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Abstract: The paper explores the possibility of using high-resolution fiber Bragg grating (FBG)
sensing technology for on-specimen strain measurement in the laboratory. The approach provides a
means to assess the surface deformation of the specimen, both the axial and radial, through a chain
of FBG sensor (C-FBG), in a basic setup of a uniaxial compression test. The method is cost-effective,
straightforward and can be commercialized. Two C-FBG; one was applied directly to the sample
(FBGgare), and the other was packaged (FBGp,) for ease of application. The approach measures
the local strain with high-resolution and accuracy levels that match up to the existing local strain
measuring sensors. The approach enables the evaluation of small-strain properties of the specimen
intelligently. The finite element model analysis deployed has proven the adaptability of the technique
for measuring material deformation. The adhesive thickness and packaging technique have been
shown to influence the sensitivity of the FBG sensors. Owing to the relative ease and low-cost of
instrumentation, the suggested method has a great potential to be routinely applied for elemental
testing in the laboratory.

Keywords: chained FBG sensor; measurement of deformation; uniaxial compression test; elastic
behavior; strain-transfer coefficient

1. Introduction

The study of the mechanical behavior of rocks provides solutions to engineering
problems related to a wide range of human activities, especially with the evolvement of
large geotechnical engineering structures, such as deep tunnels, boreholes for oil and gas,
and tunnels for storage of radioactive waste. Analyzing the mechanical behavior of rocks
requires strain measurement. Most rocks are very stiff, and therefore their strain response
to loading is minimal (microstrain) [1]. It requires a very accurate and high-resolution
device to obtain a realistic stress-strain relationship of the rocks.

In the laboratory, the uniaxial compression test (UCT) is one of the basic tests routinely
performed on rock specimens [2-5]. Both the International Society for Rock Mechanics
(ISRM) [6] and the American Society for Testing and Materials (ASTM) [7] methodizes UCT.
Over the years, devices like linear variable differential transformer (LVDT) [8,9], strain
gauges [10,11], acoustic emission (AE) [9,12], digital image correlation (DIC) [13,14], and
extensometer [15,16] were used during the UCT to determine the strain response of rocks
with acceptable accuracy. High-resolution, accuracy, cost-effectiveness, simplicity, and
reliability are the major factors that entail the selection of instruments for UCT. Difficulties
in mounting, poor resolution, use of many cables, edgy acquisition, high-cost, and loss of
alignment towards the end of the test by some devices, continued to exist, which is why
other new methods continue to evolve.

Fiber Bragg grating (FBG) sensors have been adopted for measuring various quantities
(strain, temperature, pressure, discharge, acceleration, force, displacement, vibration, etc.)
as reflected in both application and review studies [17,18]. Perhaps due to the decreasing
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cost of FBG sensors and the advantages offered over conventional sensors, such as their
embeddability, flexibility, small in size, immune to electrical or magnetic interference
(EMI), resistance to corrosion, multiplexing, multifunctioning, high-resolution, and high
measuring accuracy [17,19-21]. FBG sensor is usually imprinted on a bare fiber, and many
points can be written along the same fiber forming a chain of FBG sensors. Sometimes FBG
requires protection when they are used in a harsh environment. To enhance the mechanical
strength and durability of FBG sensors, they are encapsulated in composite material or
encased in a steel casing fabricated explicitly for a particular sensing purpose [19,22]. Many
techniques of packaging FBG are reported in the literature based on a specific need [23-25].

The conventional strain gauges like electrical resistance strain gauges (5G) and linear
variable differential transformers (LVDTs) get damaged when in contact with water, and
each gauging unit requires many cables making it vulnerable to EMI and electrical noise,
thereby affecting the measured strain. The typical extensometer demands to record values
manually [26], which is hectic and tiring. Digital techniques entail moving the device
frequently and require rigorous post-experimental computation, which is feverish and con-
sumes time. Over the years, the FBG sensor has gained acceptance for use in determining
the mechanical behavior of rocks [16,17,27-30]. FBG has been tentatively bonded to the
core specimen for the determination of stiffness properties [16,17,27-30]. C-FBG can be
used to measure both axial and radial strain of rocks. For simplicity and commercialization,
C-FBG can be packaged as a single sensor for measuring both radial and axial.

The study intends to report the use of bare and packaged C-FBG sensors for axial and
radial strain measurements during the UCT of rock. Two pairs of C-FBG sensors consisting
of two packaged (FBGp,q) and two bare (FBGg,ye), respectively and two strain gauges
are bonded on each specimen. To ascertain the practicability and efficiency of packaged
C-FBG, the strains of the FBGp,ck are compared with that of the FBGg,ye, strain gauge
(SG) and linear variable differential transformer (LVDT). All the FBG sensors used in the
experiments are of the same size and imprinted on the same type of optical fiber (OF) for
consistency in the analysis. Numerical studies were conducted on the limestone geometric
models to assess the strain transfer through the FBGp, in comparison with the strain
transfer through the FBGpare.

2. Principle, Calibration and Packaging of FBG for Strain Sensing
2.1. Principle of FBG Strain Sensing Technology

Standard FBG sensors are usually inscribed on a single-mode optical fiber (SMF),
which consists of a cylindrical inner core surrounded by cladding. The refractive index of
the core is higher than that of the cladding. SMF allows the transmission of a single ray of
light over a long-distance, making it suitable for various applications. The most common
way of inscribing FBG is by using a phase mask method where a short segment of the fiber
core is exposed to intense ultraviolet (UV) light through a medium (phase mask). When
the UV light passes through the phase mask, it got diffracted to split into +1 diffractive
order. The fiber is positioned close to the phase mask, and once the fiber is exposed to
the diffracted UV beams, it generates a periodic pattern to write a grating on the fiber
core. Depending on the phase mask’s periodic pattern space, the grating period would
be half of the phase mask’s period length. A reflection prism is used to inscribe FBG of
various grating lengths with the aid of an adjustable linear guide to adjust the UV beam’s
distance passing through the fiber core. The phase mask technique is simple and cheap.
An inexpensive excimer laser can be used for writing FBG, which makes it suitable for the
mass production environment.

