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(GFRP) composite specimens under high-cycle fatigue loading conditions. Therefore, property
validation is recommended in the material development process upon further investigation of the
fabricated GRFP. This study aims to evaluate the behaviour of the fabricated GFRP fatigue
specimen when subjected to high-cycle fatigue loads and compare it to existing studies. A GFRP KEYWORDS
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fatigue test sample was fabricated using the hand layup process into a flat rectangular panel, which Fatigue test:

was then cut into a small dimension of 28x2x0.2 cm fatigue specimen. Fatigue tests were performed Composite;

on five flat specimens at different constant amplitude loads or stress levels between 40% and 80% Constant amplitude;
of ultimate tensile strength to obtain the stress-life curve for the fabricated GFRP. Results showed GFRP:

that the high-stress levels of 80% contributed to the most reduced fatigue life cycle of GFRP. This
result is consistent with previous studies and lies within the published life cycle range, validating the
fabricated GRFP. A new parameter called the failure modulus, or My, may be used to quantify a
particular set of fatigue tests.

High cycle fatigue

1.0 INTRODUCTION

Fatigue is one of the failures that affect the well-being of structures globally. Since it offers significant improvements
in terms of economic and safety aspects, this monitoring is of great interest to the aerospace, civil, and mechanical
industries [1]. The lightweight material is preferable in applications such as modern aircraft [2]. Glass fibre-reinforced
polymer (GFRP) is one of the composite materials that is preferred in resin-based engineering applications such as aircraft,
building, automotive parts and marines. This thermoset composite material comprises a fibreglass resin-based matrix [3].
Composites made with thermoset matrices are strong and have excellent fatigue strength. In composite material structures
from various types of layers and laminates, the fracture behaviour is characterised by a variety of damage modes, such as
crazing and cracking of the matrix [4], breakage of fibre [5], matrix fibre rupture [6], ply cracking [7], delamination [89],
void growth [10] and multidirectional cracking [11]. Delamination in composites commonly exists in layered composites,
starting with fibre breaking and ending with the separation of the fibre reinforcement from its matrix constituent. Inter-
laminar cracks that form and propagate in composite materials reduce the strength and stiffness of the laminate, which
finally leads to failure [12]. The previous study proposed a test procedure to investigate the fatigue behaviour of bare
GFRP bars [13]. A thorough investigation of the performance of a GRFP under different loading conditions and
applications involves numerous efforts.

Even though GFRP has been applied in many types of engineering structures, including aircraft and marine, there are
still limited studies that focus on the fatigue behaviour of GFRP material. Limited information is available on the
behaviour of GFRP thus, more studies are needed. Furthermore, validation of the fabricated GRFP properties is vital
during the material development process. Fabrication abnormalities can significantly distort GRFP behaviour. Thus,
property validation is recommended in the material development process upon further investigation of the fabricated
GRFP. The current study aims to address the fatigue life behaviour of the fabricated GFRP, specifically in the high-cycle
fatigue (HCF) region, experimentally. The study mainly aims to investigate the fatigue behaviour of the fabricated GFRP
under constant amplitude loading with a stress ratio of R = 0.1. It also seeks to determine the effect of stress levels on the
fatigue life of the GFRP composite. In this sense, static and fatigue tests were performed at several different stress
amplitudes for each specimen. The fatigue test result was then analysed and compared with the existing studies. The
resulting properties of the fabricated material and mechanical testing were then compared with previous findings from
the literature as validation. The novelty of this study is the failure modulus, My parameter, which could serve as a
quantitative measure of a particular set of fatigue tests.

2.0 RELATED WORK

Studies on the characterisation of GFRPs have been performed by several researchers [14-16]. Sathishkumar et al.
thoroughly discussed the excellent properties of GFRPs, including mechanical, wear, thermal, water absorption and
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vibrational properties [17]. Focusing on the scope of the current work, namely fatigue properties, Singh et al. [15]
conducted a study of the fatigue life behaviour of angle-ply GFRP composite laminates. Ferdous et al. [14] focused on
the tension—tension fatigue behaviour of GFRP composite laminates. They studied the effect of stress level, stress
concentration and frequency of fatigue tests on GFRP composites using experimental, analytical and numerical analysis.
Both works discussed the fatigue properties of GRFP specimens despite varying objectives. They concluded that stress
levels affect the failure behaviour of the studied GFRP composite.

