failure occurs
under compression, and that more brittle failure occurs under tension. This tendency is
consistent with the experiment results reported in [22], although the magnitude exhibits
some differences because the material differs. Therefore, the constants used in this
study are reasonable to reproduce the ductile failure behavior of epoxy resin.

Apply uniaxial tensile or

compressive displacement

B?sw
VAV R URKAAFHINAIA
o

}3‘%‘5@&%
AN
1 / 2

"ﬂh /o Initial void with

diameter of 10pm

Symmetry planes fixed

in the normal direction

Figure 3. 3D FE model of neat epoxy for determining material constants of the damage growth
law.
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120

80 Tension

40 = = Compression

Stress (MPa)

-80

-120 T
-40 -30 -20 -10 0 10 20

Applied strain (%)

Figure 4. Simulated tensile and compressive stress—strain curves using the neat-epoxy model.

The damage parameter is calculated at integration points based on the damage
growth law mentioned above and averaged within each element at each step. To avoid
mesh dependence of matrix damage, non-localization of damage parameter D is per-
formed according to Refs [23,24].

1

D(x) = h(s — X)Dejer (5)dV 13
) = 7 |, s = 9Dn )V (13)
Here, D, is the damage of each element, and V is the reference volume. 4 and V, are

given by

k|x|?
) = p{—%} (14)
Vi(x) = / h(s — x)dV (s). (15)
14

Here, k is the dimensionality (k=3 in this study), and / is a reference length for
non-localization, with /=0.15 um in this study. Furthermore, D*(D) is introduced in the
following instead of D in Equation (5) to include the effect of sudden damage
evolution due to coalescence of micro voids.[24]

. D (D<D,)
b= {D +27=D:(p_p,) (D>D,) (16)

c Derit D,

rit_p, (17)
=D (D>D.)

b :{ b (D<D,)

Here, D, is D when starting the coalescence of microvoids, and D" is D when the ele-
ment has failed. Equation (10) provides the damage evolution rate, and Equations (16)
and (17) yield D*, which determines the stiffness matrix and stress. At each element
under plastic deformation (¢ > &y), we recognize that the element fails when D reaches
D" and remove the stress. This paper uses D, =0.08, D“"=0.25, and D*""=1/1.5.



Downloaded by [Xian Jiaotong University] at 15:28 11 December 2014

468 Y. Sato et al.

In the PUC analysis, the displacement and strain increments Au and Ag are sepa-
rated into global (subscript G) and local (subscript L) components as follows.

Au = Aug + Auy, (18)

Ae = Agg + Agg, (19)

The global components indicate a homogeneous distribution and the local components
indicate an inhomogeneous distribution in the unit-cell model. Applying decomposition,
the incremental form of the stiffness equation is described as follows [4]

(th + th)AUL = _(th + tQm) + th + tham - (AQfG + AQm,G) (20)

where Ky = 3, [, B D¢BdV K, = 3, [,.(1 — D*)B D%, BV,
7 : m
Qf = Ze fVé' Ber&dV? Qm = Ze fVF Beré—\dV?
f m
0, =3, [,.(1— D)o B &y
Qdam = Ze fVé’ %Ber&dV7
ET €
AQr=7>_, fV;B DiAesdV,
AQm.,G = Ee fo BeTD;ASGdV'
Here, subscripts f'and m represent the fiber and matrix regions. U is the nodal displace-
ment vector, K is the stiffness matrix of fiber and matrix, @ is the internal force vector,
B is the compatibility matrix of strain and displacement, and D is the matrix form of
the constitutive law. The formulation of the incremental stiffness equation can be seen

in Ref [4]. The simulation is controlled by the global strain increment, which is deter-
mined based on the strain history obtained from the macroscopic 3D FEA.

21

2.3. Computational procedure of multiscale modeling

The strain history at a point in laminates, obtained from macroscopic 3D FEA, is used
as the global strain increment in the PUC simulation. Therefore, a position of crack ini-
tiation in specimens needs to be determined first. Here, it is well known that strong in-
plane shear deformation appears near the end tabs, and this may cause crack initiation.
However, it is difficult to model a boundary condition which represents a realistic con-
straint of end tabs in macroscopic 3D FEA, since relaxation of constraints will occur
by plastic deformation and peeling of adhesive layers in the end tabs. In addition,
experiments exhibited failure at the center in longitudinal direction in some specimens,
although many specimens failed near the end tabs. For these reasons, crack is assumed
to occur at the center in the longitudinal direction as seen in Figure 5, to avoid effects

L =1900mm

L2

o e ¥ S
! o 1

Assumed crack initiation position ~ Assumed crack path

Figure 5. Assumed position of crack initiation and crack path in coupon specimens.
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of the uncertainties of the constraint on crack prediction. In addition, we use a FE
model with 10-times length of actual specimens to eliminate the effect of end tabs com-
pletely.