Fiber exposure to UV light creates a permanent periodic alteration in the fiber core’s
refractive index along the axis of the fiber called Bragg grating, which reflects a particular
band of light wavelength and transmits all the others when broadband of light source is
launched into the fiber. The UV pulse energy must be adjusted to a correct level to produce
a perfect FBG sensor. The fiber coating must be removed with a standard stripping tool.
The amount of alteration depends on the intensity of the UV light, photosensitivity of the
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SMEF, and exposure duration. Usually, UV light is produced by a krypton fluoride (KrF)
excimer laser at 248 nm or an argon fluoride (ArF) excimer laser at 193 nm [31].

FBG sensing technology is well-known for measuring the strain and temperature
of various structures. Figure 1 illustrates the working principle of the FBG strain sensor
and how strain is measured with the FBG sensor. When OF is subjected to an external
load, it alters the wavelength of the reflected light (Bragg wavelength), as shown in
Figure 1. The relationship between Bragg wavelength and change in strain Ae or change in
temperature AT can be determined with Equation (1) [32]. Temperature change also affects
the Bragg wavelength shift through thermal expansion and contraction of the periodicity
and refractive index of the gratings [33]. Therefore, it is important to apply temperature
compensation where FBG is used in an environment where temperature varies.

AAg/Ap = (1 — peg)Ae + (& + 0)AT 1)

where Ap is the Bragg wavelength given as 2n,4A, p.gis the effective photo-elastic parameter
related to the fiber core, £ is thermal-optics coefficient of the OF core, « is the thermal
expansion coefficient of the OF, 74 is the refraction index of the core of the fiber and A is
the grating period of index modulation. These parameters are constant for a particular fiber.
When a measurement is taken at a relatively uniform temperature, any shift in the Bragg
wavelength (AAg) can be determined using Equation (2). All the uniaxial compression
experiments in this study were conducted under relatively the same laboratory temperature
and in a relatively short period; therefore, the temperature effect is assumed negligible;
hence, Equation (2) is used to obtain the FBG strain:

ANg = Age(l — pe) 2)

where (1 — pep) is a strain constant given as k. pggis constant (0.22); therefore, k is approxi-
mately 0.78 for a typical SME.
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Figure 1. Working principle of fiber Bragg grating (FBG) sensors.

2.2. FBG Strain Calibration

Many researchers adopt the k value of 0.78, which is acceptable [20,34]. Nevertheless,
some SMF may contain impurities; thus, it is good to determined k based on the available
SME. The authors have reported a laboratory technique of calibrating FBG sensors for
strain measurement [35]. The apparatus consists of a linear translation stage fitted with
a vernier micrometer, a fabricated box to aid the measurement, a mechanical vibration
isolation platform, and an FBG fixed between the linear translation stage and the box. The
FBG is connected to a smartfiber SmartScan interrogator, and it is used throughout the
study. SmartScan is a very compact and robust interrogator. It is a wavelength division
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multiplexing (WDM) instrument based on a flexible, tunable laser source that enables
high-resolution interrogation at multi kilohertz frequencies. The high-frequency scan rates
allow oversampling and averaging to give an extraordinary resolution. SmartScan has
four channels, scan frequency of 25 kHz, repeatability of less than 1 pm, a wavelength
range of 40 nm from 1528 to 1568 nm and operation temperature between —15 to 55 °C [36].
The setup of the experiment is shown in Figure 2a. Both the translation stage and box are
mounted on the platform at a distance of 230 mm apart. FBG sensor is fixed between the
translation stage and the box. When the vernier micrometer is turned, the corresponding
FBG reading is taken with the aid of interrogator. Loading and unloading values are taken
at an interval of 0.01 mm. Figure 2b presents the calibration result. The k value was found
to be 0.751, with R? of 0.99 and it is used to determine FBG strain for this study.

0.00050 —
AKB/XBZOJS le+ 0.00025
0.00045 -
B Loading
® Unloading
5: 0.00040 — A Loading
] v Unloading
Linear Fit
0.00035
0.00030
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martscan interr()gat()r 0.0000 0.0001 0.0002 0.0003 0.0004
€
(a) (b)

Figure 2. Strain calibration of FBG sensor. (a) FBG sensor strain calibration setup. (b) FGB strain calibration result.

Both FBG and SG measure strain by attaching on an object with glue. FBG has high-
resolution and more robust over a long-range than SG. FBG sensors can keep pace with SG
price-wise. They can even be written in the laboratory on SMF, which is very cheap. If the
inscribing machine is available, skilled personnel can imprint FBG on a considerably cheap
OF. FBG sensors provide surpassing qualities, making them suitable for specific specialized
applications. For instance, FBG sensors work very well with composite materials. They are
ideal for measuring high strain (>10,000 pm/m).

2.3. Preparation, Packaging and Attachment of C-FBG Strain Sensors

Several types of fibers can be used to package FBG sensors for engineering purposes:
carbon fiber-reinforced polymer (CFRP), glass fiber-reinforced polymer (GFRP), synthetic
fiber-reinforced polymer (SFRP). The CFRP was selected due to its strength and lightweight.
In addition, the modulus of CFRP and SMF cable is approximately the same. This study
harnessed the quasi-distributed sensing capability to package the FBG sensor that can
measure both the radial and axial strain of rocks. The packaging consists of a layer of CFRP
with FBGs attached to it using cyanoacrylate adhesive followed by a layer of Sellotape to
add more protection. The packaging and attachment of all sensors were conducted using
cyanoacrylate adhesive throughout the study as it was found to be suitable for pasting
FBG on rocks [37].

