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In this study, static load bearing strength of pin-connected carbon ﬁber-reinforced polyphenylenesulphide
(PPS) composites that have [(08/908)]3s stacking
sequence was investigated. Firstly, the samples were
loaded dynamically, and then the same samples were
loaded statically. The results obtained from this sequential experiment were compared with the results
obtained from samples that were loaded only statically.
In addition, the fatigue life and failure mechanisms
were investigated with respect to the selection of the
geometrical parameters. Dynamic and static loading
experiments were performed according to the ASTM
STP 749 and ASTM D953 standards, respectively. To
obtain optimum load bearing values, the ratio of distance between the edge and hole center to hole diameter (E/D) and ratio of sample width to hole diameter
(W/D) has been systematically changed. According to
the experimental results, maximum load bearing values
have been obtained when E/D ratio was equal to
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INTRODUCTION
Carbon ﬁber reinforced plastic (CFRP) laminates are
widely used in engineering structures. They serve under a
wide range of temperature values and different environments. Furthermore, because many structures are subjected to cyclic or variable loading conditions, information about fatigue strength is particularly important.
CFRPs are used under high or low cyclic loadings,
because of that, the behavior of CFRPs should be well
known and investigated [1].
Mechanical fatigue is the most common failure mode
of structures in service, both for homogeneous and composite materials. The relative importance of fatigue has
yet to be reﬂected in design, where static conditions still
prevail [2].
Most of the previous fatigue experiments on mechanically fastened composite joints have been done at room
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temperature, whereas little work has been done at elevated temperatures. At room temperature, Garbo et al. [3]
found that the fatigue failure modes and the critical geometries to ensure bearing failure in fatigue are similar to
those observed for static loading. In tension–tension fatigue of pin loaded CFRPs, Herrington and Sabbaghian
[4] found stress levels below 70% of ultimate static
strength.
Xioxou et al. [5] have investigated experimental fatigue life of cross-ply graphite/epoxy composite laminates
having [08/902 ]s, [02 /902 ]s, and [02 /904 ]s stacking sequences.
Mandell and Meier [6] note that fatigue failure in general is characterized by the progressive accumulation of
cracks in the matrix and at the ﬁber/matrix interface,
resulting in loss of strength and stiffness.
Fatigue behavior of composite bolted joints has been
investigated experimentally, in which the fatigue life and
damages were examined with respect to the design parameters of the joints and environmental effects. Crews [7]
studied the static and fatigue behavior of joints with
respect to bolt clamping force and environmental effects.
Liu et al. [8] found that the fatigue life decreased as the
environmental temperature and humidity increased. Herrington and Sabbaghian [4] studied the effects of applied
stress levels, orientation of the outer layer, reinforcing ﬁlaments, and the bolt torque level on the fatigue life of a
graphite-epoxy composite. They have used the W/D ¼ 4
and E/D ¼ 4 geometric conﬁguration. They found the endurance limit of the joint as about 67% of the plate’s
bearing strength. From a study on the static and fatigue
performance of adhesive/bolted hybrid joints, Fu and Mallick [9] reported that the hybrid joints have higher static
failure load capacity and longer fatigue life than the adhesive joints.
In the present study, an experimental investigation has
been carried out to investigate the static load bearing
capacity of pin connected carbon/polyphenylenesulphide
(PPS) composites with [(08/908)]3s stacking sequence that
were ﬁrstly loaded (1,000 cycles) dynamically. The ratio
of the edge distance to the pin diameter (E/D), and the ratio of the specimen width to the pin diameter (W/D) were

TABLE 1. Geometry of the joints and pins.
L (mm)

W (mm)

D (mm)

W/D

E/D

40, 45, 55, 65, 75, 95

20, 40

5, 10

2, 4, 8

1, 2, 4, 6

capacity. The static loading tests were carried out with
displacement control at a rate of 1 mm/min.