The computational procedure of the multiscale modeling is summarized as follows:

Step 1. Perform macroscopic 3D FEA applying incremental uniaxial external dis-
placement to the coupon model for each off-axis angle. During the analysis,
the strain history at the point indicated in Figure 5 is extracted and stored.

Step 2. Calculate the unit-cell model, decreasing from the curing temperature to
room temperature. Here, we adjust the incremental global strain by a sim-
ple feedback approach so that the global stress components are zero (i.e.
6 =0). The stress/strain field obtained from this calculation is assumed as
the initial state.

Step 3. Apply the strain history obtained in Step I to the global strain increments of
the microscopic 3D PUC model. The initial cracking strain is defined as
applied strain to the laminates when the first matrix element is judged as
fractured based on Equation (9) or Equation (12).

We also perform a PUC analysis under transverse uniaxial tension for 90° axis
specimens to compare the simulated results with experiment, and to discuss the failure
mechanisms in microscopic structure.

3. Experiments

We performed uniaxial tensile tests on unidirectional off-axis laminates to obtain the
nonlinear stress—strain curves and failure strains. The unidirectional laminates used in
this study consisted of carbon fiber and epoxy resin (Toray, T700G/2511). The mea-
sured fiber volume fraction was 56%. The angles of fiber directions in laminates tested
in this study were 15°, 20°, 30°, 45°, 60°, 75°, and 90°. The dimensions of the speci-
mens are presented in Figure 6. Rectangular end tabs made of GFRP were glued on
using a room temperature setting adhesive, Araldite™. The end tabs were 1 mm thick.
Uniaxial tensile loading was applied to these specimens using a general mechanical
testing machine (MTS810) at a displacement rate of 0.01 mm/s.

Here, we need to determine the relationship between the effective stress ¢ and effec-
tive plastic strain & presented by Equations (3) and (4), based on the experiment results
for off-axis specimens. The effective stress ¢ and the effective plastic strain & are
described by the tensile stress o, and plastic strain in tensile direction & as follows [13]:

25mm L=190mm

— ]:W:19.1mm

:
&~ T

Strain gage

7z [ ] ¢ r=1.9mm

Figure 6. Dimensions of coupon specimens for uniaxial off-axis tensile tests.
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o= (h(0) 4+ ay)oy (22)
.
- h(g) +a; (23)

where 1(0) = \/% sin® 0 + 3ags sin® O cos? 0 + a3 cos* 0 (o, >0)

(24)
h(0) = —\/% sin® 0 + 3ags sin® 0 cos? 0 + a3 cos* 0 (a, <0)

Here, 0 is the off-axis angle of the specimens. & can be obtained from the following
equation.

g

= (25)
Using Equations (22)—(25), the tensile stress—strain curves can be converted to effective
stress-effective plastic strain curves. The converted curves for each off-axis specimen
depend on parameters ag and a;. We fixed a;=0.01 referring to [13] and determined
aes=1.6 by collapsing the results of different off-axis specimens into one master curve.
We can then determine the constants in the power law in Equations (3) and (4) such
that the power laws reproduce the master curve. The parameters listed in Table 1 were
determined in this way.

4. Results and discussion

Figure 7 provides the effective stress-effective plastic strain curves calculated from the
tensile stress—strain relations observed in the experiment for each specimen. Curves cal-
culated from Equations (3) and (4) are also presented. As seen in Figure 7, the curves
of the effective stress-effective plastic strain for all off-axis laminates collapsed well
into one master curve when the constants listed in Table 1 were used, and we can see
that the approximation using Equations (3) and (4) successfully reproduces the master
curve. Figure 8 compares the tensile stress—strain curves simulated by the macroscopic
3D FEA mentioned in Section 2.1 with those obtained from the experiments. For all
off-axis angles, the simulated results are consistent with the experiments.

200

175

= 150
s
5 125
5
Z 100
5] ) Experiments
= 75
2 — Eq. (3)
m 50 === Eq. (4)

25

0

0 0.2 0.4 0.6 0.8 1 1.2 1.4

Effective plastic strain (%)

Figure 7. Effective stress-effective plastic strain curves converted from the tensile stress—strain
relationship in the experiments, and curves approximated using Equations (3) and (4).
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- - . = 30° off-axis
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= 45° off-axis
macroscopic FEA
""""" 45°  off-axis
experiments
— 60° off-axis
macroscopic FEA
""""" 60°  off-axis
experiments

Nominal stress (MPa)

20 - — 75° off-axis
macroscopic FEA

0 i i i e 750 offaxis
0.0 0.5 1.0 15 2.0 experiments
Applied strain (%)

igure 8. Comparison of tensile stress—strain curves for each off-axis laminate between the mac-
roscopic FEA and the experiments.