A pair of FBG sensors are inscribed 25 mm apart, and each pair was spliced to a
connector to enable data login. An L-shaped CFRP of approximately 20 mm by 30 mm was
prepared, and each pair of FBG sensors was attached to the CFRP of 0.5 mm approximate
thickness. Cyanoacrylate adhesive was adopted for pasting the coupled FBG sensors on
the CFRP. The coupled FBG sensors were pasted to the CFRP with cyanoacrylate adhesive.
They were packaged such that one is oriented to measure the strain Y-axis and the other-
oriented to measure deformation along X-axis (Figure 2). By doing so, both axial and radial
strain can be measured with a single FBGp,. To enable data comparison, another pair
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of multiplexed FBGs (FBGg,re) Were also prepared and spliced to OF connector. Figure 3
illuminates the pictorial view of the final FBGp, sensor.

Radial sensor

Axial sensor

Figure 3. FBGs packaged for axial and lateral strain measurement.

To minimize attenuation resulting from bending or medium of transmission, standard
SMF (SMF-28e) was adopted in all experiments for imprinting FBG sensors and connecting
the sensors to the interrogator. In each C-FBG sensor, two FBG sensors are inscribed on the
same SMEF, with each grating assigned a different wavelength to enable the interrogator
to capture and record all readings simultaneously using wavelength division multiplex-
ing. All the assigned wavelengths in this study are within the range of 1528 to 1560 nm
(SmartScan wavelength range) to ensure that each sensor works within a particular spectral
range. The FBG sensors were supplied by NanZee Sensing Technology Ltd. and were
inscribed using the phase mask method described in Section 2. Table 1 shows the typical
specifications of the FBG sensors used in the study. All the FBGp,.x were prepared at least
two days prior to testing and attached to the rock specimen a day before the testing. The
sensor position was marked on each sample, and the surface was cleaned with alcohol
to provide a clean surface free from dusty and oily particles that can affect the bonding
strength. Figure 4 shows the steps for sensor preparation, packaging and attachment to
rock specimen. FBGg,,e Was also attached directly to each sample for measuring lateral and
axial strain. The FBGpy provides a basis for comparing the performance of the FBGp,.
Moreover, SG and LVDT were also deployed for validating the results obtained from FBG
sensors. The FBGp, is fixed to the required position on the host rock with a thin layer
of cyanoacrylate.

Table 1. Typical specifications of the FBG sensors used for experiments.

BW@—-3dB SLSR Reflectivit
S/N L (mm) Wavelength Ag (nm) (nm) dB) %) y
1 10 1530.0 0.171 15 95
2 10 1533.7 0.187 13 95
3 10 1537.0 0.184 15 95
4 10 1540.3 0.169 16 95
5 10 1544.0 0.205 14 95
6 10 1547.6 0.184 13 95
7 10 1551.1 0.183 16 95
8 10 1554.5 0.204 15 95
9 10 1558.0 0.199 15 95

L: length of the gratings; Ap: central wavelength (CW) corresponding to each grating; SLSR: side lobe sup-
pression ratio: highest secondary peak bigger than 3 dB amplitude within £3 nm from CW. For standard
FBGs SLSR > 15 dB; reflectivity R% = 1-10(T(dB)/10): Measured from transmission spectra.
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Radial FBG

(a) Marking and cutting of CFRP. (b) FBGs package.

(c) Marking the FBG position on the rock.

(e) Cleaning the surface with alcohol. (f) Application of glue.

Figure 4. Cont.
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Lateral SG

(g) FBGpack attached to the sample. (h) FBGsare pasted on the same specimen.

Figure 4. The process of packaging and pasting of both FBGpack and FBGg,e on limestone rock.

3. Materials and Methods

In this study, a limestone rock core of 50 mm in diameter was drilled from an under-
ground sewerage pipeline installation site in Ipoh, Perak, Eastern part of Malaysia. The
core was then cut to the size of a laboratory testing specimen of approximately 2.0 aspect
ratio (length/diameter). The two faces of the rock are trimmed cautiously to obtain a per-
fect right circular cylinder following the International Society for Rock Mechanics (ISRM)
standard. The specimens are oven-dried for 24 h before testing to ensure testing on the
dry state.

The uniaxial compression test is conducted with a servo-controlled RT-1000 compres-
sion test machine manufactured by an IPC global rock tester that has an axial loading
capacity of 1000 kN. The testing machine is controlled with the aid of software installed
in a computer that enables the user to set parameters according to the testing condition.
The software provides the user with several options, including the type of the test and
the loading condition (axial force-controlled or displacement controlled). Limestone core
instrumented with FBGp, .y, FBGpare, and SG attached to the specimen along both axial and
radial direction to record axial and radial strain, respectively, is placed on the lower plate
of the machine. For a better comparison of the recorded data, the FBGp,qk, FBGgare, and SG
are positioned adjacent to each other, respectively. The uniaxial test was carried out using
a displacement-controlled rate of 0.01 mm/s. Additionally, an LVDT with a measuring
range of 10 mm was mounted on the machine frame with the tip touching the top-loading
plate to record the axial displacement. Figure 5 shows the testing setup, including how the
SG and FBG data are recorded during testing.

Uniaxial testing on the limestone was carried out per the ISRM guidelines and ASTM
D7012-07 standards [6], and the test took 2-5 min to complete. The FBG sensors data
were recorded throughout the testing period at a frequency of 1000 Hz. FBG measures
wavelength, which is converted to strain using the calibration factor obtained in Section 2.2.
The converted strains were used to plot the FBG stress-strain curves for each tested speci-
men. The SG and LVDT data were recorded using an 8 channels dynamic and static strain
measurement data logger (GTDL-160). The SG, LVDT and data logger are manufactured by
JooShin corporation Korea [38]. The FBG data were recorded with the aid of a SmartScan
software installed in a laptop, while the SG and LVDT data were recorded with the support
of multiscan software that comes with GTDL-160 data logger (Figure 5).
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Figure 5. Experimental setup.