Stanciu et al. recently conducted a comparative study between two types of hand-layup fabricated GFRP [18]. They
presented the experimental results of research conducted on two types of GFRPs, namely those reinforced with fibre
fabric and chopped fibre. The study also presented the mechanical behaviour and properties of GFRPs subjected to tensile,
compression and tensile—tensile fatigue tests. The study of Stanciu et al. is similar to that of Ferdous et al. [14] in terms
of the [0/90] fibre orientation and hand layup fabrication method. Different from the study of Singh et al. [15], which was
performed in multiple directions, the current study was conducted on a [0/90] fibre orientation [15]. GRFP behaviour
characterisation has been the subject of numerous classic studies. Therefore, understanding the consistency of GRFP
specimen properties is crucial. Figure 1 shows the GRFP methodological framework proposed in this study. As illustrated
in the process flow, consistency validation is recommended after fabrication. This validation process serves as a screening
procedure before further massive work on sample characterisation is conducted.

> Mechanical

> Tribological

GRFP fabrication
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Figure 1. GRFP methodological framework proposed in this study

Various parameters that affect fatigue damage in composites include orientation of reinforcement in weft and warp
directions, matrix interface, interface strength and fibre surface defects [19]. The life of a component is also affected by
the energy dissipation during cyclic loading. The existence of damages such as fibre breakage, fibre bridging and friction
of the matrix and fibre interface occasionally caused energy dissipation [20]. Kumar et al. [22] found that different
manufacturing processes for 0° and (0/+45) laminate fabrication also resulted in different static and dynamic behaviours
of the composite [21] and correlated them with machining parameters. Progressive material property degradation,
structural decomposition and stiffness decrement may occur due to delamination, which causes the final failure of the
structures. Therefore, comprehensive research or study is required to investigate the damage behaviour of delamination
in laminated composites with different ply angles, which is an essential consideration for the analysis and design of
composite structures. Delamination is a matrix-dominated failure mode and mainly occurs in resin-rich interlaminar
regions [23].

High-cycle fatigue starts at 102 to 10* cycles, where fatigue lives are divided into low-cycle fatigue (LCF) for 10° to
10% cycles and HCF for 10° cycles and above. LCF is indicated by its high-stress amplitude and low frequency. Thus,
LCF may not take more time compared to HCF. In this region, stress results in elastic and plastic strains [24]. Compared
to HCF failure, materials failed in LCF due to plastic deformation after fewer cycles. HCF is a failure that happens because
of minor elastic strains under numerous cycles. The stress emerges from the mean and alternating stresses [25]. For HCF,
a large number of loading cycles must be completed before fatigue failure due to elastic deformation occurs. Similar to
the material’s yield strength, the stresses of HCF are lower than those of LCF. Unlike LCF, HCF does not commonly
show macroscopic plastic deformation. Elastic strains are dominant in HCF, and plastic strains are dominant in LCF.
Because HCF is regulated by elastic deformation, stress is a more practical metric to employ as the failure criterion than
strain. The stress—life curve is typically used to characterise the HCF life, where a cyclic stress’s amplitude is shown as a
function of the logarithmic scale of the number of cycles before failure. The fatigue cycles that result in fatigue damage,
initiation, and propagation to final failure can be combined to characterise HCF using the empirical stress-life approach
to total fatigue life. The HCF technique is appropriate for parts that are normally intended to be unrestrained, undergo
low amplitude loads within the material’s elastic limit, and be used repeatedly [26]. This approach leads to the idea of an
endurance limit which defines the stress intensity, below which the material is predicted to have an unlimited fatigue life
without the presence of pre-existing flaws.
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3.0 METHODOLOGY
3.1  Composite Fabrication

