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The effects of stress level, stress concentration and frequency on the fatigue life of glass fibre reinforced
polymer (GFRP) composites have been investigated under tension-tension fatigue at a stress ratio of 0.1.
Vinyl ester-based GFRP laminates were tested at a stress level of 80%, 70%, 60%, 50%, 40% and 25% of the
ultimate tensile strength until the failure or up to 8 million cycles whichever comes first in order to deter-
mine fatigue life and identify failure modes. The results showed that the composites failed in pure tension
at high applied stress while the failure was dominated by stress concentration at low stress level.
Moreover, stress concentration was found to reduce the fatigue life of the laminated composites and
the test frequency of up to 8 Hz did not induce excessive self-heating. The mean stress failure criteria
was found appropriate for numerical modelling of GFRP composites subjected to low level of stress while
Goodman failure criteria is suitable at high stress condition. The analytical model considering the effect of
stress ratio, applied maximum stress, frequency and material properties is able to predict reliably the
fatigue life of GFRP composites in tension.
� 2020 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The acceptance and application of fibre reinforced polymer
(FRP) composite materials are increasing due to their high
strength-to-weight ratio, excellent durability, good environmental
resistance and design flexibility [1–3]. Recently, the application of
FRP particularly, glass fibre reinforced polymer (GFRP) has been
extended to civil construction such as bridge girders [4], bridge
decks [5], space frame [6], retaining walls [7], railway sleepers
[8–10] and other novel applications [11,12]. Those structures are
often subjected to repetitive loading that causes degradation due
to fibre fracturing, matrix cracking and fibre/matrix debonding
[13]. Manalo et al. [14] further highlighted that the response of
composite structures for a prolonged loading in time is critical as
the design of FRP for civil infrastructure is normally governed by
serviceability rather than strength. Thus, an in-depth understand-
ing of the effect of repetitive loading on the structural performance
of composites is needed to ensure they are safe for the targeted
design life.
The behaviour of GFRP is linear and generally failed in brittle
manner, which is fundamentally different from metals where fail-
ure initiates from a single crack and propagates until failure. Since
the failure of GFRP is sudden without any warning, an understand-
ing of their fatigue life with respect to the critical design parame-
ters is important. The properties of the constituent materials, fibre
orientations, applied stress level, stress concentration and fre-
quency are the key parameters that can influence the fatigue life
of GFRP materials [15]. The tension–tension fatigue behaviour of
flax/epoxy composites having fibres in longitudinal, transverse
and diagonal directions has exhibited a fatigue modulus loss of
10–55%, depending on the fibre orientations and loading level
[16]. The study on fatigue damage growth behaviour of carbon
fibre reinforced polymer composites indicated that the initiation
and growth of the fatigue cracks are highly dependent on applied
stress level and they observed the delamination and transverse
crack propagation as the primary failure modes [17]. Gao’s [18]
study found that the high-strength material has great sensitivity
to the notch effect (stress concentration) under fatigue loading.
Researchers [16,19,20] claimed that the composite laminates gen-
erate heat at high frequency that affects the fatigue life of the
material and therefore, they restricted the test frequency up to
4 Hz to avoid specimen self-heating. To predict the fatigue life,
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residual stiffness and strength, and failure mechanism, Shokrieh
and Lessard [21,22] proposed a generalized residual material prop-
erty degradation model. This model was able to explain the state of
damage and predicted number of cycles to failure, but it required
many experimental data for full material characterisation. Quares-
imin et al. [13] considered the multiaxial fatigue criteria in predict-
ing the fatigue life of composite laminates. They found a fair
accuracy and largely unsafe predictions that emphasising the need
of a deeper understanding of failure behaviour and establish a reli-
able predictive model. Understanding the effect of stress concen-
tration and selecting a suitable fatigue failure criterion is
important for predicting fatigue life.