4. Results and Discussion
4.1. Laboratory Experiment

This section presents and discusses the results of the uniaxial compression test ex-
periments performed on limestone specimens equipped with C-FBG sensors (FBGgyye
and FBGp,), SG, and LVDT. FBGgare, FBGp,ck, and SG are attached to the sample for
measuring on-specimen (Local) strain, while LVDT is attached to the upper loading plate
to measure the crosshead deformation. The experiments were conducted at relatively room
temperature, ignoring the effect of changes in temperature on FBG sensors. The C-FBG
sensors were connected to two channels of the SmartScan interrogator for data logging.
The SG and LVDT were connected to the same data logger, and both were controlled with
the same software installed on a laptop. All the sensors were tested by logging in a few
seconds of data to ensure all software and hardware are working correctly before the actual
testing begins.

The stress was plotted against the axial and radial strain response recorded by FBGgare,
FBGp,ck, SG, and LVDT. A total of 6 specimens were tested, readings from all sensors were
recorded, and the results are presented in Figure 6, with each response designated by a
distinct color.
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Figure 6. Experimental stress-strain curves of limestone specimens (a) UC1, (b) UC2, (c) UC10, (d) UC13, (e) UC26, and

(f) UC31.
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50 % UCS /" |

Homogenous specimens were selected by visual inspection. As indicated in Figure 6,
there is a consistency in the stress-strain curves of all the sensors plotted and for all the
specimens. Slight variations in strain response of the local sensors (FBGpare, FBGpack,
and SG) are observed in all the specimens. The LVDT data recorded a much higher
strain response in all the samples. The higher strain recorded by LVDT is evident as it
measures the accumulated deformation from the bottom of the load cell to the bottom
plate, while the FBGpgre, FBGp,ck, and SG measure the strain on the specimen. The findings
are in agreement with [8,13,39,40], which pointed out that measuring the deformation
of the sample using techniques other than the local deformation measuring techniques
is accompanied by bedding and system compliance error. During the experiment, two
significant damages occurred on the rocks; axial splitting with soft crackling and multi
fracturing accompanied by loud crackling and rapid unloading to zero, which agrees
with [41,42].

One of the crucial requirements of a local strain measuring device is high-resolution
and the ability to capture the small strain response of rock since the rock response to
deformation is generally small [40]. To understand the initial strain state achieved by the
sensors, the first few loading stages are magnified, as shown in Figure 6 for each tested
specimen to appreciate the performance of FBG sensors. Both the FBGg,ye and FBGp,cx
have demonstrated remarkable performance more than LVDT and similar to the SG in all
the specimens.

Furthermore, elastic parameters (Young’s modulus and Poison’s ratio) that provide
vital information required for the design of excavation, borehole stability, and defining
parameters needed for constitutive models, etc., are computed from the stress—strain
curves. All the moduli are determined at about 50% of UCS. Tangent modulus (E;),
average Egye modulus, secant modulus (Es), and Poisson’s ratio (v) are computed as per
ASTM D 7012-04 [43]. Figure 7 demonstrates the method adopted for computing Young’s
modulus, while the Poisson’s ratio is calculated using Equation (3).

v = (E; of axial curve/E; of lateral curve)

®)

o 1}
Ao Mg
= As, we=pg
|30 UCcss
i Ao
£ £q

(a) Tangent modulus (E)

(c) Secant modulus (Es)

(b) Average modulus (Eavg)

Figure 7. The method used to determined Young’s modulus at 50% UCS [7].

The UCS and variations in the computed Young’s modulus of all the specimens are
shown in Table 2. While Young’s modulus obtained from FBGp, is slightly higher in all
the samples, the modulus obtained from FBGg,y is almost the same as that of the SG in
all cases. For instance, considering specimen UC1, with reference to SG, E; for FBGp,y, is
8% higher, for FBGgaye is 1.44% lower, and for LVDT is 26.9% lower.
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Table 2. UCS and Young’s modulus obtained from all the sensors on each specimen.

SIN UCS (MPa)  Modulus  FBGp, FBGgare SG LVDT
E; (MPa) 30,070 27,300 27,700 20,240
ucl 48.98 Eso (MPa) 29,310 27,630 28,280 20,230
E, (MPa) 33,547 33,320 33,456 21,769
E; (MPa) 23,820 23,030 22,220 16,770
uc2 458 Eo (MPa) 23,790 22,070 21,970 16,840
E, (MPa) 23,130 23,131 21,810 15,793
E; (MPa) 32,520 31,560 - 28,150
UC10 52.56 Eso (MPa) 32,820 31,890 - 28,080
E; (MPa) 35,990 35,892 - 25,022
E; (MPa) 29,010 27,560 29,050 22,350
UC13 51.25 Eo (MPa) 28,800 26,880 28,250 21,810
E, (MPa) 28,444 26,947 26,148 18,920
E; (MPa) 19,300 20,420 19,300 17,100
UC26 32.81 Eo (MPa) 19,135 20,290 19,130 17,350
E, (MPa) 20,500 18,222 19,294 13,015
E; (MPa) 29,750 28,780 29,870 22,610
Ucsal 63.27 Eso (MPa) 28,860 27,230 28,050 21,990
E, (MPa) 30,170 27,002 28,590 17,416

Moreover, a parameter m based on Equation (4) was computed, and the results are
tabulated in Table 3:
m = Etsensor / Etsc 4

Table 3. Variation of m for sensors across the specimens.

Specimen mn m m
FBGp,cx FBGgare LVDT

UucC1 1.08 0.98 0.73
ucC2 1.07 1.04 0.76
UC10 - - -
UC13 0.99 0.95 0.77
UC26 1 1.05 0.89
UC31 1.00 0.96 0.76

In Equation (4), E;sg and Ejsensor represent the tangent modulus obtained from the SG
and each of the other sensors (FBGpare, FBGp,ck, and LVDT), respectively. m measures the
relativeness of the C-FBG sensors and LVDT readings to that of the SG. Values close to unity
indicate perfect agreement between the stiffness obtained from SG and other sensors. The
values of m from all the C-FBG sensors approach unity, which means a definite correlation
between the stiffness from SG and both C-FBG sensors. The values of m for the LVDT are
further away from unity; hence, considerable variation in the stiffness, and it even proves
the accumulation of bedding and machine compliance error associated with measuring
deformation on the machine load cell.