The GFRP composite fatigue sample has been produced in the form of a flat rectangular panel sized 60x60%0.2 cm
using a hand layup process, as shown in Figure 2. During the hand layup process, four glass fibre mats were layered
alternately with five layers of epoxy resin to form a composite panel, as shown in Figure 3. The layers of fibre mat and
epoxy resin were pressed together using a roller; therefore, all resins uniformly penetrated the fabrics to ensure improved
layer-to-layer bonding [27]. The layup schematics are unidirectional (UD) with longitudinal fibre orientation, and the
stacking sequences of the glass fibre mat were [0/90]°. All tests were conducted in an ambient environment. The schematic
of the [0/90]° orientation of the woven mat can be found elsewhere [28]. Rectangular plates with the different layup
schemes mentioned were produced for each of the material combinations using four plies of the UD fabric per plate. The
stacking sequences of the epoxy resin as the matrix and the fibreglass mat as the reinforcement are also shown in Figure
3. The GFRP flat panel was then cut into a small dimension of 280x20x2 mm flat specimens according to ASTMD3479
[29], as shown in Figure 4.

GFRP panel

\p-f"i"f"ta.t Livaet ‘.':‘
w«:w;_:#i'mmv g S <

Figure 2. Fabrlcated GFRP panel and the fatigue test sample

<4«—————— Matrix
&—— Fibre glass mat

Figure 3. Schematic of GFRP composite that was fabricated from a combination of four layers of fibre mat and five
layers of epoxy resin

~ 2mm

»T
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20 mm

Figure 4. Fabricated GFRP fatigue test sample

3.2  Static Test

Before starting the fatigue test, the tensile properties of the specimen were evaluated to determine the load
corresponding to the ultimate strength of the GFRP material. Uniaxial tensile static tests were performed to determine the
material properties of the fabricated GFRP, especially tensile strength and Young’s modulus. The ultimate or tensile
strength is required as a basis for the maximum loading (100%) of a fatigue test. The Instron 8872 universal testing
machine with a maximum load of 100 kN was utilised during the fatigue test, as shown in Figure 5.
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Fatigue test specimen

Specimen grip

Figure 5. Tensile test setup of GFRP flat specimen

3.3  Fatigue Test

Each sample was tested using a constant amplitude cyclic load, which was applied around a mean load that was
increased incrementally from 1 kN to 3.56 kN in steps of 0.44 kN for each specimen. The cyclic load amplitude started
at 1.78 kN or equal to 44.50 MPa for 40% of the ultimate strength specimen, as in Table 1, at a frequency of 2 Hz. All
tests were performed using a universal testing system with a 100 kN uniaxial testing machine fitted with hydraulic grips.
The specimen was inserted into the machine and gripped at each end with roughly 50 mm. Additional composite grips
were added at both ends; thus, the load was well-distributed and would not cause failure due to stress concentration at the
grips. Therefore, further observation and evaluation of the test specimen focused on fatigue failure. The load cell and the
displacement sensors, respectively, provided the load and displacement measurements. The test was conducted by
selecting five loading amplitudes ranging from 40% to 80% of ultimate strength. A different load was introduced for each
of the following fatigue specimens after the GFRP specimen break.

Table 1. Load applied on each of the fatigue test specimen
Level of ultimate strength load (%)  Stress (MPa)

40 44.50
50 55.50
60 66.75
70 77.75
80 89.00

The stress cycle is characterised by the stress range AS = Spax — Smin as the difference between maximum Sp,x and
minimum Spis stress levels [30]. The stress ratio is defined as R = Syin/Smax. A material’s S-N curve plots the amplitudes
of alternating stress cycles versus the number of cycles necessary to cause failure at a given stress ratio R. The ratio of
the minimum cyclic stress to the maximum cyclic stress is known as the stress ratio R. R = —1 represents a fully reversed
loading while R = 0 when the loading is applied, then removed (but not in reverse). The direction of the cyclic load applied
on the glass fibre mat is shown in Figure 6. Different stress ratios such as cyclic tension, compression, shear, torsion and
other loading conditions result in different fatigue properties of materials. Thus, choosing the closest cyclic load state that
best represents the actual load experienced by the materials is crucial to determining their fatigue properties [31].
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Cyclic loading