EXPERIMENTAL RESULTS AND DISCUSSION
systematically varied during experiments. This study highlights the effects of cyclic loading on the strength and fatigue performance of a carbon/PPS composite system. In
particular, it addresses the change in tension-tension (R ¼
0.1) fatigue behavior of pin connected carbon/PPS composite.

EXPERIMENTAL METHOD AND MATERIAL
In this study, continuous carbon ﬁber reinforced PPS
matrix composite laminates with [(08/908)]3s lay-up were
used. Materials were obtained from Ten Cate (Nijverdal/
Holland) as hot pressed laminates in dimensions of 450 3
450 3 2 mm. The volume fraction of the ﬁbers was 51%.
The laminates were composed of a total of six layers, and
a unit layer thickness of 0.31 mm. Unit weight of each
layer was 479 g/m2. Commercial code of the laminates
was CF0286.
The samples were prepared according to the geometrical parameters shown in Table 1. For every single parameter, at least eight samples have been tested and the average of the values was taken into account.
Dynamic loading tests were conducted with reference
to ASTM STP 749 at room temperature of (208C under
the load control function of a DARTEC servohydraulic
testing machine that has 60 kN loading capacity [7]. The
load control function of the machine assured that a constant maximum and constant minimum alternating loads
were applied to the specimen during the experiment. The
loading waveform was sinusoidal with frequency of 1 Hz.
Sample geometry and tensile test setup used during the
dynamic loading are shown in Fig. 1. The applied varying
stress is deﬁned by the components rmax and R, where R
is rmin/rmax. In this investigation, the stress ratio used for
all fatigue tests was R ¼ 0.1.
In the calculations, we have considered a ro/rbr ratio
which does not cause more than 0.04 D elongation in the
pin hole after 1,000 cycles. In this equation, ro is the
applied maximum stress, and rbr is the bearing strength.
From our previous experiments [10–13], the bearing
strength of the materials under static loading conditions
for different geometrical parameters is already known.
We have chosen the fatigue endurance limit as 60%
(ro ¼ 0.6 rbr) of these known bearing strength values.
After the fatigue test was initiated, it was performed until
the desired number of cycles (1,000 cycles) was achieved.
Static loading performance of dynamically loaded samples was investigated according to ASTM D953 standard
at 208C [14, 15]. Experiments were done with Instron
4411 that has a computer controlled 5 kN loading
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As it is seen in Fig. 2, composite samples that are ﬁrstly
dynamically loaded (FDL) show smaller bearing strength
values compared to samples which are only statically loaded
(SL). From the results obtained of our previous studies [10–
13], the optimum parameters are known as: W/D ¼ 2,
E/D ¼ 2, and D ¼ 10 mm. This situation is valid for either
dynamically and SL or only SL samples. Minimum load
bearing values for FDL samples are seen to be the same for
the geometric parameters that are used in only static loading.
These geometric parameters were W/D ¼ 8, E/D ¼ 1, and
D ¼ 5. When Fig. 2 is carefully observed, it can be seen
that the maximum load bearing values are obtained when
E/D ¼ 2. As the E/D value is increased, there is not a dramatic change in the results. Because of that the critical E/D
ratio in [(08/908)]3s lay-up is 2.
In Fig. 3, load-displacement curves for only SL and
FDL pin connected samples were presented. The load
bearing capacity and energy storage observed until fracture for only SL pin-connected samples is higher when
compared with FDL samples. This situation is valid for
all of the geometric parameters. In addition, as the W/D
ratio for both types of test samples were increased, the
load bearing values of the samples decreased.
The load-displacement curves for D ¼ 10 mm samples
are shown in Fig. 4. The reduction in the bearing strength
of the samples, which were tested under fatigue loading,
is due to various failure mechanisms. Composites, due to
their anisotropic structure, show very complicated failure
mechanisms. For most of the materials, crack formation is

FIG. 1. Schematic illustration of the test setup for the fatigue tests of
the composite pin joint.
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FIG. 2. Variation of the ultimate load values with respect to E/D ratio in only statically and both dynamically and SL samples.