Table 4 summarizes the calculated Poisson’s ratios (v) of the rock from all the sensors.
The calculated v from FBGp, is higher in most specimen than the FBGp,ye and SG, except
for the samples UC2 and UC13 that have the same values of v as SG. There is a close
resemblance in all the deformation parameters of FBGp, and FBGg,ye with SG.
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Table 4. Poisson’s ratio of each specimen computed from the sensors.

Specimen FBGp,ck FBGgare SG
UcC1 0.3 0.23 0.21
ucC2 0.3 0.24 0.3
UcC10 0.27 0.25
UC13 0.32 0.29 0.32
UcC26 0.25 0.23 0.22
UC31 0.21 0.23 0.22

4.2. Finite Element Modeling (FEM)

FEM was conducted with Ansys software version R3 2019 to investigate the Strain-
Transfer Coefficient (STC) between the rock surface and the FBG in both the bare and
packaged FBG sensors (Equation (5) defines STC). The geometric models were constructed
in Solidworks for simplicity and then imported to Ansys R3 for modelling. The geometry
of the model was made up of 5 parts; the rock specimen, adhesive, bare or packaged FBG
sensor, top, and base plates. The rock was designed as a solid deformable cylindrical
element of the same size as the experimental test specimen (100 mm by 50 mm); the top and
base plates were designated as circular steel plates of 60 mm diameter and 20 mm length.
The mesh was a structured mesh with 3D hexahedral elements. The method of meshing
used was multizone. Acceptable mech quality was attained with 63,744 total elements
and 267,002 nodes. The mesh size of plates and rock were 5 and 1 mm whereas the size
of adhesive, packaging and FBG mesh was 0.5 mm. The contact between the specimen
and both the top and base steel plates was set as fictional with a 0.02 frictional coefficient.
All the remaining contacts were kept bonded. The loading (10 steps) was assigned as a
displacement control from the top plate, portraying the experimental condition. Table 5
shows the properties of all the materials used in the FEM. The properties of CFRP and
cyano were obtained from the manufacturers [44,45]. The parameters of the UC31 specimen
were adopted for the FEM analysis.

Er— Sf
STC=(1- e 100 (%) )
r
where ¢, and ¢ represent deformation on rock and FBG.

Table 5. Properties of model materials.

Limestone Steel Cyano CFRP FBGs
E (GPa) 29.75 200 1.88 70 73
v 0.21 0.3 0.2 0.32 0.2
UCS (MPa) 63.27 - - - -
ot (MPa) 6.10 460 23.3 504.3
x (GPa) 17.1 166.67 1.04 64.82 43.45
G (GPa) 12.3 76.92 0.78 26.52 29.92
p (kg/m?3) 2800 7850 - 1600 2600

The FBG packaging was designed as shown in Figure 8a. The shape of the adhesive
on top of the CFRP was presumed to be elliptical, having 2 mm width, and the FBG was
immersed in the adhesive. The top adhesive thickness is designated as y, while the bottom
adhesive thickness is x. The thickness of CFRP and the adhesive that attached the package
sensor on the rock were kept at 0.3 and 0.1 mm, respectively. During the FEM, displacement
was applied at the top plate incrementally, and the base plate was kept as fixed support.
The model elements, meshing, loading, and FEM analysis are shown in Figure 8.

An STC analysis of the package FBG sensors was carried out as per Table 6. The
analysis was in three classes; in class 1, 2, and 3, the package length was kept at 15, 20
and 30 mm, respectively, while the bottom adhesive thickness (x) was varied, keeping the
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adhesive thickness on top of the FBG (y) constant. Studies have shown that the effect of the
top thickness (y) is negligible [46,47]. As such, it was kept at 0.2 mm throughout this study.

Table 6. FBGp, specification for FEM analysis.

Division Length (mm) Y (mm) X (mm)
15 0.2 0.05
Class 1 15 0.2 0.1
15 0.2 0.2
20 0.2 0.05
Class 2 20 0.2 0.1
20 0.2 0.2
30 0.2 0.05
Class 3 30 0.2 0.1
30 0.2 0.2

The comparison of the stress-strain curves of FBGpare, FBGp,ck, strain from FBG and
rock elements of FBGp,x FEM are shown in Figure 9. The stress-strain curves of FBGp,x
FEM is based on a packaging length of 30 mm, the bottom thickness of 0.05 mm and
0.05 mm thickness of adhesive between the CFRP and limestone. All the curves are typical
of brittle character; hence, both models were suitable for characterizing the behavior of
limestone rock tested. There was an agreement between the resulted of the tested and
FEM specimen, which validated the suitability of FBG sensors for strain measurement
in uniaxial compression testing. Values of E were computed as illuminated in Table 7.
Even the stiffness parameters of tested and FEM specimens accorded well with each other.
Though all the results were in agreement with the limit of experimental error, FBGp,i
results were more similar to FEM than FBGg,ye.

Cyanoacrylate FBG

CFRP

(a) Detail packaging design components.

Adhesives

Fixed support

Figure 8. Cont.

(b) Loading arrangement.
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(c) Strain contour on the model.

-0.00058783 Max
-0.00072093
-0.00085415
-0.0009873
-0.0011205
-0.0012536
-0.0013862
-0.0015199
-0.0016531
-0.0017862 Min

(d) Strain contour on FBG.

Figure 8. Finite element modeling (FEM) analysis.

Table 8 presents the effect of packaging length and bottom adhesive thickness (x) on
STC. It can be observed that the length of the package sensor influenced the STC. When
the length increased, the STC also increased. There was also a reduction in STC with an
increase in the bottom thickness. STC was more than 90% at 30 mm packaging length
in all adhesive thickness. Both the length and bottom thickness had influenced the STC.
The highest value of STC was observed at 30 mm packaging length and 0.05 mm bottom

thickness (x); therefore, it was selected for all subsequent analyses. Adhesive thickness was
shown to have greatly influenced STC.

