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In this article, the nonlinear shear stress–strain relationship of a carbon fabric-reinforced polyphenylene
sulphide is investigated by performing and comparing
both the [þ458/2458]ns tensile test and the three-rail
shear test. First, quasi-static and hysteresis tests are
performed to obtain the data necessary for the material model. Then, the material constants are optimized
by comparing ﬁnite element simulations with the data
derived from the experiments. The conducted experiments are simulated and the results are compared
with the experiments, with excellent correspondence. POLYM. COMPOS., 30:1016–1026, 2009. ª 2008 Society of
Plastics Engineers

INTRODUCTION
There are several ways of inducing a state of in-plane
shear [1, 2] in a composite to model the shear stress–strain
relationship. Examples are the Iosipescu test [1, 3–5], the 108
off-axis test [4–7], the [þ458/-458]ns tensile test [6, 8, 9, 10–
12], the two- and three-rail shear test [13–16], torsion of a
rod [17] and torsion of thin-walled tubes [18–21].
In this article, the nonlinear shear stress–strain behavior
is studied by performing and comparing the [þ458/2458]ns
tensile test, as described in the ASTM D3519/D3518M-94
(2001) standard test method for in-plane shear response of
polymer matrix composite materials by tensile test of a
6458 laminate and the three-rail shear test, as described in
the ASTM D 4255/D 4255M The standard test method for
in-plane shear properties of polymer matrix composite
materials by the rail shear method. For the latter, however,
a modiﬁed design of the three-rail shear test, as proposed
by the authors in Ref. 22 is used.
The authors have already modelled the nonlinear shear
stress–strain behavior of a glass ﬁbre-reinforced epoxy, by
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performing [þ458/2458]ns tensile tests and 108 off-axis
tests [6, 23]. The material for which the behavior is modelled in this study, is a carbon fabric reinforced polyphenylene sulphide (PPS), which is of a totally different nature
than the one used in the previous study [6, 23]: (i) carbon
fabric versus unidirectional glass ﬁbre reinforcement and
(ii) thermoplastic matrix versus thermosetting epoxy.
However, rather than developing an entirely new model,
the same model as given in Ref. 23 is used to prove that
the approach used by the authors in Refs. 6, 23 may be
considered applicable to a wide range of materials.
In the next section, the used material and equipment
are presented in more detail. Next, a paragraph concerning the conducted experiments is given and data for the
material model are extracted. This is followed by the ﬁnite element modelling of both experiments and ﬁnally,
conclusions are drawn.

MATERIALS AND METHODS
Composite Material
The material under study was a carbon ﬁbre-reinforced
polyphenylene sulphide (PPS), called CETEX. This
material is supplied to us by TenCate, Almelo, NL. The
ﬁbre type is the carbon ﬁbre T300J 3K and the weaving
pattern is a 5-harness satin weave fabric with a mass per
surface unit of 286 g/m2. The 5-harness satin weave is a
fabric with high strength in both directions and excellent
bending properties.
The carbon PPS plates were hot pressed and two stacking sequences were used for this study, namely a
[(08,908)]4s were (08,908) represents one layer of fabric
and a [(458,2458)]4s which is a [(08,908)]4s cut under a
458 angle with respect to the ﬁbre orientation.
The in-plane elastic properties of the individual carbon
PPS lamina were determined by the dynamic modulus
identiﬁcation method as described in Ref. 24 and are
listed in Table 1.

TABLE 1. In-plane elastic properties of the individual carbon/PPS
lamina (dynamic modulus identiﬁcation method).
56.0
57.0
0.033
4.175

E11
E22
m12
G12

GPa
GPa
–
GPa

The tensile strength properties were determined at the
Technical University of Delft and are listed in Table 2.
The test coupons were sawn with a water-cooled diamond tipped saw.

Equipment
All experiments were performed on a servo-hydraulic
INSTRON 8801 tensile testing machine with a FastTrack
8800 digital controller and a load cell of 6100 kN.
For the registration of the tensile data, a combination
of a National Instruments DAQpad 6052E for ﬁreWire,
IEEE 1394, and the SCB-68 pin shielded connecter were
used. The load, displacement, and strain, given by the
FastTrack controller, as well as the extra signals from
strain gauges and thermocouple were sampled on the
same time basis.

