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a b s t r a c t

on investigation of the failure properties of plain woven glass/epoxy composites under off-
ditions. Four fibre orientations (0�, 15�, 30� and 45� with respect to the load direction) were 
o biaxial load ratios for biaxial tests to study failure characteristics and mechanism. Four 
Tsai-Hill, Hoffman, Tsai-Wu and Yeh-Stratton - were analysed comparatively to predict off-
e composites. For failure prediction of the plain woven composites under multiaxial tension 
odified by introducing an interaction coefficient F12 obtained from 45� off-axis or biaxial 
riterion was modified with the interaction coefficient B12 ¼ 0 or obtained from the biaxial 
s found to have higher accuracy. Finally, according to macroscopic and microscopic studies, 
 distinct failure with a specific fracture orientation, mainly exhibiting fibre or fabric tensile 
matrix cracking and delamination, both in off-axis and cruciform samples.
Failure criteria

Fracture modes
1. Introduction

Thanks to their lightweight and high mechanical performance,
fibre-reinforced composite laminates are increasingly used for
structural components in aerospace, automotive, energy and ma-
rine industries. Numerous cases dealing with the design of com-
posite structures show that there is a need for more refined analysis
taking into account multiaxial failure behaviour of composite
laminates [1e7].

A large number of works on damage and failure models has
been completed and validated based on results of uniaxial tests.
However, World Wide Failure Exercises (WWFE-I, II and III)
[1e3,8e10], global comparisons of predictions of the most promi-
nent failure model against common experimental data, revealed
validation challenges due to scarcity of comparisons between
theoretical results and test data obtained in multiaxial loading
regimes. Therefore, paucity of reliable experimental data for biaxial
or multiaxial loading cases is still a significant matter. Generally,
several multiaxial test methods for composites and respective
specimen configurations were reviewed in the literature [4,11e13].
It is important to state [14,15] that multiaxial stress states in fibre-
reinforced composites can be generated mainly with off-axis
specimens under tension/compression loading, cruciform speci-
mens under biaxial loading and tube specimens under tension/
compression-torsion loading. Because of spatially varying fibre
orientation in a lamina, a local multiaxial stress state can be ach-
ieved with off-axis loading conditions. Thus, even if a loading
regime is uniaxial, the local stress state is multiaxial. This kind of
multiaxiality, originating from the anisotropic behaviour of the
lamina, was termed internal multiaxiality [14]. Contrarily, an
external multiaxiality condition takes places when external loads
are applied along different directions, such as in cruciform or tube
specimens.

In recent years, a number of studies have investigatedmultiaxial
behaviour and failure properties (including internal and external
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multiaxiality) of unidirectional (UD) or multidirectional (MD)
laminates with different stacking sequences [1e4,16e20]. There is
still a limited number of works analysing multiaxial strength of
fabric-reinforced composites such as plain woven composite lam-
inates. Currently, such laminates are widely used in plane or shell
aerospace and automotive structures that are often subjected to
off-axis and biaxial loadings. Therefore, it is essential to assess
failure behaviour of these materials in such loading cases. Recently,
Bere et al. [21] proposed a mathematical fracture model for bidi-
rectional reinforced composite material under uniaxial and biaxial
loads. Zhou et al. [22] developed an anisotropic progressive damage
model (PDM) accounting for shear nonlinearity to evaluate
strength of a 2D plain weave composite under various uniaxial and
biaxial loading conditions using a representative volume cell (RVC).
Moreover, Zhang et al. [23] presented their off-axis and biaxial
failure analyses for glass woven fabrics, with material strength and
failure modes depending on stress ratio and off-axis angle of
specimens, as well as their loading rate.

Generally, the macroscopic failure criteria, also called phenom-
enological failure criteria, employ a polynomial equation based on
uniaxial strength parameters to evaluate failure properties under
any stress state, not considering specific failure modes or mecha-
nism. Their relative simplicity make them attractive for applica-
tions. However, disagreements between predictions of the existing
criteria and test results occur often for complex stress states.
Therefore, more verification experiments involving combined
stress states as well as amendments or improvements of the failure
criteria are always popular. An off-axis loading test is the easiest
way to generate a complex stress state, which can be used to study
and verify the failure criteria of composite materials. The only
limitation of off-axis specimens is a specific multiaxial stress ratio
at a given off-axis angle. Comparatively, cruciform specimens used
in biaxial tests can produce various biaxial or multiaxial stress ra-
tios according to the employed test facility. Many researchers
studied biaxial failure properties of composite materials experi-
mentally and numerically to obtain more experimental biaxial test
data and understand deeper behaviour of cruciform specimens
[18,24e30]. Despite plenty of research efforts recently devoted to
investigation of failure behaviour of composite laminates under
multiaxial loading conditions, their damage mechanism and
respective failure theories are still not fully established.