60 ucCs31 FEM
FEMgpg

Rock

FBGPac SG

FBG

Bare

Stress (MPa)

20 4

Axial strain

T T T T T
0 500 1000 1500 2000 2500 3000 3500

Strain (Microstrain)

Figure 9. Comparison of experimental and numerical results of sample UCS31.
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Table 7. Comparison of stiffness parameters of FEM and experimental results.

Specimen Analysis ( GElia) ( éf,’;) ( GEI*s‘a)
FEMRock 30,560 30,450 30,170

Ueat FEMppG 31,340 31,440 32,192
FBGpare 28,780 27,230 27,002

FBGpa, 29,750 28,860 30,170

SG 29,870 28,050 28,590

Table 8. Variation of strain-transfer coefficient (STC) with packaging length.

Packaging Length (mm) STC at x = 0.05 (%) STC at x=0.1 (%) STC at x=0.2 (%)

15 82.24 81.55 80.33
20 90.14 89.44 88.5
30 93.64 92.87 91.55

Furthermore, the comparison of STC between the FBGg,re and FBGp,x demonstrated
that FBGg,re was more sensitive than FBGp,q (Figure 10). This may be attributed to the
presence of the packaging layer in the case of FBGp,.. Figure 10a compare FBGp,r. and
FBGp,k based on the variation of the bottom thickness (x), while the effect of varying the
adhesive thickness between FBGgae and limestone, CFRP and limestone are shown in
Figure 10b, respectively. It is important to note that the bottom thickness was the same as
the thickness between the FBG and limestone for FBGg,.. STC reduced with the increase
in adhesive thickness.

98

97 —
—=— FBGbare
—e— FBGpack

96 —

95

STC (%)

94 —

93 H

92

91 T T T T T T T T T T T T
0.03 0.06 0.09 0.12 0.15 0.18 0.21

X (mm)

(a) The influence of bottom adhesive thickness (x) on STC.

Figure 10. Cont.
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—=— FBGBare
96 - —e— FBGPack

88 T T T T T T T T T T T
0.05 0.10 0.15 0.20 0.25 0.30

Adhesive Thickness (mm)
(b) Effect of adhesive thickness on STC.

Figure 10. Sensitivity analysis of FBGpaye and FBGp,g.

Figure 11 shows the variation of STC as a function of packaging modulus and Poisson’s
ratio (vp) at different values of adhesive Poisson’s ratio (v4). In Figure 11a, vp varied as 0.2,
0.3, and 0.4, CFRP modulus varied as 65, 70, 75 and 80 GPa, while v4 was kept constant
(0.2). The same scenario was repeated for v4 of 0.3. The sensitivity of the packaged FBG
sensor rose with increasing CFRP modulus. STC declined with the rise in both v4 and vp.
This implies that the increase in the package modulus courses corresponding increase in
the sensitivity of the sensor, while a rise in Poisson’s ratio of both adhesive and packaging
material reduced the sensitivity of the sensor.

95.0
J —a— (.2
—e— 0.3
94.5 - .~ 04
94.0
_
&
O i
7
93.5
93.0
»s+~~—r———¥+—r-—+—r——r——7r—71r——7—"—7—"—

CFRP Modulus (GPa)

(a) Variation of STC with CFRP modulus at various CRFP Poisson’s ration (vr) when

vais 0.2.

Figure 11. Cont.
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92.0 4

015 —=—02
] —e—023

91.0 1 0.4

—+ 1 - 1 ' 1 '~ T " 1T 1 " T "~ 1T 1
64 66 68 70 72 74 76 78 80 82

CFRP Modulus (GPa)
(b) Variation of STC with CFRP modulus at various CFRP Poisson’s ration (vr) when

vais 0.3.
Figure 11. Influence of packaging modulus and Poisson’s ratio on STC.

4.3. Study of the Effect of Frictional Coefficient (FC) between Steel Plates and Specimen

In many testing situations, less attention is given to the influence of FC on rock stress
and strain data. In this section, five models were analyzed by varying FC (0.05, 0.1, 0.15,
0.2 and 0.25). Figure 12 indicted high peak stress and strain values when FC was increased.
Both peak stress and strain values followed a similar trend. This highlights the importance
of lubricating the top and button steel plates while conducting UCS testing to reduce the
effect of FC on the experimental results.

60 : : : : : : : : : 3350
5o - 3300
—m—UCS
—H— Strainl - 3250 =
58 -] I g
= =]
E - 3200 §
Q
— 57 4 N .
7 s
Q F3150
) £
L 3
56 %
/ - 3100
| L
55
—n - 3050
54 . . . . . . . . . 3000
0.05 0.10 0.15 0.20 0.25
FC

Figure 12. Variation of peak stress and strain with frictional coefficient (FC).
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5. Conclusions

Smart techniques of measuring rock deformation precisely with reasonable accu-
racy using C-FBG sensors are presented and evaluated. Uniaxial compression tests were
performed on samples with sensors attached to the specimen and the machine load cell.
C-FBG sensors have been shown to offer the advantages of measuring both radial and axial
strain with a single sensor and allowing packaging to ease labour and sensor attachment
complications on the sample.

According to the experimental test results, both the FBGg,ye and FBGp, compete
with SG and have much higher accuracy than the conventional LVDT. The sensors have
demonstrated effectiveness in monitoring the small strain deformational response of rocks
with ease, high-resolution, and accuracy. It was found out the stiffness parameters obtain
from FBGgare and FBGp, i nearly the same as that of the SG.

Furthermore, the FEM employed demonstrated the applicability of the concept for
measuring correct material properties in the laboratory. The STC analyses revealed the
influence of adhesive thickness and packaging material on the sensitivity of both FBGgyye
and FBGp,. Even though FBGgy. is more sensitive than FBGp,q FBGp,k can measure
material deformation with reasonable accuracy. Based on the experimental and numerical
findings, C-FBG sensors can be utilized to measure strain response in the laboratory.

Author Contributions: B.W.L: Conceptualization methodology, software, data curation, writing—
original draft preparation. H.M.: supervision, visualization, investigation, validation, writing—
reviewing and editing. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by YUTP Fundamental Research Grant Scheme, grant number
015LC0-178.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors are grateful to Universiti Teknologi PETRONAS (UTP) for the
financial support given through the graduate assistantship (GA) scheme.