4§

Figure 6. Cyclic loading applied to the glass fibre mat

4.0 RESULTS AND DISCUSSION

4.1  Tensile Properties

This experiment investigates the performance of the tensile strength of the fabricated GFRP compared to the other
existing studies [14-15]. Table 2 lists the tensile properties of the fabricated GRFP. The tensile strength of the fabricated
GFRP is 110 MPa and can withstand a maximum load of 4431 N. This material strength is compatible with Ferdous et
al. [14], and similarly, the fabricated GFRP in the current study experienced the same tension—tension loading. Although
the type of matrix naturally affects material qualities, the orientation, length, tangle state, structure of the fibre mat,
moulding condition, and impregnation features of the matrix and reinforcement all affect material characteristics. The
tensile stress profile is shown in Figure 7, and the elastic part of the fabricated GFRP is demonstrated. The specimen
shows linear behaviour up to failure immediately after reaching the plastic region. The failure started with fibre splitting
or delamination of the reinforcement from the matrix and ended with a rupture of the specimen due to tensile rupture of
the reinforcement. When the matrix around the intact fibres was loaded above the resistance limit, the resin layer resulted
[32-34]. When delamination occurs where the fibres are split from the matrix, the bond strength that holds them together
weakens and yields successively. This event causes the failure to occur abruptly and the breakage of the composite [35].
The study of fatigue in brittle materials such as composites has attracted increased attention amongst researchers because
of the immense potential and applications of composites as structural materials with high temperature, lightweight, high
strength, and resistance to corrosion.

Table 2. Tensile properties of the fabricated GFRP

Tensile properties Value
Tensile strength (MPa) 110
Maximum load (N) 4431

5000
4000
3000

Load (N)

2000
1000

0 1 2 3 4
Tensile extension (mm)

Figure 7. Load-extension curve of fabricated GFRP under tensile test
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4.2 Stress—Life Curve of Fabricated GFRP

The ultimate tensile strength resulting from the tensile test is used to determine the life cycle of the fabricated GFRP
specimen. This test was conducted by assigning five specimens a 40%, 50%, 60%, 70% and 80% load from the ultimate
tensile strength. The fractured specimen due to fatigue failure is shown in Figure 8. This figure reveals that the GFRP
specimen experienced fibre breakage. The fibre was separated from its matrix and induced composite breakage due to
excessive breakage from the cyclic load withstood by the specimen. Delamination forms if the loads on the composite
plies exceed the interlaminar fracture toughness of the composite, resulting in layer separation, interlaminar cracks and
material discontinuities [36]. Delamination is one of the most prevalent and serious structural flaws in fiber-reinforced
composite materials because it drastically diminishes inter-laminar strength and frequently causes failure to begin

prematurely [37].
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Figure 8. Fatigue failure on fabricated GFRP specimen at 60% stress level

The following stress-life (S—N) curve in Figure 9 shows the fatigue life of the fabricated GFRP in this study. This
curve is a semi-log plot of stress amplitude in percentage (%) versus the number of cycles (N) for the fabricated GFRP.
The S—N curve of the fabricated GFRP follows a general trend in which the number of cycles increases with decreasing
stress amplitude. This trend is expected because it is commonly experienced by composite laminates due to their constant
amplitude loadings. The stress level (%) that was applied to each specimen is oppositely proportional to the number of
cycles to failure (N). Therefore, high stress applied to the fatigue test specimen shortens the number of cycles to failure.
The value of R?= 0.8038 showed that the applied stress on each fatigue specimen moves relatively oppositely to the
number of cycles to failure (N). The figure reveals that the number of cycles is less than 1000 at 70% to 90% tensile stress
amplitude. The number of cycles that the composite could withstand increased to 10,000 and 100,000 cycles when the
stress amplitude was reduced to 50% and 60% and the stress amplitude reached 40% ultimate load, respectively.
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Figure 9. S-N curve of the fabricated GFRP

Table 3. Similarities and differences between this study and previous studies

Materials Reinforcement type  Fibre orientation Reference

GRFP Fibre mat [0/907]° Ferdous et al. [14]
GRFP Woven mat [0/907]° Singh et al. [15]
GRFP Fibre mat [0/90]° This study

