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Article history: An effective technique must be utilized to monitor composites' health as its application
Received 26 October 2024 in engineering constructions grows to avoid sudden failure as it degrades. In line with

Received in revised form 27 November 2024 that, this study analyses the progress of fatigue strain on GFRP specimens during
Accepted 4 December 2024 fatigue tests using the FBG wavelength shifts parameter. Its purpose was to monitor
Available online 30 December 2024 the FBG wavelength shifts during three stages of fatigue test. Fatigue test specimens
were firstly fabricated using the hand layup technique. Tensile and fatigue tests were
conducted on the fabricated GFRP specimens. The FBG wavelength spectrums were
acquired using the FBG sensor during the fatigue test of each specimen at 40% stress
amplitudes. Spectral analysis was then carried out to characterize the FBG spectrum as
the fatigue failure progresses. As a result, the FBG wavelength shifted each time the
stress amplitudes were applied to the GFRP fatigue test specimen. The GFRP specimen

Keywords: that was applied with 40% of the ultimate stress was presented. These shifts and
Fatigue; Fiber Bragg Grating sensor; changes were observed at the early, middle, and final stages of the fatigue test.
strain; spectral analysis; wavelength Wavelength shifts were not obvious in the early stage but abrupt in the middle and
shift; structural health monitoring final stage of fatigue test of the GFRP specimen.

1. Introduction

A composite material that mixes polyester with E-glass material is called glass fiber reinforced
polymer (GFRP), also known as glass fiber reinforced plastic. GFRP has been prepared by various
manufacturing technology and is commonly used in various applications. Glass fiber has excellent
gualities such as strong strength, flexibility, stiffness, and chemical resistance [1]. There are many
varieties of glass fiber, and each has unique characteristics such being lightweight, low in density,
and highly durable. For applications needing high strength-to-weight ratios and extra mechanical
properties, it may also be used as a substitute for conventional reinforcement materials in
composites. If the composite is stronger than the unreinforced matrix, the interfacial bond strength
must be high enough for the load to be transferred from the matrix to the fibers [2,3]. While
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considering the composites' toughness, the interface shouldn't be too robust to prevent toughening
mechanisms like debonding from occurring. The most significant factor determining the composite
properties is typically thought to be the volume fraction. Additionally, homogeneity is a crucial factor
in determining how much the physical and mechanical properties of a representative volume of the
material may vary from those of the material's average.

One of the major challenges in the marine energy industry is the ability to predict fatigue failure
of its composite structures [4]. Tidal turbine blades are usually made of glass fiber-reinforced epoxy
resin composites, and the main fatigue failure types include delamination and fiber breaking [5]. To
deal with these challenges, reliable and responsive structural health monitoring (SHM) is vital. A very
intriguing instrument for applications involving structural health monitoring involving SHM is fiber
Bragg grating (FBG) sensors. FBG sensors are primarily used in SHM systems for strain [6] and
temperature [7] measurements. FBG sensors' primary advantages include its small size, high
multiplexing capacity, corrosion resistance, and lack of calibration needs [8]. FBG sensors may be
affixed to component or structure surfaces [9—11] or implanted during the production of the material
[12,13]. In real engineering applications, FBGs are typically utilised as quasi-distributed sensors to
detect structural damage caused by central wavelength shifts. It is discovered that the non-uniform
strain field created by the crack can also affect the FBG reflection spectra [14]. According to
Mieloszyk's [15] analysis, there was good agreement between the fatigue force profile and the strain
curves measured by the FBG sensors for a sample of aluminium alloy used in the Mi-2 helicopter
rotor blade. This prior study demonstrates the possibility of FBG signal for fatigue monitoring even if
the strain curves were almost insensitive to the fracture propagation process until the final stage of
the test, when the crack length was 25 mm long.

In this study, spectral analysis of FBG signals was conducted. By considering the existence of
wavelength shift [16] and the power reflected varies as fatigue failure progress, the integration of
area under the curve of FBG wavelength spectrum parameter on the SHM was explored. For that
reason, fatigue loading conditions of 40% of the ultimate stress were considered to replicate a fatigue
failure progress. This loading condition was considered for the spectral analysis as it has an adequate
time to failure as compared to the higher stress amplitude and therefore distinctive fatigue stages
are present. Whereas for the lower loading condition that recorded a longer time to failure, the
number of data counts is considerably higher. Therefore, the selected loading is assumed to be
optimal for the exploration of the FBG spectral analysis.

2. Materials and Methods
2.1 FBG Principles

The FBG sensor is a permanent, periodical perturbation in the index of refraction of the optical
fiber core. A narrow bandwidth of wavelengths are reflected while all other wavelengths are
transmitted when a wide spectrum of wavelengths is passed through the FBG [18]. In other words,
the reflected power is equal to the input power minus the transmitted power. The wavelength at
maximum reflectivity is referred to as the Bragg wavelength, Az and is determined by the condition:

/IB = 2neﬂA (1)
where A is the period of the index of refraction variation and negis the effective refractive index. Eq.