FIG. 3. Load-displacement curves for only statically loaded and ﬁrstly dynamically loaded samples (W/D ¼
4, W/D ¼ 8, D ¼ 5 mm).
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FIG. 4. Load-displacement curves for only statically loaded and ﬁrstly dynamically loaded samples (W/D ¼
2, W/D ¼ 4, D ¼ 10 mm).

the main fatigue loading failure mechanism. However, in
composites there are different failure mechanisms due to
fatigue loading. These mechanisms are crack formation in
the matrix, ﬁber fracture, delamination, and ﬁber/matrix
debonding. These fatigue loading failures are the factors

that reduce the strength and the rigidity of composite
materials.
As it is seen from both Figs. 3 and 4, the failure mechanism of the samples exposed to dynamic loading did not
change. However, the load bearing capacity of the test

FIG. 5. Sample sectioning for determination of the bearing plane.

FIG. 6. Photograph of the bearing plane [16].
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FIG. 7. The deformation types observed on the bearing plane at the
edge of the pin hole.

samples reduced due to the formation of various failure
mechanisms (matrix cracking, ﬁber-matrix debonding, etc.)
during the dynamic loading. From Figs. 3 and 4, it is seen
that the failure mode in the connection region is bearing.
As a conclusion, it is possible to say that the failure mechanisms are effective at the bearing plane of the samples.
To understand the bearing failure mode in the samples,
the cross-sections from the maximum load bearing region,
in other words from the bearing plane of the samples,
were taken (see Fig. 5). The micrograph showing this
cross-section is illustrated in Fig. 6. Delaminations
between 08 oriented laminates, buckling, and fracture of
the ﬁbers are the observed failure mechanisms in the end
of the dynamic loading test. Delaminations between laminates cause interlaminar discontinuities. Delaminated laminates are exposed to compressive forces. These forces
cause instabilities and buckling of the ﬁbers in the laminates. As the number and the length of delaminated layers
increase, structures reach their critical buckling strength
limit and the laminates are buckled. As a result of this
phenomenon, samples show bearing failure mode [16].
Deformations at the sample edges are shown in Fig. 7.
There might be two reasons for the deformations at the
sample edges. The ﬁrst one is bending of the pin and the
second one is related with edge effects. The ﬁrst reason,
which is bending of the pin, is caused because of the load
transferred at the pins. During the load transfer, the pin is
elastically bent upwards and caused deformations at the
edges. This phenomenon increases the stress at the edges
and causes excessive deformation at the outer region of
the pin hole. The second reason, which is the edge
effects, can be explained as follows: outer layers of the
composite materials are not well supported as the layer in
the middle part of the composite material. Hence, the fail-

FIG. 8. The plane at which net tension failure is observed.

ure sensitivity of the outer layers is higher compared to
the central layers. As a result, edges are more severely
deformed compared to the middle layers of the composite
materials. The deformation types observed at the edges of
the samples show similarities with deformation types published in previous studies [10–13]. These studies have
shown that the cracks and crushes are the fundamental
types of mechanisms in the formation of bearing failure
mode [17]. As a conclusion, delaminations, buckling, and
fracture of the ﬁbers are the reasons for the deformation
of the FDL samples (see Fig. 7).
Different from bearing failure mode, some of the FDL
and SL samples showed bearingþnet tension failure mode
depending on the sample geometry. The mechanisms that
were related with net tension failure mode and located at
the tension plane (see Fig. 8) were explained below.
The tension plane is the plane which is responsible for
the determination of the fatigue life of carbon ﬁber reinforced PPS composites with (0n /90m )s stacking sequence.
After the ﬁrst application of the load, there will be a multitude in the distribution of ﬁber breaks in the volume of
the material. Debonding initiate from the distributed ﬁber
breaks. As debonding grows, the stress proﬁles in neighboring ﬁbers continually change and weak parts fail
because of the stress distribution.
Because of the elastic property difference between
ﬁber and matrix, debonding around ﬁbers propagate,
unite, and form macroscopic scale cracks in the direction
perpendicular to the loading. These cracks propagate in
the direction perpendicular to the loading and become the
reason for the ﬁnal failure. To clearly understand the fail-