The aforementioned review of literature has suggested that
there is a knowledge gap in fatigue failure mechanism, their design
considerations, reliable prediction of fatigue life and appropriate
failure theory for GFRP laminates. More specifically, it is still
remain questions (a) how the stress level dominated the failure
mode, (b) how the loss of stiffness can be minimised when lami-
nates are subjected to fatigue, (c) how important to avoid stress
concentration in fatigue design, (d) is it possible to test the GFRP
laminates at higher frequency (to reduce the testing time) than
the traditional concept of testing at 4 Hz, (e) which failure criteria
is the most appropriate to understand the failure behaviour of
GFRP laminates and (f) how to improve the existing fatigue model
for reliable prediction of fatigue life? The novelty of this study is to
address these questions that contributed to the scientific knowl-
edge for further understanding of the fatigue behaviour of compos-
ite structures. To achieve this goal, this study comprehensively
(experimentally, analytically and numerically) investigated the
effect of stress level, stress concentration, frequency and failure
theory. The GFRP composite samples were tested at different stress
levels (low to high) and frequencies (beyond the traditional con-
cept) to understand the fatigue behaviour. Finite element analysis
has been conducted to understand the effect of stress concentra-
tion on fatigue behaviour. Moreover, an analytical model has been
suggested to predict the fatigue life of GFRP composites at different
stress levels, frequencies and stress ratios. The outcome of this
study is critical to understand the property retention and failure
behaviour performance of composite materials under fatigue load-
ing for simulating and designing structures subjected to moving
loads, wind pressure and suction, and hydraulic forces.
Pmax

T = 0.5s
Load
2. Materials and method

2.1. GFRP composite laminates

The GFRP composite laminates used in this study were manu-
factured with stringent and consistent quality control using hand
layup technique. The matrix used was a vinyl ester system and
the bonded fibres improve surface quality and minimising the for-
mation of resin-rich pockets by strictly controlling fibre alignments
that provided stronger, stiffer and lightweight laminates. The burn-
out test in accordance with ASTM D2584 [23] revealed that the 10
equally thick fibre plies oriented in longitudinal (60%) and diagonal
(40%) directions with a fibre volume ratio of 55%. The symmetric
pattern of fabric created an orthogonal fibre composite.
Rectangular-shaped specimens were cut from the composite plates
using a water cooled diamond saw with a nominal dimensions of
300 mm � 25 mm � 5 mm including 50 mm tabs glued at both
ends, leaving the specimens’ gauge length of 200 mm.
Pmin

Time
Static loading     Stabilization                      Fatigue loading (2 Hz) 

Fig. 1. Loading configuration for fatigue test.
2.2. Test setup

Static tensile tests were performed in accordance with ASTM-
D3039 [24] in order to determine the ultimate tensile strength
(UTS) and stiffness of the specimen. Five replicate samples were
tested using servo-hydraulic MTS with a capacity of 100 kN at a
crosshead speed of 1 mm/min. The specimen were carefully
clamped onto the wedge jaws, which remain fixed in position on
the test sample to prevent slipping at the gripping area and prema-
ture fracture. All the tests were conducted in normal room temper-
ature (23 �C) and humidity (22%).

Fatigue tests were performed in tension–tension using the same
computer-controlled servo-hydraulic MTS machine at different
load amplitudes and frequencies in accordance with ISO 13,003
[25]. The chosen ranges of the loading level and loading frequency
were from 0.25 to 0.80 UTS and 2 to 8 Hz, respectively [26]. To
reduce the test time, higher frequency was used for high cycle fati-
gue tests. The ratio of minimum-to-maximum applied stresses in a
cycle called as stress ratio (R) were constant to + 0.10 in order to
apply tensile-tensile cyclic loads to the specimens. The load, dis-
placement and time data were recorded at specified regular inter-
vals during the fatigue tests. Tests have been stopped at specimens’
failure or at eight million (8 � 106) cycles whichever comes first.
For higher accuracy, two replicate samples were tested at each
stress level in low cycle fatigue test as the initial trial shows the
variation of results within 10%. The significant amount of time
required to implement fatigue tests especially at higher cycles
and the consistency of the previous results as well as the experi-
ences of previous researcher [27] provided justification to test
one sample at high cycles. The low applied stress for high cycle test
is expected to distribute the stress more uniformly that lead to
make the result consistent. All tests were carried out in the load
control mode with a sinusoidal waveform of constant amplitude.
The load scheme for fatigue test is shown in Fig. 1. Initially, the
specimen was loaded gradually up to the middle of the minimum
and maximum load levels and then cyclic load started with vari-
able amplitude followed by constant amplitude after a few
moments of stabilisation.