FIG. 1. Deﬁnition of the shear modulus G12 and the permanent shear
strain cperm
12 .

can be
Figure 1 shows how the values of G12 and cperm
12
derived from the experimental data.
EXPERIMENTS AND DISCUSSION
[(458,2458)]4s Experiments

The Material Model
Before discussing the experiments, the used material
model is commented on to clarify which parameters are
important for the model.
As mentioned in the introduction, the same model as
proposed by the authors in Ref. 23 will be used in this article, to illustrate the general nature of the model. The
shear stress–strain relationship is given by
elast
s12 ¼ G012 :ð1  D12 Þ:ðctotal
12  c12 Þ
G
D12 ¼ 1  12
G012

ð1Þ

where, s12 is the shear stress; G012 is the initial shear stiffness; G12 is the shear stiffness of the damaged material;
D12 is the damage parameter, which indicates the stiffness
is the total shear strain, given by the
degradation; ctotal
12
is
sum of the elastic and the permanent shear strain; cperm
12
the permanent shear strain.

These tests were done according the ASTM D3519/
D3518M-94 (2001) standard test method for in-plane
shear response of polymer matrix composite materials by
tensile test of a 6458 laminate. The dimensions of the
used coupons are shown in Fig. 2.
All tensile tests were done in a displacement-controlled
manner with a displacement speed of 2 mm/min, during
which the force F, the longitudinal and transverse strains
exx and eyy, and the temperature was recorded. With these
values, the shear stress s12 and shear strain c12 can be
calculated as
1 F
2 w:t
¼ exx  eyy

s12 ¼
c12

ð2Þ

TABLE 2. Tensile strength properties of the individual carbon/PPS
lamina (Mechanical testing at TUDelft).
XT
e11ult
YT
e22ult
ST
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732.0
0.011
754.0
0.013
110.0

MPa
–
MPa
–
MPa

FIG. 2. Dimensions of the used [(458,2458)]4s tensile coupon,
equipped with chamfered tabs of [(458,2458)]4s carbon PPS.
POLYMER COMPOSITES—-2009

1017

FIG. 3. Evolution of the shear stress as a function of the shear strain
for the quasi-static tensile experiments.

where s12 is the shear stress; F is the tensile force; w is
the width of the specimen; t is the thickness of the specimen; c12 is the total shear strain; exx is the longitudinal
strain; eyy is the transverse strain.
The transverse strain was measured using a strain
gauge and the longitudinal strain was measured using the
extensometer.
Figure 3 illustrates the highly nonlinear shear stress–
strain evolution for two quasi-static experiments, M1 and
M3. The curve is only depicted until the transverse strain
gauge either saturated which was the case for M3, or
debonded which happened for M1. The failure stresses
were 105.4 and 105.3 MPa for M1 and M3 respectively.
These values show good correspondence with the value
given in Table 2. The stiffness could also be calculated
from these results, as is shown in Fig. 3. Although some
scatter is present on these values, they still correspond
quite well with the values given in Table 1. During these
tests, no increase in temperature was recorded.
Next, the hysteresis experiments were performed to
obtain the data, necessary for the material model. The
specimens were loaded until a maximum shear stress of
20 MPa was reached and then completely unloaded. For
each of the next cycles, the maximum shear stress was
increased with 10 MPa with respect to the previous cycle.
This was repeated until the strain gauge failed or
debonded. The value of 20 MPa was chosen because only
very limited nonlinear behavior is visible in Fig. 3 before
this value is reached.
Figure 4 illustrates the shear stress–strain evolution for
three specimens M2, M4 and M5. For M4, the cycle after
60 MPa was reversed just before the strain gauge was
expected to saturate. For M2 and M5, the strain gauge
debonded after the cycle of 60 MPa. Failure stresses were
109.8 MPa for M2, 116.3 MPa for M4 and 103.8 MPa for
M5. Again these values correspond very well with the
value given in Table 2. The initial stiffness is also calculated and is shown in Fig. 4. Again, there is some scatter
on the results, but the values correspond quite well with
1018 POLYMER COMPOSITES—-2009