Kenaf - Suriati et al. [41]
PPFC Coir fibre - Bettini et al. [42]
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Figure 10 shows a comparison of the resulting S—N curve of the fabricated GFRP with that from the studies of Ferdous
et al. [14], Singh et al. [15], who studied GFRP material and Suriati et al. [41] and Bettini et al. [42]. All five S—N curves
were formed from the fatigue tests of different studies of GFRP, Kenaf and polypropylene coir fibre composites (PPFC).
Notably, in [16], the number of fatigue cycles to failures is greater in the [0/90]° orientation from [14] compared to the
current study and that of Singh et al. [15]. Thus, the fatigue limit from [14] is higher than that of the two other studies.
The figure reveals that although [14] has the highest number of fatigue cycles before failure, the number of fatigue cycles
to failure for the current study is still comparable to [14] and higher than that of Singh et al. [15]. Comparing the three S-
N curves of GFRP in the figure, cycles to failure for the current study and [14] approached 10° cycles, whilst [15] only
approached 10° cycles. If all five curves are compared, this study lies in the range of 10° to 10° number of cycles to failure.
This range is close to Ferdous et al. [14] and Singh et al. [15], who studied a similar material, which is GFRP. The stress
value for this study was also in the range of 30 to 60 MPa. The stress range of the other two studies was between 20 MPa
and 30 MPa for Suriati et al. [41] and 50 to 95 MPa for Bettini et al. [42]. These results show that the trend of this study
is consistent with Ferdous et al. [14] and Singh et al. [15] and in the different range with other types of composites in
previous works [41] and [42].

This study is close to Ferdous et al. [14] because the fatigue limit is ~30 MPa. By contrast, for Singh et al. [15], the
percentage of stress in this range is substantially higher than in the two studies. The rate of increment in the number of
cycles to fatigue failure, known as failure modulus M, is linear with the reduction of tensile stress. The results of the
correlational analysis prove that the M of this study, which is —4.37, is close to that of Ferdous et al. [14] and Suriati et
al. [41] with —5.62 and -5.55, respectively. The fatigue limit and failure modulus similarities between the findings of this
study and Ferdous et al. [ 14] might be affected by the similar type of reinforcement, which was fibre mat [0/90]°. Notably,
the M, parameter could serve as an additional quantitative measure of a particular set of fatigue tests. In addition to sample
consistency validation, this parameter is useful for sample classification. Thus, subsequent characterisation is comparable
and reliable. The subsequent growth of these cracks and delamination eventually leads to the final failure or fracture of
materials [38]. In addition to [14,15,18], these studies [39-40] also conducted static and cyclic tests on GFRP specimens,
but the fibre was varied with chopped fibre type and fibre mat.
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Figure 10. Comparison of the S—N curve of fabricated GFRP in this study to Ferdous et al. [14], Singh et al. [15],
Suriati et al. [41] and Bettini et al. [42]

5.0 CONCLUSIONS

This paper provides an insight into the study of the fatigue behaviour of GFRP. The fatigued GFRP specimens have
been fabricated in this study and, static and cyclic uniaxial tests were conducted. The experimental results reveal that the
fabricated GFRP specimens have not failed up to 1,000,000 cycles when the stress levels range between 20% and 30%
of the ultimate tensile strength. Compared with the existing studies, the fatigue life of GFRP is generally beyond
1,000,000. Observations showed that matrix cracks initiate and propagate during fatigue cycling, initiating disintegration
and delamination. The presented finding suggested that the fatigue behaviour of GFRP, which was fabricated by a hand
layup process, mainly depended on the procedure of the fabrication process. Additionally, other criteria, such as the
direction of the fibre mat, stress amplitudes. The results of this investigation show that a parameter called failure modulus
Mywas introduced as a measure of property validity or classification. An implication of the suggested validation procedure
lies in the possibility of highly effective further sample characterisation. The quantitative measure provides strong
empirical confirmation that different sets of test specimens are comparable.
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