2.3. Finite element modelling

Three-dimensional finite element (FE) model was created using
commercial ANSYS workbench software [28] in order to under-
stand the fundamental fatigue behaviour of GFRP laminates. The
reliability and accuracy of the analysis depends on material mod-
els, the size and type of the mesh, boundary conditions and edge
preparation. The specimens were meshed using face meshing (usu-
ally more uniform, has less distorted elements, no triangles, and
usually has less nodes) tool to obtain reliable results as this
approach is suitable to avoid random meshing. Two different types
of sample called as (a) sharp-edge and (b) round-edge were used in
FE analysis. The shape, dimensions and meshing of the solid model
are shown in Fig. 2.

Considering a good balance between solution time and the
accuracy of results, a maximum element size of 2 mmwas adopted
in the model and the variation of properties in longitudinal and
transverse directions were considered by modelling orthotropic
material behaviour. The density and ultimate tensile strength of
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Fig. 2. Tensile specimens (a) sharp-edge specimen, (b) round-edge specimen, (c) meshing of sharp-edge specimen, and (d) meshing of round-edge specimen.
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GFRP laminates were 2000 kg/m3 and 500 MPa, respectively while
the elastic modulus in longitudinal direction was 18 GPa. The
transverse modulus, poisson’s ratio and shear modulus were 9
GPa, 0.25 and 6 GPa, respectively as calculated based on the previ-
ously established relations between longitudinal and transverse
properties [7,29]. Fixed support was considered in one end while
the load was applied in other end of the specimen. Firstly, the
model was verified with the static test results. The maximum
stress criterion was considered to determine the static failure
loads. Reference specimens were tested statically up to failure in
longitudinal tensile direction, the results of which are reported in
Fig. 3. This was used as the indication of the stress limits set in
ANSYS for both static and fatigue investigation. The ultimate fail-
ure was noted when a significant part of the specimen exceeded
the corresponding maximum stress limit. This criterion specifies
the stress limit in different directions, providing a direct indication
of critical stress component and potential failure mode. This failure
criterion was preferred over other criterion (e.g., Tsai-Hill) because
of the satisfactory description and the insightful indication of the
failure modes. Once verified the model, a linear analysis was
implemented for fatigue investigation. Eq. (10) was used to extract
the wide range of stress versus cycle data (10% to 100% stress level)
of the material required for fatigue analysis.
3. Results

3.1. Static test and verification of FE model

Before starting fatigue test, the tensile properties of the speci-
men was evaluated to determine the load corresponding to a
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Fig. 3. Static test results (a) stress–strain plot, (b) failure of the specimen, (c) stress concen
particular stress level under cyclic loading. The representative ten-
sile behaviour of the GFRP laminates is shown in Fig. 3(a) that indi-
cates a linear elastic nature with brittle (sudden drop of load)
mode of failure (Fig. 3b). The specimens were failed at an average
load of 61 kN (CoV 6%) and 5.7 mm (CoV 3.7%) displacement that
corresponds to an ultimate tensile strength of 500 MPa and strain
of 0.028 with a tensile elastic modulus of 18 GPa. The FE model was
verified by the experimental results. It can be seen that the FE
model can capture the actual behaviour of the GFRP laminates in
an acceptable manner (Fig. 3a). However, a high level of stress con-
centration (few elements reach up to 1229 MPa) was noticed at the
tab for sharp-edge specimen (Fig. 3c) while the stresses were dis-
tributed quite uniformly (few elements reach up to a maximum
of 529 MPa) for round-edge specimen (Fig. 3d). After verifying
the FE model, it was then used for fatigue analysis.
3.2. Tension-tension fatigue test

The failure modes of the specimens are shown in Fig. 4(a). It can
be seen that the specimens at 80% and 70% of the ultimate load
were failed in tensile fracture of the fibres at the mid-height. How-
ever, when the specimens were subjected to 60%, 50% and 40% of
the ultimate load, the failure occurred at the tab without scattered
damage of the fibres (Fig. 4a). On the other hand, the specimens
subjected to 25% of the ultimate load did not fail up to 8 million
cycles and thereafter it was decided to stop the test. Therefore, it
can be said that the stress concentration is another mode of fatigue
failure and this type of failure is more likely occurred if there is a
rapid change of cross sectional area or material properties and sub-
jected to high number of fatigue cycles. The GFRP composite
(d)(b)

At 61 kN

(c)