those found in Fig. 3 and with the value determined by
the dynamic modulus identiﬁcation method (Table 1). It
should be noted that the reproducibility of M2 and M4 is
very high. Specimen M5 tends to behave stiffer during
the entire specimen, without any apparent reason.
During these experiments, a very slight increase in
temperature was noted of about 18C.
Finally, Fig. 5 illustrates the occurring fracture for
specimen M2, but this type of failure was seen for all the
[(458,2458)]4s tensile tests. The local narrowing before
ﬁnal failure can clearly be distinguished.
Using the same method as presented by the authors in
Ref. 6 and illustrated in The Material Model, the following evolutions for permanent deformation (see Fig. 6) and
stiffness degradation (see Fig. 7) are found.
The results are very reproducible for both damage parameters. It should be noted that there is a signiﬁcant
scatter on the damage parameter D12 for low total shear
strains. This is due to the fact that the strains are very
low and therefore, the determination of the slope of the
hysteresis loop, as described in Ref. 6, is a lot more sensitive to noise and scatter on the strain measurement.
These data will be used for determining the material
constants in Implementing the Material Model.

Three-Rail Shear Tests
These tests were done according to the ASTM D4255/
D4255M ‘‘standard test method for in-plane shear properties of polymer matrix composite materials by the rail
shear method’’ but the modiﬁed three-rail shear design, as
documented in Ref. 22 is used. This design is illustrated
in Fig. 8 and differs from the standard setup since the
new design no longer requires bolts mounted through the
specimen. The gripping is based on friction and geometrical clamping and the bolts are used to press a load transfer plate against the specimen, generating the normal
force, necessary for the frictional clamping.

FIG. 4. Evolution of the shear stress as a function of the shear strain
for the tensile hysteresis experiments.
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FIG. 5. Image of the fracture of a [(458,2458)]4s specimen. [Color ﬁgure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

The dimensions of the used specimen are given in
Fig. 9.
Al tests were done in a displacement-controlled manner with a displacement speed of 1 mm/min, during which
the force F, the strains ei, i ¼ 1,2,3,4 and the temperature
were recorded. With these values, the shear stress and
strain can be calculated as
1F
2 t:h
¼ jei  ej j

s12 ¼
c12

ð3Þ

where h is the height of the specimen and t the thickness;
(i,j) is either (1,2) or (3,4) with respect to the numbering
of the strain gauges in Fig. 9. A few results from quasistatic tests are given in Fig. 10. Since from each rail shear
test, two curves can be derived, one from each instrumented loaded zone, there should be six curves for three
specimens. However, in Fig. 10, only the curves from the
strain gauges which lasted the longest are given; the tests
were stopped once all strain gauges de-bonded or saturated which means that the maximum value of the shear
stress and strain in Fig. 10 do not correspond with failure.

FIG. 6. Evolution of the permanent shear strain during the hysteresis
experiment.
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After saturation or failure, the test was stopped, so the
possibility for non-destructive evaluation of the specimens
remained an option.
It should be noticed that the results from these quasistatic tests are very reproducible and that the calculated
stiffness corresponds very well with the value obtained
with the dynamic modulus identiﬁcation method (Table
1). Furthermore, the shear stress–strain evolution also corresponds very well with the one from the [(458,2458)]4s
tensile test (see Fig. 3). During the quasi-static rail shear
tests, no temperature increase was measured.
Next, hysteresis tests were performed, using the same
principle as for the [(458,2458)]4s tensile test, but starting
with a maximum shear stress of 10 MPa and increasing
10 MPa with each loading. The lower starting value of
10 MPa was chosen to verify that little damage occurs for
these low load levels. The results from these are given in
Fig. 11 and again, only the curves from the strain gauges
which lasted the longest, are plotted. The omitted curves,
however, showed very good correspondence with the corresponding depicted ones. Again it should be noted the
results are very much alike and that the initial stiffness
corresponds very well with the value given in Table 1.