(1), also known as the Bragg reflection wavelength, is the peak wavelength of the narrowband
spectral component reflected by the FBG [19]. As an axial strain, € is applied to the FBG, the Bragg
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wavelength shifts to lower wavelengths (compression) or higher wavelengths (tension). The
wavelength of FBG changes with strain and temperature according to Eq. (2)

2 = ke + asAT 2)
Ao

where A1 is the wavelength shift, 4, is the wavelength at starting of a test, k = 1I- p where p is the
photo elastic coefficient (p=0.22) and k is the gage factor (k = 0.78), ¢ is strain, AT is temperature
changes in k and asis the change in refraction index.

According to coupled-mode theory [20], the grating period and effective refractive index are two
physical characteristics of fiber that affect Bragg wavelength. When there is a parameter such as
temperature, strain, humidity, pressure, and others are being monitored, the changes of the FBG
effective refractive index or the period of the gratings will cause the wavelength of the reflected
spectrum shifts to the left or right of the central wavelength. This study emphasizes the applicability
of the FBG sensor to detect and characterize the fatigue failure on the GFRP specimen using its
wavelength spectrum shifts and its intensity value changes.

2.2 Experimental Setup

This study utilizes the uniform single-mode FBG sensor to detect the strain on the GFRP specimen
during the fatigue test. The uniform FBG sensor is characterized by periodic perturbation of the
refractive index and works on the principle of Bragg’s law [17]. The dimension of the fatigue test
specimen is shown in Figure 1. Prior to the fatigue test, the specimen with similar dimensions was
statically tested using a tensile test to determine the ultimate strength of the fabricated GFRP. During
the fatigue test, the specimen was applied with stress at 40% of the ultimate strength of the
fabricated GFRP. The load was applied using a 100 kN capacity of an Instron universal testing
machine. The amplitude of the controller could be adjusted to achieve the desired stress. The
resultant strain induced in the FBG sensor was measured continuously using the FBG interrogation
system. In order to gain the FBG spectrum on the GFRP specimen, the sensor was bonded to the
gauge section of the GFRP specimen during the fatigue test. The unstrained center Bragg wavelength
for all the FBGs tested during the fatigue test was between 1547 and 1550 nm, meaning the
anticipated strain was well within the range of the interrogator.

2em

I 3

» -~
28cm 0.1cm
Fig. 1. Dimension of GFRP specimen

3. Results
3.1 Composite Fatigue Failure

Figure 2 shows the GFRP specimen that failed due to fatigue load. It can be seen in the figure that
the glass fiber breaks and spreads in between the matrix that holding it.
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Fig. 2. Failed GFRP specimen

3.2 FBG Wavelength Shifts

Table 1 summarises the largest peak wavelength for every 30 data counts, An., Wavelength shift,
AZ and the respective average area under curve for every 30 data counts, A. It exhibits the earliest
data obtained as soon as the fatigue test at 40% stress amplitude was commenced. The area under
curve, A of the wavelength spectrum varied throughout the process. This is because the amount of
energy transmitted directly affected the amount of energy reflected in the wavelength during the
fatigue test process. Figure 3 shows the FBG wavelength shift during the early stage of the fatigue
test on the GFRP specimen that had 40% of the maximum stress applied to it. A total of 150 data
counts at the early stage of the fatigue were compared to the first peak wavelength as soon as the
test was started. The first peak wavelength at the first data count was 1547.325 nm and labelled as
1 in Figure 3. After some duration which was in the data count range of 15 to 45, the largest
wavelength shift was 2.261 nm at 1549.586 nm. The wavelength shift was then increased to 3.162
nm in the range of data count 46 to 76 at the peak wavelength of 1550.487 nm. The wavelength shift
increased to 5.393 nm in the following range of 77 to 107 data counts. In the last range of the early
stage of fatigue test which was between 139 to 169 data counts, the wavelength shifts were the
largest which were 5.839 and 6.282 nm, respectively. At this early stage of fatigue test, the GFRP
might undergo elastic deformation and the wavelength shifts were fluctuating between 2 to 6 nm.
The entire spectrum of recorded wavelength shifts was moved positively to the right region of the
FBG wavelength spectrum. The area, A in Table 1 represents the area under the FBG wavelength
spectrum curve. The A values varied throughout early stage of the fatigue test from 1.64E06 until
1.655E06.