At 61 kN

N

tration in sharp-edge specimen, and (d) stress distribution in round-edge specimen.
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Fig. 4. Failure modes under cyclic loading (a) for 40% to 80% stress level, and (b) test stopped at 8 million cycles for 25% stress level.
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laminates used in this study is designed for an internal reinforce-
ment of composite railway sleepers where only 3 million cycles
are considered as a standard number for fatigue test [30]. However,
the objective of this study is to understand the fatigue behaviour of
the laminates for designing reinforcement of composite railway
sleepers, therefore a fatigue test up to a very high number of cycles
(i.e., 8 million) has been conducted. The slope of the load–displace-
ment curve was decreased gradually indicating the loss of stiffness.
The applied stresses, test frequency, average fatigue life (with stan-
dard deviation, SD), loss of stiffness and failure modes are provided
in Table 1.

3.3. Damage

The surface of the GFRP specimen was examined using optical
microscope at different stages of the fatigue test. Fig. 5 (a) shows
the initial surface condition while the formation of micro-cracks
after 3-million and 8-million cycles are illustrated in Fig. 5(b)
and 5(c), respectively. It is obvious that the surface of the specimen
was affected in scattered manner. This is because the GFRP com-
posite laminate is inhomogeneous and anisotropic in nature and
thus, the damage is generated at any location of the specimen
according to the local stress distribution albeit in a random way,
different from what generally happens along the crack propagation
of metals [31–34]. Harris [35] indicated that the damage in fibre
composite material may occur due to either independently or com-
bined action of matrix cracking, fibre breakage, debonding and
delamination. The outermost layer of the specimen was composed
of longitudinal fibres and due to its greater elongation, the matrix
attracted more stresses than fibres that generated cracks in the
surface. This is further supported by the close observation of sur-
face roughness that was captured by optical microscope and later
analysed using image processing software as provided in Fig. 5
(d), 5(e) and 5(f). It can be seen that the surface of the specimen
was sharp and flat at the beginning (Fig. 5d) whereas the sharpness
and flatness decreased at 3-million cycles (Fig. 5e) and further
deteriorated at 8-million cycles (Fig. 5f). As cycling continues, the
viscoelastic deformations in the resin, but also growing of the
micro-cracks, favour stress redistributions that causes cracks to
Table 1
Fatigue test results.

Stress level (% UTS) No. of samples Frequency (Hz) Average

80 2 2 360 (SD
70 2 2 984 (SD
60 2 2 1879 (SD
50 2 2, 3, 4 29,174 (
40 1 2 187,292
25 1 8 8,000,00
propagate in transverse direction to some critical level when the
stress reaches to the capacity, and ultimate failure of the specimen
occur.

4. Modelling

The residual strength after constant amplitude of fatigue cycles
is correlated to the initial static strength of the material [36]. The
strength degradation of GFRP laminates is modelled based on the
hypothesis that the material strength undergoes a continuous
decay under cyclic loading and can be expressed by Eq. (1) using
power law [37]. Under a constant frequency loading the strength
degradation grows with the increase of fatigue cycles or time in
other words. Therefore, Eq. (1) can be rewrite as a function of time
domain and presented in Eq. (2).

dr
dn

¼ �C1n�m1 ð1Þ

dr
dt

¼ �C2t�m2 ð2Þ

In Eqs. (1) and (2), ris the residual strength after n cycles; tis
the time; C1, C2, m1and m2are the material constants. Here, Eq.
(2) is based on the assumption that the temperature of the speci-
men will remain constant or close to constant during the test.

The material constant C2 is the function of stress ratio ðRÞ, ulti-
mate tensile strength ðruÞ and maximum applied stress ðrmaxÞ that
can be expressed by Eq. (3) where the constant A depends on the
moisture content, temperature of the sample, material properties
and loading type.

C2 ¼ A:FðR;ru;rmaxÞ ð3Þ

Sendeckyj [36] and Hertzberg and Manson [38] formulated the
effect of R, ru and rmax on the fatigue life of GFRP composites under
tension–tension and fully reversed loading conditions as presented
in Eq. (4).