Conflicts of Interest: The authors declare no conflict of interest. They have no known competing
financial interests or personal relationships that could have appeared to influence the work reported

in this paper.

References

1.  Hamdi, P. Characterization of Brittle Damage in Rock from the Micro to Macro Scale. Ph.D. Thesis, Simon Fraser University,
Burnaby, BC, Canada, 10 August 2015.

2. Roshan, H.; Masoumi, H.; Hagan, P. On size-dependent uniaxial compressive strength of sedimentary rocks in reservoir
geomechanics. In Proceedings of the 50th US Rock Mechanics/Geomechanics Symposium, ARMA, Houston, TX, USA, 26-29
June 2016; pp. 2322-2327.

3. Nicksiar, M.; Martin, C.D. Crack initiation stress in low porosity crystalline and sedimentary rocks. Eng. Geol. 2013, 154, 64-76.
[CrossRef]

4. Miranda, T,; Sousa, L.R.; Gomes, A.T.; Tinoco, J.; Ferreira, C. Geomechanical characterization of volcanic rocks using empirical
systems and data mining techniques. J. Rock Mech. Geotech. Eng. 2017, 10, 138-150. [CrossRef]

5. Hoek, E.; Martin, C.D. Fracture initiation and propagation in intact rock—a review. J. Rock Mech. Geotech. Eng. 2014, 6, 287-300.
[CrossRef]

6.  Bieniawski, Z.T.; Bernede, M.]. Suggested methods for determining the uniaxial compressive strength and deformability of rock
materials. Part 1. Suggested method for determination of the uniaxial compressive strength of rock materials. Int. J. Rock Mech.
Min. Sci. 1979, 16, 137. [CrossRef]

7. ASTM. D3148-02 Standard Test Method for Elastic Moduli of Intact Rock Core Specimens in Uniaxial Compression; ASTM Interna-
tional: West Conshohocken, PA, USA, 2002; Available online: https:/ /www.astm.org/Standards/D3148.htm (accessed on 22
February 2021).

8. Dautriat, J.; Bornert, M.; Gland, N.; Dimanov, A.; Raphanel, J. Localized deformation induced by heterogeneities in porous

carbonate analysed by multi-scale digital image correlation. Tectonophysics 2011, 503, 100-116. [CrossRef]


http://doi.org/10.1016/j.enggeo.2012.12.007
http://doi.org/10.1016/j.jrmge.2017.11.003
http://doi.org/10.1016/j.jrmge.2014.06.001
http://doi.org/10.1016/0148-9062(79)91450-5
https://www.astm.org/Standards/D3148.htm
http://doi.org/10.1016/j.tecto.2010.09.025

Sensors 2021, 21, 2926 19 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Bartmann, K.; Alber, M. Experimental Determination of Crack Initiation and Crack Damage of Two Granites. Procedia Eng. 2017,
191, 119-126. [CrossRef]

Roshan, H.; Masoumi, H.; Regenauer-Lieb, K. Frictional behaviour of sandstone: A sample-size dependent triaxial investigation.
J. Struct. Geol. 2017, 94, 154-165. [CrossRef]

Shen, J.; Jimenez, R.; Karakus, M.; Xu, C. A simplified failure criterion for intact rocks based on rock type and uniaxial compressive
strength. Rock Mech. Rock Eng. 2014, 47, 357-369. [CrossRef]

Bahaaddini, M.; Hosseinpour Moghadam, E. Evaluation of empirical approaches in estimating the deformation modulus of rock
masses. Bull. Eng. Geol. Environ. 2019, 78, 3493-3507. [CrossRef]

Munoz, H.; Taheri, A.; Chanda, E.K. Pre-Peak and Post-Peak Rock Strain Characteristics During Uniaxial Compression by 3D
Digital Image Correlation. Rock Mech. Rock Eng. 2016, 49, 2541-2554. [CrossRef]

Lin, Q.; Labugz, ].F. Fracture of sandstone characterized by digital image correlation. Int. J. Rock Mech. Min. Sci. 2013, 60, 235-245.
[CrossRef]

Munoz, H.; Taheri, A. Specimen aspect ratio and progressive field strain development of sandstone under uniaxial compression
by three-dimensional digital image correlation. J. Rock Mech. Geotech. Eng. 2017, 9, 599-610. [CrossRef]

Schmidt-Hattenberger, C.; Naumann, M.; Borm, G. Fiber Bragg grating strain measurements in comparison with additional
techniques for rock mechanical testing. IEEE Sens. . 2003, 3, 50-55. [CrossRef]

Park, J.; Kwon, Y.S.; Ko, M.O,; Jeon, M.Y. Dynamic fiber Bragg grating strain sensor interrogation with real-time measurement.
Opt. Fiber Technol. 2017, 38, 147-153. [CrossRef]

Di Sante, R. Fibre optic sensors for structural health monitoring of aircraft composite structures: Recent advances and applications.
Sensors 2015, 15, 18666-18713. [CrossRef] [PubMed]

Lee, S.C.; Tee, B.P.; Chong, M.F,; Ku Mahamud, K.M.; Mohamad, H. Structural Assessment for an old Steel Railway Bridge Under
Static and Dynamic Loads Using Fibre Optic Sensors. In Proceedings of the International Conference on Smart Infrastructure and
Construction 2019 (ICSIC): Driving data-informed decision-making, Churchill College, Cambridge, UK, 8 July 2019; pp. 729-736.
Sun, Y,; Li, Q.; Yang, D.; Fan, C.; Sun, A. Investigation of the dynamic strain responses of sandstone using multichannel fiber-optic
sensor arrays. Eng. Geol. 2016, 213, 1-10. [CrossRef]

Sun, Y.; Li, Q.; Fan, C. Laboratory core flooding experiments in reservoir sandstone under different sequestration pressures using
multichannel fiber Bragg grating sensor arrays. Int. J. Greenh. Gas Control 2017, 60, 186-198. [CrossRef]