FIG. 7. Evolution of the damage parameter during the hysteresis
experiment.
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FIG. 10. Evolution of the shear stress as a function of the shear strain
for the quasi-static three-rail shear experiments.

tioned before, this is due to the fact that the strains are
very low and therefore, the determination of the slope of
the hysteresis loop, as described in Ref. 6 is more sensitive to scatter and noise on the measured strains.
These data will also be used for determining the material constants in the following section.
FINITE ELEMENT MODELLING
FIG. 8. The modiﬁed three-rail shear setup, as presented in [22]. [Color
ﬁgure can be viewed in the online issue, which is available at www.
interscience.wiley.com.]

During the hysteresis tests, an increase of about 18C
was measured.
Again, using the same method as illustrated in The
Material Model to determine permanent deformation and
stiffness degradation from a cyclic shear stress–strain
curve, the following evolutions are found for cperm
(see
12
Fig. 12) and D12 (see Fig. 13). It should be noticed that
these evolutions show very good correspondence with the
damage parameters obtained from the [(458,2458)]4s tensile tests.
Again, there is some scatter on the damage parameter
D12 for low values of the total shear strain, but as men-

FIG. 9. Dimensions of the used [(08,908)]4s three-rail shear specimen.
The location of the strain gauges, as well as the clamps, is also illustrated.

1020 POLYMER COMPOSITES—-2009

Implementing the Material Model
For this model, the evolution of D12 and cperm
are
12
given by the following equations:
dcperm
perm
12
¼ C1  jctotal
12 j  expðC2  jc12 jÞ
dctotal
12
dD12
¼ C3  expðC4  D12 Þ
dcelast
12

ð4Þ

is the permanent shear strain; ctotal
where cperm
12 is the total
12
shear strain, given by the sum of the elastic and the per-

FIG. 11. Evolution of the shear stress as a function of the shear strain
for the rail shear hysteresis experiments.
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with stress increments, meaning the strain increments
must be used, rather than calculating the stress using the
total strains. As such, Eq. 1 must be rewritten with ﬁnite
differences. This yields:
total;new
0
new
 cperm;new
Þ
snew
12 ¼ G12  ð1  D12 Þ  ðc12
12
total;old
0
old
sold
 cperm;old
Þ
12 ¼ G12  ð1  D12 Þ  ðc12
12

ð6Þ

Hence, the following equation is derived for the stress:
total;new
old
0
new
 ctotal;old
Þ
snew
12 ¼ s12 þ G12  ð1  D12  ½ðc12
12
old
 ðcperm;new
 cperm;old
Þ  G012  ðDnew
12
12
12  D12 Þ

 ðctotal;old
 cperm;old
Þ
12
12
FIG. 12. Evolution of the permanent shear strain during the three-rail
shear hysteresis experiment.

manent shear strain; D12 is the damage parameter, which
is the elastic
indicates the stiffness degradation; celast
12
shear strain; C1,C4 are the material constants.
For the ﬁnite element modelling, ABAQUS Standard
was used. The latter is capable of working with userdeﬁned material models, using a subroutine called
UMAT. To implement the material model in UMAT, it
must ﬁrst be written using ﬁnite differences. This yields
perm
total
for Eq. 4, with celast
12 ¼ c12 2 c12 :
cperm;new
¼ cperm;old
þ C1  jctotal;new
j  expðC2  jcperm;old
jÞ
12
12
12
12
 ctotal;old
Þ
 ðctotal;new
12
12
total;new
old
old
j  jcperm;new
jÞ
Dnew
12 ¼ D12 þ C3  expðC4  D12 Þ  ½ðjc12
12

 ðjctotal;old
j  jcperm;old
jÞ
12
12

ð5Þ

In this equation, the superscript ‘‘old’’ refers to the values obtained from the previous time step and the superscript ‘‘new’’ refers to the value necessary for the current
time step.
Next, Eq. 1 can be implemented. However, after some
test runs with UMAT, it became clear that a converging
solution could only be found if stresses are calculated

ð7Þ

The sum in Eq. 7 consists of two terms: the ﬁrst is the
expected one, giving a stress increment using the increment in elastic strain. The second term is the result of the
use of stress increments and must not be forgotten.
Next, the modelling in ABAQUS of the two test geometries is discussed.