F R;ru;rmaxð Þ ¼ r1�c
u rc

maxð1� wÞc ð4Þ
fatigue life (Cycles) Stiffness loss (%) Failure mode

= 13) 3.74 Pure tension
= 45) 5.77 Pure tension
= 92) 6.04 Stress concentration

SD = 1503) 6.84 Stress concentration
7.45 Stress concentration

0 4.74 Did not fail (test stopped)
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Fig. 5. Surface condition at (a) 0 cycle (beginning), (b) 3 million cycles (surface damage started) and (c) 8 million cycles (surface damage propagated); and surface roughness
at (d) 0 cycle (beginning), (e) 3 million cycles and (f) 8 million cycles.
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Hertzberg and Manson [38] experimentally determined the
magnitude of constant c in the range of 0:6 < c < 7:6 for fatigue
damage propagation in composites. However, it can be calculated
from the smallest angle ðhÞ between fibre direction and loading
direction as given in Eq. (5).

c ¼ 1:6� wsinh ð5Þ
In Eqs. (4) and (5), w is defined as
w ¼ R for �1 < R < 1 (tension–tension and reverse loading)
w ¼ 1=R for 1 < R < 1 (compression-compression loading).
Fatigue failure will occur when the ultimate tensile strength

ðruÞ decreases to be equal to the maximum applied stressðrmaxÞ.
The number of cycles required to degrade the strength of the mate-
rial from ru tormax is the fatigue life. The fatigue life can be deter-
mined by integrating Eq. (2) from the beginning to the failure i.e.,
t ¼ t0 to t ¼ T as expressed in Eq. (6). The time ðtÞ can be defined by
the number of cycles nð Þ and frequency ðf Þ as given in Eq. (7).

½r�rmax
ru

¼ � C2

�m2 þ 1
½t�m2þ1�t¼T;n¼N

t¼t0 ;n¼1 ð6Þ

t ¼ n
f

ð7Þ
Substituting Eq. (3), Eq. (4) and Eq. (7) in Eq. (6), the following
relationship can be obtained

rmax � ruð Þ ¼ �A:r1�c
u rc

max 1� Rð Þc
�m2 þ 1

1

f�m2þ1 N�m2þ1 � 1
� �

ð8Þ

Taking, a ¼ A
�m2þ1 and b ¼ �m2 þ 1, the Eq. (8) can be rearranged

as

ru

rmax
� 1

� �
ru

rmax

� �c�1 1
1� Rð Þc ¼ aðNb � 1Þf�b ð9Þ

Further rearranging Eq. (9), the fatigue life can be determined
using Eq. (10).

N ¼ 1þ f b

a
ru

rmax
� 1

� �
ru

rmax

� �c�1 1
1� Rð Þc

" #1
b

ð10Þ

The model presented in Eq. (9) has two parameters a and b that
can be determined from few sets of experimental data. Only three
straightforward fatigue test results at a particular stress ratio but
different stress level are enough to determine the parameters a
and b. Eq. (9) representing a straight line equation passing through
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origin when plotting the left hand side of Eq. (9) against the quan-

tity ðNb � 1Þf�b. The best fit straight line can be obtained after sev-
eral trials of b value (0.2589 for this study) where the slope of the
straight line passing through origin is the value of a (0.1611 for this
case).

The fatigue model presented in Eq. (10) considered the effect of
stress ratio, applied maximum stress, frequency and material prop-
erties. The effect of frequency has not been considered in many
existing fatigue models. For example, the model proposed by
Caprino and D’Amore [37] did not consider the effect of frequency
which is an important parameter that influence the fatigue life.
Therefore, the model provided in this study has a clear advantage
than the existing models [39,40]. The model presented in this
study is not only restricted to the GFRP laminates but also suitable
to predict fatigue life for any materials after adjusting the material
constant parameters a and b.
5. Discussion

5.1. Effect of stress level

The effect of applied stress level on the fatigue life (cycles) is
plotted in Fig. 6. The analytical model captured well the experi-
mental behaviour and predicted fatigue life at very low stress level
(i.e., at 20%). This figure shows that the fatigue life is increasing
with the decrease of applied stress level, however, the response
is slightly nonlinear even in semi-log plot. Previous researchers
observed (comparison was made in normalised S-N curve) a linear
variation of fatigue life in semi-log plot for carbon/epoxy, glass/
epoxy, basalt/epoxy, carbon nanotube/epoxy and flax/epoxy fibre
reinforced plastics [16,17,20,41]. The findings of this study indi-
cates that the fatigue life of glass/vinyl ester increasing signifi-
cantly for a small decrease of stress level, or in other words, the
rate of increase of fatigue life for vinyl ester based composites is
more than epoxy-based composites. Fig. 4(a) shows the failure of
the specimen at different stress levels. It was observed that the
specimens were failed in pure tension due to the rupture of fibres
at 80% and 70% load. However, the failure occurred at the tab due
to stress concentration when the specimens were subjected to a
stress level of 60% or less. The stress concentrates slowly to a loca-
tion where there is a change in sectional dimension or variation of
material properties. The specimen fails in short period of time and
at low number of cycles for a high level of applied stress (80% and
70%) that forced them to fail in pure tension. The variation in fail-
ure modes under cyclic load depends on fibre types and orienta-
y = -0.053ln(x) + 1.0593
R² = 0.9444