In this work, the failure analysis and strength prediction for the
plain woven glass fabric-reinforced epoxy composites were inves-
tigated under off-axis and biaxial tension loading conditions
employing several quadratic criteria. These criteria have been fully
investigated and validated by many experimental correlations for
unidirectional fibre-reinforced composites but only few for plain
woven composites. Uniaxial and biaxial tension tests were per-
formed to study behaviour and failure mechanism of the composite
laminates using off-axis and cruciform specimens. The current
failure criteria were compared to predict off-axis and biaxial failure
strength of the composites; the effects of off-axis and biaxial loads
on the predicted results were analysed. The macroscopic and
microscopic failure modes and mechanism are also discussed.

2. Materials, specimen preparation and test equipment

The material under investigation was a 2D plain woven E-glass/
epoxy composite with a fabric areal density of 210 g/m2 (Fig. 1). The
matrix material was epoxy-resin WSR618 system, with benzene
dimethylamine used as a resin-curing agent and butyl phthalate as
viscous additive. For off-axis specimens, ten similar layers were
stacked together in order to obtain a laminate with a desired lay-up
sequence of [0]10, where 0 represents a plain woven fabric ply with
yarns oriented in 0� and 90�. For cruciform specimens, the stacked
sequence of laminate was [0]21. The layer-by-layer stacking was
performed manually. Subsequently, the vacuum bagging technique
was used at ambient temperature, as shown in Fig. 2. The plate was
fabricated for 4 h negative-pressure-assisted curing, which is
known to reduce typical defects in the laminate such as voids in
matrix, delamination between layers or cracks between fibre and
matrix. Finally, an aging treatment at 60 �C for 4 h was followed
after 24 h of a room-temperature curing process.

The composite laminates studied in this work were orthotropic,
with the same in-plane properties for the longitudinal (or warp)
and transverse (or weft) directions. Their properties obtained from
a series of basic mechanical tests (i.e. axial tensile, compressive
and þ45/-45 tensile tests) are listed in Table 1.

Off-axis and cruciform specimens, shown in Figs. 3 and 4,
respectively, were cut from the produced laminated plates using a
water-cooled diamond wheel cutter and polished with standard
techniques. To reduce the gripping effects, aluminium tabs were
used for off-axis specimens (Fig. 3) to protect the specimen surface
and increase friction between the specimen and the grips, which
were not required for cruciform specimens thanks to thinning in
the central zone (Fig. 4).

Uniaxial tension tests were performed using an MTS testing
system, equipped with hydraulic grips; a computer with a control
systemwas connected to it for data acquisition. Biaxial tension tests
were carried out on a SDS100 electro-hydraulic servo biaxial testing
machine, with a capacity of ±100 kN for each of its two orthogonal
directions with four independent servo-hydraulic cylinders [31].
3. Experiment

The experimental study was conducted in two stages:
manufacturing of composite flat specimens and testing of off-axis
and cruciform specimens. The actual dimensions of manufactured
specimens were measured and recorded before testing. Four on-
axis and off-axis angles (i.e. q ¼ 0�, 15�, 30� and 45�, see Fig. 3)
were chosen for the tested specimens, thanks to the same prop-
erties for the warp and weft directions. The uniaxial tensile tests
(Fig. 5a) were performed using the MTS test machine under
displacement control, following ISO 527-4. The biaxial tensile tests
with two biaxial load ratios (i.e. f ¼ Fx/Fy ¼ 1/1 and 2/1) were
completed with the SDS100 electro-hydraulic servo biaxial testing
machine (Fig. 5b) under force control (to ensure the constant
biaxial load ratio).
4. Failure criteria

A brief summary of several most frequently used quadratic
polynomial failure criteria is presented here - Tsai-Hill, Hoffman,
Tsai-Wu and Yeh-Stratton. These criteria employ a polynomial
equation based on uniaxial strength parameters in principal ma-
terial directions to evaluate the failure properties under any stress
state for plane-stress conditions. The uniaxial tensile (index t) and
compressive (index c) strength in the longitudinal (X) and trans-
verse (Y) directions, Xt, Xc, Yt, and Yc, respectively, and the shear
strength S12 are needed.

The Tsai-Hill criterion [32] is a stress-based and failure-mode-
independent criterion, considering stress interaction based on a
modified version of the yield criterion for metals. According to this
criterion, the failure is predicted for the plane-stress state as

s21
X2 �

s1s2
X2 þ s22

Y2 þ
t212
S212

¼ 1; (1)

where X and Yare either tensile or compression strength depending



Fig. 1. Plain woven glass fabric.