Table 1
FBG wavelength shifts during the early stage of the fatigue test for 40%
stress amplitude

Data count range Amax A (nm) Area, A

15-45 1549.586 2.261 1.647E06
46-76 1550.487 3.162 1.642E06
77-107 1552.718 5.393 1.641E06
108-138 1553.164 5.839 1.640E06
139-169 1553.607 6.282 1.655E06
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Fig. 3. FBG wavelength shift for 150 data counts at early stage of fatigue test
for specimen at 40% stress amplitude

Next, the FBG signal recorded during the middle stage of the fatigue test was monitored and
presented in Table 2. The distribution of area under curve for the FBG wavelength was also variedly
tabulated in Table 2. In Figure 4, the wavelength was recorded shifted for 6.905 nm from 1547.325
nm in the range of 31865 to 31894. The largest shift in the 30 data count range was at 31894 data
count. A similar shift direction happened to the data count range of 31895 to 31924 and 31955 to
31984 in Figure 4 for wavelength shift of 6.794 nm. It can be observed that the peak wavelength was
then shifted for 6.906 nm in the data count range of 31955 to 31985. Lastly, in the range of 31985 to
32000 data counts, the wavelength was static and did not change from its previous position which
was 6.906 nm at 31996 data count. At this stage, the FBG wavelength shifts seemed to be abrupt and
the shifts were mostly above 6 nm as tabulated in Table 2. In the middle stage of the fatigue test, the
GFRP specimen may already experience the fatigue crack initiation and propagation which explained
the bigger range of wavelength shift compared to the early stage of the fatigue test. The fatigue
cracks might start to propagate and the FBG shifts farther form its original position every time the
fatigue load was applied. This was proved by the wavelength shifts that ranges above 6.5 nm. These
shifts were larger than the wavelength shifts in the early stage of fatigue test which was varied in the
range of 2 to 6.3 nm. The area under curve, A seems varied throughout the fatigue test in the range
of 2.082E06 to 2.194E06 which is higher than in the early stage of fatigue test.

Table 2
FBG wavelength shifts during the middle stage of the fatigue test at 40%
stress amplitude

Data count range A A\ (nm) Area, A

31865-31894 1554.23 6.905 2.151E06
31895-31924 1554.119 6.794 2.194E06
31925-31954 1554.119 6.794 2.127E06
31955-31984 1554.23 6.905 2.082E06
31985-32000 1554.23 6.905 2.097E06
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Fig. 4. FBG wavelength shift for 150 data counts at middle stage of fatigue test
for 40% stress amplitude

In the final stage of the fatigue test on the GFRP specimen that was applied with 40% stress
amplitude, the wavelength was recorded shifted from the original position at 1547.325 nm to the
right and left positions. It can be seen in Table 3 that in the data count range of 68399 to 68428, the
wavelength shifts to the left position to 1544.312 nm for 3.013 nm (Figure 5). The negative symbol
represents the direction of the FBG wavelength shift. This is considered as the farthest shift from its
original position for thirty data counts. In the data counts if 30, the peak wavelength was then shifts
to the right position and the largest shift was 2.896 nm at 1550.221 nm. The peak wavelength was
then shift further for 4.126 nm at 1551.451 nm to the right. It was the shifted to the left position for
2.209 nm at 1545.116 nm. In the last section of data counts, the peak wavelength shifts to the right
at 1549.884 nm for 2.559 nm. at this stage, the GFRP specimen might already failed at any moments.
As shown in Table 3, the range of the FBG wavelength shifts was varied between 2.209 to 4.126 nm
but in both directions unlike in the previous two stages. For the area under curve, A, the values were
in the range of 2.125E06 to 2.197E06 and averagely higher than in the early and middle stages.

Table 3
FBG wavelength shifts during the final stage of the fatigue test at 40%
stress amplitude

Data count range A AMX (nm) Area, A

68399-68428 1544.312 -3.013 2.181E06
68429-68458 1550.221 2.896 2.125E06
68459-68488 1551.451 4.126 2.149E06
68489-68518 1545.116 -2.209 2.197E06
68519-68548 1549.884 2.559 2.166E06

These wavelength shifts and differences also can be used to classify the fatigue crack initiation
on the GFRP specimen. Further observations could be made to determine the detailed distribution
of the area under curve value of the FBG wavelength spectrum. This finding demonstrates the
feasibility of the FBG wavelength shift for fatigue failure monitoring. The indirect and non-destructive
sensing method is valuable for SHM application, especially in monitoring brittle structures like GFRP
material.
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Fig. 5. FBG wavelength shift for 150 data counts at final
stage of fatigue test at 40% stress amplitude

4. Conclusions

An experimental study on Fiber Bragg Grating was carried out which provides information on the
FBG response spectrum as a result of the applied fatigue load on the GFRP structure. The peak FBG
wavelength shifts were observed over time during the progress of the fatigue test on all the GFRP
specimens and the result of the specimen that was applied with 40% of ultimate load was presented.
The tabulation of FBG wavelength shifts were moderate at the early stage, increasing in the middle
stage and slowly decreasing in the final stage of the fatigue test. These shifts can clearly show the
progress of fatigue failure on the GFRP specimen as presented in the results section. For area under
the curve, A, the values were low in the middle stage and variedly increasing in the middle and final
stage of the fatigue test. The parameter that directly connected to the GFRP show that FBG is
applicable in detecting the changes in the physical activity of the composite structures. The challenge
of this study is that the number of data were quite large and more times were needed for the
spectrum processing. On top of that, more studies are needed to develop sensors that is reliable even
under high number of cycles for a long duration in SHM.
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