y = -0.05ln(x) + 1.0259
R² = 0.9938
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Fig. 6. Effect of stress level on fatigue life (S-N curve).
tions, and agrees with the findings of Wu et al. [20] wherein they
observed longitudinal and transverse cracking of fibres at failure.

Fig. 7 plotted the initial and final hysteretic cycles of load–dis-
placement curve for all levels of applied stress. Two major changes
between first and last cycles are identified: (a) decrease of slope
and (b) slight increase of area in the hysteretic cycle. The decrease
of slope in load–displacement curve indicates the loss of stiffness
of the specimen with the increase of fatigue cycles. The increase
of fatigue cycle gradually transform the matrix softer and make
the bond between resin and fibre weaker. The slight increase of
area in last hysteretic cycle compare to the first indicates the dis-
sipation of energy. The cumulative irreversible process of fatigue
degradation occurs due to the internal friction and micro-
fractures that reflects in different forms of dissipation mechanisms
such as heat and mechanical hysteresis [42]. The potential energy
converted into heat that rises the temperature of the specimen
with the increase of fatigue cycles. It can be seen that the dissi-
pated energy decreased as the applied load decreased, or in other
words, the loss of energy per cycle increases with the increase of
applied stress level. The narrow hysteresis loops gradually become
straight lines as the applied load decreases.

Fig. 8 shows the residual stiffness at failure for different stress
levels. It can be seen that the specimen lost their stiffness by
3.74%, 5.77%, 6.04%, 6.84% and 7.45% for 80%, 70%, 60%, 50% and
40% of the stress level, respectively. The specimen at 25% stress
level did not fail up to 8 million cycles and the static test of the
unbroken sample exhibited the strength up to 88% of its original
as shown in Fig. 3(a). The tensile properties of composites are gov-
erned mainly by the fibres thus exhibited high strength and stiff-
ness retention. In a similar GFRP composite, Vieira et al. [19],
Manjunatha et al. [43] and Bourchak et al. [44] observed the loss
of stiffness up to 20% at 40% stress level. Harris [35] indicated that
the degradation of mechanical properties under cyclic loading lar-
gely depends on the lay-up of the composite and the mode of test-
ing. The investigated laminates in the previous study [19,43,44]
were composed of both longitudinal (0⁰) and transverse (90⁰)
fibres while the laminates in the present study were fabricated
without transverse fibres but having fibres in ± 45� directions
which can retain better stiffness than transverse directional fibres.
Therefore, it can be said that the loss of mechanical properties of
laminated composites under cyclic loading can be minimised by
avoiding fibres in transverse direction.
5.2. Effect of stress concentration

In reality, the structural components are often loaded with
stress concentrating features such as tapers, notches, holes, flanges,
grooves, embossments etc. that serves an essential purpose and
cannot be eliminated. The abrupt change in section creates stress
concentration and affects the overall performance of the structure.
Using finite element modelling, Fig. 9 compares the fatigue perfor-
mance of sharp-edge (high stress concentration) and round-edge
(low stress concentration) specimens. It can be seen that the fati-
gue life (i.e., the number of cycles at failure) that is obtained for
the same material is 40–80 times higher for round-edge specimen
than sharp-edge at a particular stress level. Maragoni et al. [45]
found that the fatigue damage initiation, evolution and stiffness
drop are deeply affected by the stress concentrating features such
as voids. Moreover, the effect of stress concentration on the fatigue
life is more for higher than lower number of cycles. Therefore, a
stress concentration factor need to be introduced to correlate the
fatigue strength between sharp and round edge specimens. The
simplified relationship is given in Eq. (11) while the stress concen-
tration factor for the particular specimen in this study is proposed
in Eq. (12). In Eq. (11), Sn is the adjusted fatigue strength for
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sharp-edge specimen while S
0
n is the calculated fatigue strength for