Fig. 2. Vacuum bagging technique: (a) schematic diagram; (b) actual installation.
on the sign of the respective stresses.
The Hoffman criterion [33] contains linear terms of stresses and

also considers different material behaviour in tension and
compression. Under the plane-stress condition, the Hoffman failure
criterion has the following form:



Table 1
Mechanical properties of plain woven glass/epoxy composite lamina.

E11 [GPa] E22 [GPa] G12 [GPa] v12
21.50 21.50 3.42 0.11

Xt [MPa] Xc [MPa] Yt [MPa] Yc [MPa] S12 [MPa]
452.37 312.69 452.37 312.69 69.76
�
1
Xt

� 1
Xc

�
s1 þ

�
1
Yt

� 1
Yc

�
s2 þ

s21
XtXc

þ s22
YtYc

þ t212
S212

� s1s2
XtXc

¼ 1

(2)

The Tsai-Wu failure criterion [34] for anisotropic materials
Fig. 3. Dimensions of o

Fig. 4. Geometry and dimensio
formulated for the case of an orthotropic lamina in a general state
of plane stress can be expressed as

�
1
Xt

� 1
Xc

�
s1 þ

�
1
Yt

� 1
Yc

�
s2 þ

s21
XtXc

þ s22
YtYc

þ t212
S212

þ 2F12s1s2

¼ 1;

(3)

where F12 is the interaction coefficient of the product of s1 and s2,
which has to be evaluated from a test with non-zero s1 and s2. With
the coefficient F12 ¼ � 1

2XtXc
, the criterion can be transformed to the

Hoffman formulation. The magnitude of F12 is, however, con-
strained by the following inequality for the stability criterion:
ff-axis specimen.

ns of cruciform specimen.



Fig. 5. Uniaxial (a) and biaxial (b) tension loading.
� 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XtXcYtYc

p < F12 <
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

XtXcYtYc
p : (4)

The Yeh-Stratton criterion [35] is based on the first order of
normal stresses, the second order of shear stresses and the inter-
action term. The generalized form for composite materials can be
written as

s1
X

þ s2
Y

þ t212
S212

þ B12s1s2 ¼ 1; (5)

where B12 is the coefficient of the interaction term of normal
stresses to be determined from experiments.

For the off-axis specimen, the stresses in a ply with fibres ori-
ented at angle q to the direction of the applied stress can be ob-
tained as follows:

s1 ¼ sx cos2 q; s2 sin2 q; t12 ¼ �sx sin q cos q: (6)

Therefore, for uniaxial tensile stress sx with a given value of off-
axis angle q, the aforementioned criteria, namely, Eqs. (1)e(3) and
(5), can be formulated as follows:

Tsai-Hill

s2x

" 
1
S212

� 1
X2

!
cos2 q sin2 qþ

�
cos4 q

X2 þ sin4 q

Y2

�#
¼ 1; (7)

Hoffman

s2x

" 
1
S212

� 1
XtXc

!
cos2 q sin2 qþ

�
cos4 q

XtXc
þ sin4 q

YtYc

�#
þ sx

��
1
Xt

� 1
Xc

�
cos2 qþ

�
1
Yt

� 1
Yc

�
sin2 q

�
¼ 1;

(8)

Tsai-Wu
s2x

" 
1
S212

þ 2F12

!
cos2 q sin2 qþ

�
cos4 q

XtXc
þ sin4 q

YtYc

�#
þ sx

��
1
Xt

� 1
Xc

�
cos2 qþ

�
1
Yt

� 1
Yc

�
sin2 q

�
¼ 1;

(9)

Yeh-Stratton

s2x
1
S212

þ B12

!
cos2 q sin2 qþ sx

�
cos2 q

X
þ sin2 q

Y

�
¼ 1: (10)
5. Comparisons between experimental data and theoretical
results

5.1. Failure prediction results

In particular, for the Tsai-Wu and Yeh-Stratton criteria, the co-
efficients of the interaction term (i.e. F12 and B12) play an important
role in predicting the failure properties of composite materials. In
order to fully understand the effect of these coefficients on the
predictive accuracy of the criteria, four different values for each of
coefficients F12 and B12 (including empirical and experimental
ones) are herein analysed for comparison. The calculation methods
and values are listed in Tables 2 and 3, with two empirical evalu-
ations (i.e. F12-1# and B12-1#; F12-2# and B12-2#) and two experi-
mental calculations (i.e. F12-3# and B12-3#; F12-4# and B12-4#)
considered. The magnitudes of F12-3# and B12-3# in Tables 2 and 3
can be determined using 45� off-axis tension tests, calculated with
Eqs. (11) and (12), since s1 ¼ s2 ¼ s/2 and t12 ¼ -s/2:

F12 ¼ 2
s2

"
1� s

2

�
1
Xt

� 1
Xc

þ 1
Yt

� 1
Yc

�
� s2

4
1

XtXc
þ 1
YtYc

þ 1
S212

!#
;

(11)



Table 2
Coefficients of interaction term of normal stresses in Tsai-Wu criterion.