Figure 9 compares the stress—strain curves obtained from the PUC analysis under
transverse uniaxial tension with those of the experiments on 90° specimens. Here, it
should be noted that we cannot compare the stress—strain curves of other off-axis lami-
nates simulated by PUC analyses with those obtained from experiments because the
off-axis specimens exhibit inhomogeneous deformation in the coupon specimens. We
can see in Figure 9 that the stiffness and failure strain determined by PUC analysis are
consistent with those of the experiments. The cracking patterns under transverse uniax-
ial tension illustrated in Figure 10(a)—(c) correspond to those indicated in Figure 9. In
Figure 10, the green elements indicate matrix elements that failed due to the dilatational
energy density criterion (Equation (9)), and the red elements indicate that failed due to
ductile damage growth (Equation (12)). At first, the crack initiates by dilatation near
the pole of fibers arranged parallel to the loading direction. The crack then propagates
due to the ductile damage growth. This failure mechanism is consistent with the expla-
nation presented by Asp et al. [11,12], and thus we can consider that the combination
of the two failure criteria employed in this study reasonably reproduce the mechanism
of crack initiation under transverse uniaxial tension.

The cracking patterns of 30° and 60° off-axis laminates are depicted in Figure 11.
As seen in this figure, the matrix cracks occur due to ductile damage growth (red ele-
ments in figures), although the position of crack initiation is the same as that occurring
under uniaxial transverse tension. This tendency appears in all off-axis laminates except
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100

= PUC analysis
80

Experiments

60

40

Nominal stress (MPa)

20

0.0 0.2 04 0.6 0.8 1.0 1.2 1.4
Applied strain (%)

Figure 9. Comparison of tensile stress—strain curve for 90° axis laminate between the micro-
scopic PUC analyses and the experiments.

Cracking by dilatation BB Cracking by damage growth

Loading direction

2 (b) (c)

N

é-

1

(a)

Figure 10. Cracking pattern in the PUC model under transverse uniaxial tension.

75° and 90°. The plastic strain due to shear deformation between two fibers is the main
cause of crack initiation for off-axis laminates in which the angle of the fiber direction
is smaller than 60°. In these off-axis laminates, the dilatational energy density criterion
is not appropriate for predicting crack initiation in the matrix.

The von Mises stress distributions for unidirectional 30°, 60°, and 90° laminates
just before the crack initiation are presented in Figure 12. The von Mises stress at the
cracking position in 90° laminate is quite small and plastic deformation does not occur
at all, as reported by Asp et al. [11,12]. In contrast, the von Mises stress at the cracking
position in 30° and 60° off-axis laminates becomes higher, resulting in yielding of
matrix at that region. This high von Mises stress is derived from the shear deformation
in matrix between two fibers, as a result of macroscopic in-plane shear deformation.
Therefore, matrix failure in off-axis laminates is dominated by ductile damage growth
under plastic deformation.
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Figure 11. Cracking patterns in the PUC model for 30° and 60° off-axis laminates.
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Figure 12. Distribution of the von Mises stress in the PUC model for 30°, 60°, and 90° lami-
nates.

Figure 13 compares the crack initiation strains obtained by the multiscale analyses
with the failure strains in the experiments. The crack initiation strains of the off-axis
laminates are consistent with the failure strains in the experiments. This validates the
accuracy of the multiscale modeling in this study.

In this study, crack initiation was assumed to occur at the center in the longitudinal
direction, and effects of the constraints of the end tabs were not considered. However,
a boundary condition which represents a realistic constraint should be modeled in order
to explain the failure position in experiments, and this will be our future work.
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Figure 13. Comparison of the simulated crack initiation strains with the failure strains in the
experiment.

5. Conclusions

We numerically predicted crack initiation in unidirectional off-axis laminates using a
multiscale approach. In addition, we performed a series of uniaxial tensile tests on uni-
directional off-axis laminates with several fiber angles to obtain and compare their non-
linear stress—strain relationship and failure properties. These multiscale analyses
demonstrated that the failure criteria employed in this study are reasonable for repro-
ducing the failure mechanism under transverse tension as reported by Asp et al.
[11,12]; that is, dilatation-induced brittle failure occurs first, followed by failure gov-
erned by ductile damage growth. However, the crack initiation was caused by ductile
damage growth, not by dilatation under elastic deformation, in off-axis laminates with
small angles (6 < 60°). The applied strains when the initial crack occurs were consistent
with the failure strains in the experiments. Therefore, we must consider a damage
growth under plastic deformation for predicting crack initiation in composites under a
general combined loading.
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