The [(458,2458)]4s Test
For these simulations, only the loaded part of the specimen
was modelled, resulting in a rectangular specimen of 150 mm
by 30 mm. Symmetry was not used because this would yield
images of stress distributions which are a little more difﬁcult
to interpret than if the entire specimen is modelled. Figure 14
depicts the used mesh and boundary conditions.
The specimen was meshed using a 3D quadratic brick
element with reduced integration; the size of the mesh
was 4 mm and eight elements through the thickness were
used. An extra simulation was performed with a mesh
size of 2 mm, to assess whether the mesh size has signiﬁcant inﬂuence on the model. The following boundary conditions were applied:
c
c

c

Plane A, the left side of the loaded zone, was ﬁxed
along the 1- and 2-axis, simulating the rigid grip.
Plane B, the right side of the loaded zone, was ﬁxed
along the 1- axis and given a displacement of 10 mm
along the 2-axis. This value corresponds with the value
at which point the strain gauges in the experiments debonded or saturated.
Plane C, the central plane of the loaded zone, was ﬁxed
along the 3-axis

Since it is a 3D analysis, there are no rotational
degrees of freedom. Because of the large deformations, a
geometrically nonlinear simulation was performed.
The Three-Rail Shear Test

FIG. 13. Evolution of the damage parameter during the three-rail shear
hysteresis experiment.
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For these simulations, only the loaded part of the specimen was modelled and because of symmetry, only half
of the specimen was drawn, Fig. 15 depicts the used
mesh and boundary conditions.
POLYMER COMPOSITES—-2009
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Discussion of the Simulations

FIG. 14. Used mesh for the ﬁnite element simulations of the
[(458,2458)]4s tensile test. [Color ﬁgure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

The specimen was meshed using a 3D quadratic brick
element with reduced integration; the size of the mesh
was 3 mm and eight elements through the thickness were
used. An extra simulation was performed with a mesh
size of 1 mm, also to assess the inﬂuence of the mesh
size on the output of the material model. The width of the
modelled specimen was 30 mm and the height 100 mm,
as was the case in the experiments. The following boundary conditions were applied:
c
c

c

Plane A, the right side of the loaded zone, was ﬁxed
along the 1- and 2-axis.
Plane B, the left side of the loaded zone, was ﬁxed
along the 1- axis and given a displacement of 3 mm
along the 2-axis. This value corresponds with the value
at which point the strain gauges in the experiments
debonded or saturated.
Plane C, the central plane of the loaded zone, was ﬁxed
along the 3-axis.

Since it is a 3D analysis, there are no rotational
degrees of freedom. Because of the large deformations, a
geometrically nonlinear simulation was performed.

FIG. 15. Used mesh for the ﬁnite element simulations of the three-rail
shear test. [Color ﬁgure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Of course, ﬁrst the material constants C1 till C4 need to
be determined. These values have been determined by the
combined optimisation of the evolutions of shear stress,
perm
, and D12 on the experimental results,
shear strain, c12
given in Figs. 3, 6, 7, 10, 12, and 13, respectively.
This optimisation has been done using a nonlinear least
square solver. With a starting set of material constants, a
ﬁnite element simulation is conducted and afterwards, the
perm
, and D12 are
evolutions of shear stress, shear strain, c12
derived. Then, the solver compares these values with the
experimental ones and suggests a new set of material constants, which are then used as starting values for the next
iteration. This is repeated until a minimum value of the
sum of the squared differences between numerical and experimental values is achieved.
This yielded the following combination of material
constants:
C1 ¼ 29

C2 ¼ 35

C3 ¼ 16

C4 ¼ 0:1

ð8Þ

For both the three-rail shear and the [(458,2458)]4s
tensile test simulation, the evolution of the shear stress,
perm
, and damage pashear strain, permanent shear strain c12
rameter D12 was plotted for a node in the centre of the
specimen (Results-node in Figs. 14 and 15), so that the
stress concentrations near the clamps did not have any
inﬂuence. These results are given in Figs. 16, 17, and 18
respectively.
It should be remarked that there is an excellent correspondence for all three evolutions and that reﬁning the
mesh, for both the three-rail shear as the [(458,2458)]4s
simulations does not have a signiﬁcant effect.
In the shear stress–strain evolution, depicted in Fig. 16,
it can be seen that after a certain strain level is reached,
the total strain tends to decrease, as well as the corresponding shear stress. The corresponding damage and permanent shear strain remain constant during this decrease.