No. F12-1# F12-2# F12-3# F12-4#

F12 Method 0 � 1
2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XtXcYtYc

p 45� off-axis tension Biaxial tension with f ¼ 1/1

Value
[ � 10�6 MPa�2]

0 �3.535 7.086 6.160

Table 3
Coefficients of interaction term of normal stresses in Yeh-Stratton criterion.

No. B12-1# B12-2# B12-3# B12-4#

B12 Method 0 � 1
XY

45� off-axis tension Biaxial tension with f ¼ 1/1

Value
[ � 10�6 MPa�2]

0 �4.887 �63.377 0.726

Fig. 6. Predicted and measured off-axis tensile strengths of plain woven glass/epoxy
composite laminate.
B12 ¼ 4
s2

"
1� s

2

�
1
X
þ 1
Y

�
� s2

4S212

#
; (12)

where s is the off-axis tension stress. In the biaxial tension test with
biaxial ratio f ¼ 1/1, the stress state is s1 ¼ s2 ¼ s and t12 ¼ 0 (the
shear stress can be ignored due to its very small contribution in the
central testing zone of the cruciform specimen). Substituting this
state of combined stresses into Eqs. (3) and (5) yields the magni-
tudes of F12-4# and B12-4# as follows:
Table 4
Comparison between predicted results and experimental data of off-axis strength.

Criteria 15� off-axis tension 30� off-

Expt.
[MPa]

Predicted
[MPa]

Error
[%]

Expt.
[MPa]

Tsai-Hill 232.52 243.88 5.01 159.59
Hoffman 260.03 11.96
Tsai-Wu (F12-1#) 256.65 10.51
Tsai-Wu (F12-2#) 260.03 11.96
Tsai-Wu (F12-3#) 250.25 7.75
Tsai-Wu (F12-4#) 251.06 8.10
Yeh-Stratton (B12-1#) 205.95 �11.32
Yeh-Stratton (B12-2#) 207.70 �10.57
Yeh-Stratton (B12-3#) 233.43 0.51
Yeh-Stratton (B12-4#) 205.69 �11.43
F12 ¼ 2
2s2

�
1� s

2

�
1
Xt

� 1
Xc

þ 1
Yt

� 1
Yc

�
� s2

�
1

XtXc
þ 1
YtYc

��
;

(13)

B12 ¼ 1
s2

�
1� s

�
1
X
þ 1
Y

��
(14)

In the off-axis tension experiments, 15�, 30� and 45� off-axis
specimens were tested and compared with 0� specimens. Their
load-displacement and stress-strain (nominal stress-nominal
strain) behaviour was described in Ref. [36]. The tensile strength
of the off-axis specimens was always lower than those of the on-
axis ones due to the interaction of tensile and shear stresses. The
test results for the off-axis tensile strength are plotted in Fig. 6, in
comparison with the critical curves obtained with the four afore-
mentioned criteria. A pronounced effect of the off-axis angle on the
measured uniaxial strength of the plain woven glass/epoxy com-
posite is apparent. The increase in the off-axis angle from 0� to 45�

resulted in a significant decrease in the tensile strength, e.g., the
off-axis strength decreased by 48.6%, 64.7% and 69.2% for the 15�,
30� and 45� off-axis specimens, respectively. The decline in the off-
axis strength demonstrated a levelling-off trend when the off-axis
angle increased from 30� to 45�. Ten theoretical curves obtained
from the four failure criteria with different interaction coefficients
captured main trends and showed good agreement with experi-
mental data (Fig. 6). Hence, all these criteria can be applied for
predicting the off-axis strength of plain woven glass/epoxy com-
posite laminates, demonstrating some small disparities among
them.