round-edge specimen assuming no stress concentration. The stress
concentration factor (Kt) is dependent on the level of applied stress
and can be determined using Eq. (12). An example, the S-N curve of
GFRP material without stress concentration is given to the design
engineer for determining maximum allowable stress for 1 million
cycles of fatigue life where the structure need to be designed with
sharp-edge specimen (i.e., components with stress concentration).
Fig. 9 shows that the fatigue life of specimen without stress con-
centration (i.e., round-edge) is one million cycles when 53% of
the ultimate load is applied. The stress concentration factor at this
level of stress is 1.40, indicating that the maximum allowable
stress need to be reduced to 38% for sharp-edge specimen to
achieve one million cycles of fatigue life.

Sn ¼ 1
Kt

S
0
n ð11Þ
Kt ¼
ffiffiffiffiffiffiffiffiffiffi
ru

rmax

r
ð12Þ

This study found that the stress concentration factor for sharp
edge GFRP specimen can vary between 1 and 3, depending on
the level of applied stress. This outcome supported the findings
of Keller et al. [46] where they observed the tapered shape speci-
men (low stress concentration) performed better than the tabbed
specimen (high stress concentration) under cyclic loading. Since
the stress is much higher at the location of stress concentration,
the fatigue failure generally initiate from this region. Therefore,
when designing a structural component for cyclic loading, it is best
to minimise stress concentration to prevent premature fatigue fail-
ure. This can be achieved by avoiding stress concentrating features
from the design or by replacing sharp corners with the rounded fil-
lets having radius as large as practically possible. In some cases
where sharp corners are unavoidable, the stress concentration
can be minimised by keeping this part away from the areas of peak
stress under load.

5.3. Effect of frequency on heat generation

In fatigue test, it has been claimed that the specimen generates
heat at high frequency and to avoid specimen self-heating, the test
frequency is restricted up to 4 Hz [16,19,20]. This is more critical
for fibre composites especially for resin/matrix interface as it can
soften matrix with high temperature. Testing at low frequency
however is time consuming for the high cycle fatigue test. The
effect of loading frequency on heat generation has been investi-
gated by measuring the surface temperature at the central height
of the sample during fatigue experiment using laser temperature
gun (non-contact infrared digital thermometer). The test was con-
ducted under room temperature at a frequency of 2, 3, 4 and 8 Hz.

Fig. 10 plotted the variation of surface temperature with the
increase of cycles at different frequencies. It can be seen that the
surface temperature rises at the early stage of the fatigue test
and stabilises after approximately 10,000 cycles. This is due to
the surface smoothness of the specimen after 10,000 cycles as
shown in Fig. 5 and the generation of micro-cracking that minimise
friction between particles, resulting in a constant heat generation.
The maximum increase of temperature recorded for 2, 3, 4 and
8 Hz frequencies are 6.8, 7.1, 6.2 and 7.9⁰C, respectively, which
indicates that the temperature can rise with the increase of fre-
quency but its variation is not significant (1 ⁰C) from 2 Hz to
8 Hz. According to ISO 13003 standard [25], the frequency should
be selected in such a way that ensure a self-heating of the speci-
men remain below 10 ⁰C during the test. The rise of temperature
was obtained below 10 ⁰C for all frequencies that indicates the
GFRP sample can be tested at a frequency of 8 Hz without having
influence of dynamic amplification because of internal friction.
This finding can reduce the testing time by 50% compare to the tra-
ditional concept of testing at 4 Hz. The dissipation of energy during
fatigue cycles produced heat that raised the temperature in the
specimen and made the matrix soften that affecting the fibre–ma-
trix interface and providing a slight decrease in the stiffness. It is
worth noting that the findings are based on GFRP sample having
low thermal conductivity, which is different from the metal where
the heat can transfer quickly from one particle to another.