FIG. 9. Formation of cracks in transverse plies from coalescence of ﬁber-matrix debonds [18].
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FIG. 10. Fractographic scanning electron micrographs for (a) only statically loaded and (b) ﬁrstly dynamically loaded samples.

ure mechanism explained above, it is important to observe
the failure evolution at the (0n /90m )s lay-ups. The tensile
stress concentrations at the critical plies parallel to the
loading axis affect the failure formation and local degradation of samples. In Fig. 9, the transverse crack formation in 908 ply is shown.
Scanning electron micrographs of ﬁbers at the fracture
surface of failed specimens are shown in Fig. 10. There
were differences in the fracture surfaces of carbon-ﬁber/
PPS composites subjected to fatigue and static tensile
tests. The surface of carbon-ﬁber/PPS specimens which
failed because of static tensile tests were rougher in
appearance, when compared with those that failed under
dynamic loading. This fractographic difference is another
indication that debonding is a prevalent fatigue mecha-

nism in carbon-ﬁber/PPS composites. Comparing failure
surfaces of the two specimens, FDL samples showed
notably more sprawling and uneven fractures when compared with only SL samples.
The ultimate load capacities of pin loaded samples are
presented in Fig. 11. To ﬁnd the optimum geometry for
the joints, E/D and W/D ratios were systematically varied
during the experiments. The specimens have different
width (W), pin hole diameter (D), E/D, and W/D values.
It is seen from the curves that FDL samples give lower
ultimate load values compared to only SL specimens.
In this experimental study, it is concluded that the
cracks due to fatigue loading initiated at the ﬁber/matrix
interface, where components with different elastic properties meet. Microscopic separations between the ﬁber and

FIG. 11. Ultimate failure loads versus W/D ratio.
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the matrix are the clues of this conclusion. Debonding in
the ﬁber/matrix interface causes serious problems especially during the dynamic loading of the composite materials. These small microscopic separations become larger
and larger as the dynamic loading continues and eventually ﬁnal failure occurs due to the growth of the microscopic separations.
With the failure mechanisms discussed above, the drop
in the ultimate bearing failure load values of the samples
exposed to dynamic loading was tried to be explained.
For the joints that will be exposed to the loading types
explained above, it is important to consider the possible
failure mechanisms and select the design parameters
according to that.

CONCLUSIONS
In this study, pinned-joint experiments have been performed to examine both dynamic (1,000 cycles) and static
strength behavior on a carbon/PPS laminate with [(08/
908)]3s stacking sequences. The drop in the bearing
strength after dynamic loading is explained with the fracture of the ﬁbers and ﬁber/matrix debonding due to internal structural failure. Debonding formed at ﬁber/matrix
interface can be deﬁned as the most important failure
mechanism that is responsible for the reduction in the performance of the joints. To obtain the optimum geometry,
the ratio of the edge distance to the pin diameter (E/D),
and the ratio of the specimen width to the pin diameter
(W/D) have systematically been varied during the tests.
After the investigation of all the geometrical parameters,
it is concluded that the samples exposed to both dynamic
(1,000 cycles) and static loading with E/D ¼ 2, W/D ¼ 2,
and D ¼ 10 mm show the maximum bearing strength.
[(08/908)]3s joints reach their bearing strength limit at those
ratios. After the dynamic loading, ultimate bearing failure
load values reduce down to 13% of the static strength
while ratios are E/D ¼ 2, W/D ¼ 2, and D ¼ 10 mm.
However, the samples that are only exposed to static loading give higher endurance limit compared to FDL samples.
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