The comparison between applications of the failure criteria and
the experimental results is summarized in Table 4 (the relative
axis tension 45� off-axis tension

Predicted
[MPa]

Error
[%]

Expt.
[MPa]

Predicted
[MPa]

Error
[%]

156.81 �1.74 139.52 137.89 �1.17
167.32 4.84 146.79 5.21
164.52 3.09 144.25 3.39
167.32 4.84 146.79 5.21
159.30 �0.18 139.52 0
159.96 0.23 140.11 0.42
134.95 �15.44 119.65 �14.24
136.30 �14.60 120.88 �13.36
156.64 �1.85 139.52 0
134.75 �15.56 119.48 �14.37



Fig. 8. Failure curves of Yeh-Stratton criterion with interaction coefficient for B12-3# in
stress plane s1 e s2.
error in Table 4 was calculated with regard to the respective
experimental magnitude). Although its expression in this paper is
only limited to transversely isotropic material [32], the predictions
of the Tsai-Hill criterion were relatively close to the experimental
data, with a maximum relative error of 5.0% (absolute value) for the
off-axis angle of 15� and a minimum relative error of 1.2% (absolute
value) for 45�. The Hoffman criterion gave a slightly overestimated
prediction for the off-axis strength with a maximum positive
relative error of 12.0% for 15�, and the predicted curve coincided
with that of the Tsai-Hill criterion.

The predicted curves based on the Tsai-Wu criterion with
different magnitudes of the interaction coefficient F12 lay between
those of the Tsai-Hill and Hoffman criteria, where the Tsai-Wu
criterion with F12-2# was the same as the Hoffman criterion. The
Tsai-Wu criterion with F12-3# and F12-4# provided better results
than the Tsai-Hill criterion for off-axis angles of 30� and 45�. The
Yeh-Stratton criterion with different levels of the interaction coef-
ficient B12 showed a conservative prediction for the off-axis
strength, with the negative relative errors from 10.6% (absolute
value) for B12-2# at 15� to 15.6% (absolute value) for B12-4# at 30�.
However, it is interesting that the Yeh-Stratton criterion had the
best prediction (even for small off-axis angle, i.e. 15�) for B12-3#,
obtained from the 45� off-axis tension test.

For the cruciform specimen in the biaxial tension test, the
assumption of a linear relationship between stresses in the central
tested zone and those in the loading arms was adopted. The former
can be determined using the following relations:

s1 ¼ hx
Fx
Ax

; s2 ¼ hy
Fy
Ay

(15)

where Fx and Fy are the longitudinal and transversal loads on the
arms of cruciform specimen, Ax and Ay denote the longitudinal and
transversal cross-sectional areas of the arms, respectively (the
principal directions of thematerial are here in the x and y directions
of the global coordinate system). hx and hy are the ratios of stresses
in the central zone to those in the arms, which can be calculated
with a finite-element (FE) model by applying the actual failure
loads obtained in the experiment (mean values hx ¼ 2.32,
hy ¼ 2.32 at f¼ 1/1 and hx ¼ 2.52, hy ¼ 1.77 at f ¼ 2/1 were obtained
from FE simulations).

The biaxial experimental data in the s1 e s2 plane are compared
with the discussed classical failure theories for the plain woven
glass/epoxy composites, as shown in Fig. 7. It demonstrated that,
Fig. 7. Failure envelopes of biaxial tensile strength of plain woven glass/epoxy com-
posite laminate.
compared to the uniaxial strength (Xt ¼ 452.4 MPa), a lower biaxial
tensile strength resulted, with the mean longitudinal (x-axis)
strength decreased by 48.0% and 38.5% at biaxial ratios f ¼ 1/1 and
2/1, respectively. In their predictions of the biaxial strength of the
plain woven glass/epoxy composites under in-plane biaxial load-
ings, the Tsai-Hill and Hoffman criteria overestimated the experi-
mental observations with large deviations, while the Tsai-Wu
criterionwith F12-2# had the same results as the Hoffman criterion.

Considering themagnitude of F12, the Tsai-Wu criterion resulted
in another unreasonable prediction for F12 ¼ 0, while accurate re-
sults were obtained for the biaxial tensile strength under two
biaxial load ratios for F12-3# (obtained from the 45� off-axis tension
test) and F12-4# (obtained from the biaxial tension test). In case of
F12-3#, at the same failure stress for s1, the relative error between
the predicted and mean experimental failure stress s2 was �6.9%
for f ¼ 1/1 and �5.6% for f ¼ 2/1, while the respective differences
were 1.1% and 4.1% for F12-4#. According to the absolute differences
between the predicted and experimental results, the Tsai-Wu with
F12-4# demonstrated slight superiority compared to F12-3#.