5.4. Failure theory

Failure theory is used to predict whether the stress at a critical
point in an element of the specimen would result in failure. The
common fatigue failure theories are Soderberg (Eq. (13)), Goodman
(Eq. (14)), Gerber (Eq. (15)) and mean stress [18]. According to
Goodman theory (Fig. 11a), a material is considered safe as long
as the stress falls below the straight line that extends from the
endurance limit (re) on alternating stress (ra) axis to the ultimate
tensile strength (ru) on mean stress (rm) axis. The Gerber theory
(Fig. 11a) differs from the Goodman theory in that the failure line
is parabolic that passes through the endurance limit and the ulti-
mate tensile stress, hence less conservative (Fig. 11a). The Soder-
berg theory (Fig. 11a) is based on the yield strength (ry) of the
material and more conservative than the previous two theories.
The mean stress failure line is illustrated in Fig. 11(b) for different
loading types. Mean stress theory is particularly important when
stress-cycle (S-N) curve is defined with different stress ratios
(i.e., R-values). The finite element software accounts for the mean
stress by linear interpolation between the curves for a different R-
value. The question now arises which failure theory is the most
appropriate for GFRP material?

SoderbergEq:
ra

re
þ rm

ry
¼ 1 ð13Þ

GoodmanEq:
ra

re
þ rm

ru
¼ 1 ð14Þ

GerberEq:
ra

re
þ rm

ru

� �2

¼ 1 ð15Þ

As mentioned, the Soderberg failure criteria is based on the
yield strength of the material, hence, this theory is not appropriate
for a material like GFRP where there is no yield point. To under-
stand the most appropriate failure theory for GFRP material,
Fig. 12(a) plotted the fatigue sensitivity response using different
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failure theories and compares with the experimental results. The
fatigue sensitivity results were obtained from FE analysis at an
applied stress of 50% to the ultimate that corresponds to the load-
ing history of 1. It can be seen that the mean stress theory closely
captured the experimental behaviour for an applied stress between
25% (loading history 0.5) and 50% (loading history 1) of the ulti-
mate strength as the mean stress curve closely following the
experimental results in this region. On the other hand, the Good-
man failure theory is the most appropriate when high level of
stress is applied i.e., 60% (loading history 1.2) and above. Fig. 4(a)
shows that the specimens at high stress level failed in pure tension
due to fibre fracture (brittle failure) for which a criteria with linear
variation of ultimate and endurance strength (Goodman theory) is
expected to perform better. The reliability of the FE results in
Fig. 12(a) is further verified by observing the biaxiality indication
of the specimen as shown in Fig. 12(b). A biaxiality of zero (or close
to) in the span of the specimen ensures the uniaxial stress was
developed.

6. Conclusions

This study investigated the axial tension–tension fatigue beha-
viour of GFRP composite laminates. The effect of stress level, stress
concentration and frequency on the fatigue life of the material
were studied through experimental, analytical and finite element
modelling from which the following conclusions are drawn:

� The stress levels affected the failure behaviour of GFRP compos-
ites. Specimens failed in pure tension due to the rupture of lon-
gitudinal fibres for an applied stress of 70% of the ultimate
tensile strength or more while the failure occurred due to stress
concentration when subjected to a stress of 60% of the ultimate
tensile strength or less.

� The vinyl ester-based laminated composites exhibited 88%
retention of its original strength after 8 million cycles of fatigue.
The loss of stiffness of the laminated composites can be min-
imised by avoiding fibres in transverse direction.
� Stress concentration reduced the fatigue life of laminated com-
posites and the detrimental effect increased at high number of
cycles. Depending on the applied stress level, a stress concen-
tration factor from 1 to 3 has been proposed to correlate the
fatigue strength between sharp and round edge GFRP compos-
ites. Stress concentrating features should be avoided from the
design for improving fatigue life of the composites.

� Increasing test frequency from 2 Hz to 8 Hz raised the self-
heating temperature only by 1 �C (from 6.8 �C to 7.9 �C) and
remained below the maximum allowable of 10 �C for both
cases. Therefore, GFRP composites can be tested at a frequency
of 8 Hz without having influence of dynamic amplification as a
result of internal friction. This finding can reduce the testing
time by 50% compare to the traditional concept of testing GFRP
composites at 4 Hz frequency.

� Mean stress failure criteria is the most appropriate for GFRP
composites under low stress condition (50% of the ultimate
strength or less) while the Goodman failure criteria obtained
suitable if the specimen is subjected to high stress (60% of the
ultimate strength or more).

� The analytical model used in this study has taken into account
the effect of stress ratio, applied maximum stress, frequency
and material properties that is able to predict reliably the fati-
gue life of GFRP composites even at very high cycles.
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