FIG. 16. Evolution of the shear stress as a function of the shear strain
for both the simulations and the experiments.
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For the three-rail shear test, also a very uniform shear
stress distribution can be seen. The distribution of both
damage and permanent deformation clearly indicate where
failure will start, namely in the vicinity of the clamps.
This was also derived by Lessard et al. [16]. A possibility
for future research could be to investigate whether the use
of notches, as was done in Ref. 16 would have the same
effects on a fabric-reinforced composite.

CONCLUSIONS

FIG. 17. Evolution of the permanent shear strain for both the simulations and the experiments.

This happens for both types of experiments and is the
result of a stress relief in the centre of the specimen, due
to localization of the total shear strain elsewhere in the
specimen. This can be easily shown in the [(458,2458)]4s
simulations. Fig. 19 depicts the total shear strain at three
well chosen time-steps. Time-step 45 represents the end
of the increase in shear strain, Time step 58 is the last
time-step available and time-step 51 is chosen for an intermediate distribution plot. The deformation is scaled by
1.5 to visualize the reason more clearly.
From these different stages in time, it can clearly be
seen that the fast narrowing of the specimen near the
clamped ends results in a high increase in shear strain
(the dark X on the contour plots). Since the simulation is
done displacement controlled, corresponding with the
experiment, the shear strain in the centre of the specimen
is allowed to relax. Given the fact that the permanent
shear strain is not allowed to decrease, this renders a
decrease in elastic shear strain and as a result, a decrease
in shear stress. Fig. 20 shows this localization in three
stages as it could be seen in the experiment.
This decrease in shear stress and strain was not seen in
the experiments, but the localization of the total shear
strain occurred after the strain gauge saturated and the
strain measurement was stopped.
Finally, in Figs. 21 and 22, the distributions of the
shear stress and the damage model parameters are given
for the time step at which maximum stress in the central
area is reached. The shear stress distribution is very uniform, with exception near the clamped ends, where a
cross-like shape can be distinguished. However, this uniform distribution is still the main reason why the
[(458,2458)]4s is chosen to characterize the shear behavior of a composite. The permanent shear strain is also relatively uniform, although higher values are reached where
the specimen is most likely to narrow. The damage parameter D12 also indicates where failure is most likely to
occur.
DOI 10.1002/pc

In this article, the nonlinear shear stress–strain relationship of a carbon fabric-reinforced polyphenylene sulphide
was investigated. The stress–strain data were obtained by
performing both the [(458,2458)]4s tensile test, as
described in the ASTM D3519/D3518M-94 (2001) standard test method for in-plane shear response of polymer
matrix composite materials by tensile test of a 6458 laminate and the three-rail shear test, as described in the
ASTM D 4 5/D 4255M The standard test method for inplane shear properties of polymer matrix composite materials by the rail shear method. Both types of experiments
yielded very similar results.
Then, the behavior was modelled using a previously
derived material model, which has two damage parameters: (i) D12 which represents the shear stiffness degradaperm
, which reption and (ii) the permanent shear strain c12
resents the permanent shear deformation. This material
model was then implemented in the ﬁnite element software ABAQUS/standard and both test setups were modelled. The four material constants of the material model
were optimized based on the experimentally derived evoperm
lutions of shear stress–strain, D12 and c12
. Afterwards,
the results from the simulations were compared with the
experimental curves and a very good agreement was
achieved.

FIG. 18. Evolution of the damage parameter for both the simulations
and the experiments.

POLYMER COMPOSITES—-2009

1023

FIG. 19. Illustration of the decrease in the shear strain in the centre of the specimen.

FIG. 20. Illustration of the experimental localization of the total shear strain. [Color ﬁgure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]
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FIG. 21. Distribution of the (a) shear stress, (b) permanent shear strain and (c) damage parameter D12 for
the [(458,2458)]4s simulation.

FIG. 22. Distribution of the (a) shear stress, (b) permanent shear strain and (c) damage parameter D12 for
the three-rail shear simulation.
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