The Yeh-Stratton criterion showed different forms with
different values of the interaction coefficient B12. The criterion
became a linear expression, with the difference between the pre-
dicted and experimental failure stress s2 of �6.8% for f ¼ 1/1
and�5.41% for f¼ 2/1 in case of B12 ¼ 0, while it was reduced to the
maximum stress criterion for B12-2#. Its predictions were also
acceptable for B12-4#, resulting in differences between the pre-
dicted and experimental results of�13.5% for f¼ 1/1 and�13.3% for
f ¼ 2/1. However, two-branch discontinuous curves, as shown in
Fig. 8, were observed for B12-3# (obtained from the 45� off-axis
tension test), demonstrating large deviations from the experi-
mental data. The main reason for this might be that a significant
effect of the failure shear stress in the 45� off-axis tension test on
the value of coefficient B12, but no shear stress was considered in
biaxial tension.
5.2. Critical discussion

The comparison observed between the experimental results and
the theoretical predictions are here discussed critically in the light
of the classical polynomial criteria used for failure analysis the plain
woven glass/epoxy composites.

In Fig. 6, the predictions by all criteria show good agreement
with the experimental data. Generally, the Tsai-Hill, Hoffman and
Tsai-Wu criteria have a better (and similar) forecasting capability



for the off-axis strength of the plain woven composites with the
maximum relative error of 12.0% lower than the Yeh-Stratton cri-
terion with its maximum relative error of 15.6% (see Table 4). For a
small off-axis angle,15� in one case, the Tsai-Hill, Hoffman and Tsai-
Wu criteria show higher deviations for the experimental results,
while they coincide better with the results for larger off-axis angles
(i.e. 30� and 45�). This phenomenon could be due to a crimp
interchange in the weaving of the material as well as the accuracy
of criteria. Furthermore, for the Tsai-Wu criterion, better estima-
tions with high accuracy for the off-axis strength were observed
when the interaction coefficient F12 was obtained from the 45� off-
axis and biaxial tension tests. On the other hand, the Yeh-Stratton
criterion with different interaction coefficients B12 had similar
prediction results, with slightly higher deviations for the off-axis
strength apart of the case with B12-3#. B12-3# was obtained from
the 45� off-axis tension test considering the effect of actual off-axis
stresses, which led to high accuracy of the prediction.

In order to fully understand and generalize the predictive ac-
curacy of the four criteria, the biaxial tension results obtained in
experiments should also be analysed. There is an obvious imparity
in the predictions of these criteria for the biaxial tensile strength of
the material. The Tsai-Hill, Hoffman, Tsai-Wu (for F12-1# and F12-
2#), and Yeh-Stratton (for B12-2# and B12-3#) criteria were not able
to predict accurately the biaxial strength of the plain woven com-
posites, with the Yeh-Stratton criterion for B12-3# demonstrating
no continuous and closed envelope in the s1 e s2 plane. On the
other hand, the Tsai-Wu (for F12-3# and F12-4#) and Yeh-Stratton
Fig. 9. Typical failures in specimens occurred during uniaxial ten
(for B12-1# ¼ 0 and B12-4#) criteria can be used to predict the
biaxial strength of the material for different biaxial load ratios.
Moreover, the Tsai-Wu criterion with the modified F12 showed
some superiority in comparison with the Yeh-Stratton criterion
with themodified B12. It should be noted that there is a limitation in
the tension-tension quadrant for the studied results, and more test
results in other stress quadrants are also needed for further
development of the criteria.

Based on the above study, for the failure analysis of plain woven
composites under multiaxial tension loads, the Tsai-Wu criterion
with modified F12 obtained from the 45� off-axis or biaxial tension
tests and the Yeh-Stratton criterion with B12 ¼ 0 or obtained from
the biaxial tension test can be employed.

6. Failure modes and mechanism

6.1. Macroscopic analysis

The off-axis specimens demonstrated different macroscopic
failure modes [36]: examples of broken samples are shown in Fig. 9.
Note that the 0� specimen (Fig. 9a) broke due to an interface fibre-
matrix or interlaminar delamination and fabric (or fibre) ruptures.
In the off-axis specimens (Fig. 9b, c and d), the fibres were cut of-
fering only partial mechanical strength to the material. Further-
more, the fibres contributed to a decrease in strength of the
material when the off-axis angle increased; this is supported by the
test results reported in Fig. 6. A nearly flat fracture mode can be
sion tests for various angles: (a) 0�; (b) 15�; (c) 30�; (d) 45� .



Fig. 10. Schematic of change in geometry of off-axis specimen during loading.

Fig. 11. Changes in geometry of off-axis specimens at failure.

Fig. 12. Failure modes of plain woven glass/epoxy laminates under biaxial loadings: (a) f ¼ 1/1; (b) f ¼ 2/1.
seen in the on-axis specimen accompanied by delamination
(Fig. 9a). The direction of fracture surface with fabric breakage
shows 25�e35� with the loading direction in the 15� off-axis
specimens (Fig. 9b), while it is 40�e60� in the 30� off-axis speci-
mens with the failure modes of fabric breakage and delamination
(Fig. 9c). Similar fracturemodes can be observed for the 45� off-axis
specimens in Fig. 9d - fabric breakage and delamination; a V-shape
fracture is also visible in the 45� off-axis specimens. These failure
modes in the off-axis specimens of the studied plain woven com-
posites are distinct from those of unidirectional composites. This is
due to the effect of interlaced fibre bundles, which deform simul-
taneously when the specimen is loaded. It is expected that scis-
soring (change in fibre orientation) is likely to take place. This may
lead to the fracture surface to be oriented at an angle different from
the original fibre orientation.

Off-axis specimens of the plain woven composites demonstrate
a significant change in geometry during uniaxial tension loading, as
shown in Fig. 10. Different levels of axial elongation and lateral
contraction are observed, and the final changes in the relationship
between the original and failure specimen are summarised in
Fig. 11. With the increasing of off-axis angle, the ratio of L’ (length of
the failed specimen) and L (length of the original specimen)
increased almost linearly, while the ratio of W’ (width of the failed
specimen) and W (width of the original specimen) declined
sharply, achieving theminimumvalue at 45� off-axis angle. This is a
typical contraction phenomenon for the plain woven composites.
Thus, the definitions of nominal stress and nominal strain are used
in this paper.
For the cruciform specimens of the plain woven glass/epoxy
composites, the typical failure modes for different biaxial load ra-
tios are presented in Fig. 12. A catastrophic failure due to fabric
rupture primarily in the central testing zone of the cruciform
specimen under biaxial tests with f¼ 1/1 was recordedwith a video
camera. Fibre-bundle pull-outs and breakage were seen accompa-
nied by delamination and matrix collapse (Fig. 12a). However, at
ratio f ¼ 2/1, a root of the right loading arm in the x-direction failed
catastrophically at the side of the central testing zone, as presented
in Fig. 12b. Damage in the corners between the loading arms and



Fig. 13. Stacking configurations of layers in the plain woven glass/epoxy laminates: (a) microscopic image; (b) aligned; (c) balanced; (d) bridged.

Fig. 14. Schematics of damage development in single ply of plain woven glass/epoxy laminates: (a) before loading; (b) inter-fibre cracks during loading; (c) matrix and inter-bundle
cracks during close-to-failure loading; (d) ultimate failure.
delamination in the central testing zone were also found.

6.2. Microscopic damage analysis

The studied plain woven glass/epoxy composite laminates were
formed by stacking woven fabric layers one on top of the other
without a possibility of considering the different orientations of the
layers; as a result, different stacking patterns can be achieved
caused by the misalignments between two adjacent layers. Fig. 13
shows three kinds of stacking configuration of layers in the plain
woven glass/epoxy laminates. In a configuration without any rela-
tive shift between the adjacent layers (Fig.13b), each layer is exactly



Fig. 15. Schematics of damage development in plain woven glass/epoxy laminates for aligned configuration: (a) inter-fibre cracks during loading; (b) matrix and inter-bundle cracks
at close-to-failure loading; (c) ultimate failure under on-axis tension load; (d) ultimate failure under off-axis or biaxial loads.

Fig. 16. Schematics of damage development in plain woven glass/epoxy laminates for balanced configuration: (a) inter-fibre cracks during loading; (b) matrix and inter-bundle
cracks at close-to-failure loading; (c) ultimate failure under on-axis tension load; (d) ultimate failure under off-axis or biaxial loads.
stacked over the adjacent layer; this configuration is referred to as
aligned or stacked. In a balanced or symmetric configuration
(Fig. 13c), each layer is exactly stacked face to face over the adjacent
layer. In a configuration (Fig. 13d), the adjacent layers are shifted
with respect to each other in both the warp (longitudinal) and weft
(transverse) directions, i.e. the gap region of one layer is bridged by
the interlacing region of the adjacent layer; this configuration is
named bridged or nested. There is different microscopic failure
mechanism in different stacking configurations of layers as well as
under different loadings.

A schematic presentation of damage in a single ply of the plain
woven glass/epoxy composite laminates under the static tensile
loading are shown in Fig. 14, close-to-failure and ultimate failure
loads. The initial failure, or cracks, will occur in the bundles of the



Fig. 17. Schematics of damage development in plain woven glass/epoxy laminates for bridged configuration: (a) inter-fibre cracks during loading; (b) matrix and inter-bundle cracks
at close-to-failure loading; (c) ultimate failure under on-axis tension load; (d) ultimate failure under off-axis or biaxial loads.
interlacing region. As the loading increases, the failure progresses
towards the mid-section of this region, accompanying bundle
debonding and failure cracks in the matrix region between the
interlacing regions. The instantaneous catastrophic fracture in the
matrix and the interlacing regions occurs at the ultimate failure
load (Fig. 14d). During loading, the geometry of the plain woven
composite laminates also changes, as seen in the macroscopic
failure modes in Figs. 9 and 10.

The microscopic damage modes in the plain woven composites
are fibre/matrix interfacial debonding, matrix cracking, fibre or
fabric breakage and crack coupling, which are similar to the dam-
age mechanism observed in unidirectional laminates. For different
stacking configurations, cracks in warp and weft bundles, trans-
verse cracks in pure-matrix regions, delamination between warp
and weft bundles, delamination between adjacent layers, and,
finally, catastrophic fracture in the interlacing or matrix region can
occur gradually (or simultaneously) with increasing load. The ul-
timate fracture can take place in the interlacing or matrix region
based on the stacking configurations of the laminates and the types
of load, as shown in Figs. 15e17.

For the aligned configuration, some nearly parallel cracks or
fracture surfaces can be found in both the interlacing and matrix
regions (Fig. 15c) under the on-axis tension load, while the mis-
aligned cracks present damage localisation shifting from the
interlacing region to the matrix region under off-axis or biaxial
loads (Fig. 15d). Similar features can also be found in the balanced
(Fig. 16) and bridged (Fig. 17) configurations.

It is known that mechanical properties of composites are closely
related to their structure, and macroscopic failure modes depend
even more on microscopic damage mechanism. SEM images of
fracture surfaces of specimens subjected to uniaxial and biaxial
tensions, as shown in Fig. 18, provide some useful insights into this.
A series of clear oblique fracture sections of the fibres (highlighted
with yellow encirclements; Fig. 18a, b and c) can be observed in
failure off-axis specimens of the plain woven glass/epoxy
composites, indicating a specific character of an off-axis failure
mechanism. On the other hand, a group of comparatively smooth
fracture surfaces are visible in the cruciform specimen at biaxial
ratio f ¼ 1/1. Note that, apparently, the shapes of a fibre surface and
matrix debris are compatible, and there are morematrix debris and
broken fibres under off-axis loads due to the extrusion effect be-
tween interweaving fibre bundles. As presented in Fig. 19, a clear
failure mode of debonding between the fibre bundles in the
interlacing region and delamination between the adjacent layers
are also prominent.
7. Conclusions

A number of experimental tests were carried out on off-axis and
cruciform specimens of laminates to obtain the respective failure
characteristics for plain woven glass/epoxy composites under off-
axis and biaxial tension loads. The layer-by-layer stacking of the
composite laminates was performed manually, assisted by the
vacuum bagging technique. Four classical polynomial criteria (Tsai-
Hill, Hoffman, Tsai-Wu and Yeh-Stratton) used for failure analysis of
plain woven composites were compared and discussed, especially
focusing on the effect of the interaction coefficients of normal
stresses in the Tsai-Wu and Yeh-Stratton criteria. A comparison
between the prediction results using these criteria and the data for
multiaxial (i.e. off-axis and biaxial here) strength obtained with the
tests was presented. For failure prediction in the plain woven
composites under multiaxial tension loads, the Tsai-Wu criterion
with the modified F12 (obtained from the 45� off-axis or biaxial
tension tests) and the Yeh-Stratton criterion with B12 ¼ 0 (or ob-
tained from the biaxial tension test) are the most suitable ones,
where the Tsai-Wu criterion with the modified F12 provides higher
accuracy.

The failed specimens showed nearly distinct failurewith specific
fracture orientations, mainly exhibiting a fibre or fabric tensile
fracture mode and a combination of matrix cracks and



Fig. 18. SEM images of fracture surfaces of plain woven glass/epoxy laminates under off-axis loads with different off-axis angles: (a) 15�; (b) 30�; (c) 45�; and (d) under biaxial load
at biaxial ratio f ¼ 1/1.

Fig. 19. Debonding of fibre bundles in interlacing region and delamination between
adjacent layers.
delamination in both the off-axis and cruciform samples. Further-
more, the expected pattern of macroscopic failure was observed in
the cruciform specimen under f ¼ 1/1 biaxial loading, while it does
not occur in the central testing zone but in the arm roots for f¼ 2/1.
Three main types of stacking configuration of layers in the plain
woven glass/epoxy laminates were proposed for analysis of
microscopic damage and macroscopic fracture. In SEM images,
oblique fracture sections of the fibres with coexisting matrix debris
can be observed in failure off-axis specimens, while comparatively
smooth fracture surfaces were found in the cruciform specimen. A
clear failure mode of debonding between the fibre bundles in the
interlacing region and delamination between the adjacent layers
are also prominent in the failed glass-fibre specimens.
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