Torres, B.; Paya-Zaforteza Ignacio, I.; Calderén, P.A.; Adam, ]. M. Analysis of the strain transfer in a new FBG sensor for Structural
Health Monitoring. Eng. Struct. 2011, 33, 539-548. [CrossRef]

Xu, D.S.; Borana, L; Yin, ].H. Measurement of small strain behavior of a local soil by fiber Bragg grating-based local displacement
transducers. Acta Geotech. 2013, 9, 935-943. [CrossRef]

Luyckx, G.; Voet, E.; Lammens, N.; Degrieck, J. Strain measurements of composite laminates with embedded fibre bragg gratings:
Criticism and opportunities for research. Sensors 2011, 11, 384-408. [CrossRef]

Hong, C.Y.; Zhang, Y.F; Zhang, M.X; Leung, LM.G.; Liu, L.Q. Application of FBG sensors for geotechnical health monitoring, a
review of sensor design, implementation methods and packaging techniques. Sens. Actuators Phys. 2016, 244, 184-197. [CrossRef]
Yang, Y.W.; Bhalla, S.; Wang, C.; Soh, C.K.; Zhao, ]. Monitoring of rocks using smart sensors. Tunn. Undergr. Sp. Technol. 2007, 22,
206-221. [CrossRef]

Ferdinand, P. The Evolution of Optical Fiber Sensors Technologies During the 35 Last Years and Their Applications in Structure
Health Monitoring. In Proceedings of the EWSHM-7th European Workshop on Structural Health Monitoring, IFFSTTAR, Inria,
Université de Nantes, Nantes, France, 8 July 2014.

Zhao, Y.; Zhang, N.; Si, G. A fiber bragg grating-based monitoring system for roof safety control in underground coal mining.
Sensors 2016, 16, 1759. [CrossRef] [PubMed]

Castro-Caicedo, A.; Torres, P; Lain, R. Packaging and testing of fiber Bragg gratings for use as strain sensor in rock specimens. In
Proceedings of the 8th Iberoamerican Optics Meeting and 11th Latin American Meeting on Optics, Lasers, and Applications,
Porto, Portugal, 18 November 2013; p. 87852R.

Castro-Caicedo, A.; Nieto-Callejas, M.].; Torres, P. Fiber Bragg grating strain sensor for hard rocks. In Proceedings of the
International Conference on Optical Fibre Sensors (OFS24), Curitiba, Brazil, 28 September 2015; p. 963449.

Hill, K.O.; Meltz, G. Fiber Bragg Grating Technology Fundementals and Overview. IEEE . Light. Technol. 1997, 15, 1263-1276.
[CrossRef]

Morey, W.; Meltz, G.; Glenn, H.; Glenn, W. Fiber optic Bragg grating sensors. Proc. SPIE Fiber Opt. Laser Sens. 1989, 1169, 98-107.
[CrossRef]

Meltz, G.; Morey, W.W.; Glenn, W.H. Formation of Bragg gratings in optical fibers by a transverse holographic method. Opt. Lett.
1989, 14, 823-825. [CrossRef] [PubMed]

Sun, Y,; Li, Q; Fan, C.; Yang, D.; Li, X.; Sun, A. Fiber-optic monitoring of evaporation-induced axial strain of sandstone under
ambient laboratory conditions. Environ. Earth Sci. 2017, 76, 379. [CrossRef]

Isah, B.W.; Mohamad, H.; Ahmad, N.R.; Harahap, I.5.H. Preliminary view of a smart technique for materials testing in the
laboratory using FBG sensor. In Proceedings of the International Conference on Civil, Offshore & Environmental Engineering
2018 (ICCOEE 2018), Kuala Lumpur, Malaysia, 17 September 2018.


http://doi.org/10.1016/j.proeng.2017.05.162
http://doi.org/10.1016/j.jsg.2016.11.014
http://doi.org/10.1007/s00603-013-0408-5
http://doi.org/10.1007/s10064-018-1347-x
http://doi.org/10.1007/s00603-016-0935-y
http://doi.org/10.1016/j.ijrmms.2012.12.043
http://doi.org/10.1016/j.jrmge.2017.01.005
http://doi.org/10.1109/JSEN.2003.809025
http://doi.org/10.1016/j.yofte.2017.09.011
http://doi.org/10.3390/s150818666
http://www.ncbi.nlm.nih.gov/pubmed/26263987
http://doi.org/10.1016/j.enggeo.2016.08.008
http://doi.org/10.1016/j.ijggc.2017.03.015
http://doi.org/10.1016/j.engstruct.2010.11.012
http://doi.org/10.1007/s11440-013-0267-y
http://doi.org/10.3390/s110100384
http://doi.org/10.1016/j.sna.2016.04.033
http://doi.org/10.1016/j.tust.2006.04.004
http://doi.org/10.3390/s16101759
http://www.ncbi.nlm.nih.gov/pubmed/27775657
http://doi.org/10.1109/50.618320
http://doi.org/10.1117/12.963022
http://doi.org/10.1364/OL.14.000823
http://www.ncbi.nlm.nih.gov/pubmed/19752980
http://doi.org/10.1007/s12665-017-6706-6

Sensors 2021, 21, 2926 20 of 20

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Our Products-Smartscan. Smart Fibres. Available online: https://www.smartfibres.com/products/smartscan (accessed on 26
January 2021).

Isah, B.W.; Mohamad, H.; Ahmad, N.R. Rock stiffness measurements fibre Bragg grating sensor (FBGs) and the effect of
cyanoacrylate and epoxy resin as adhesive materials. Ain Shams Eng. J. 2020. [CrossRef]

Geotechnical Monitoring Instruments. Available online: http://www.jooshin.kr/?act=shop.goods_view&GS=419&GC=GD02
(accessed on 1 July 2019).

Acar, M.C,; Giindiiz, Z.; Kara, H.B. Modulus of Elasticity Determination of Rocks Using Comressometer, Strain Gauge and Lvdt.
Proc. ACE 2014, 11, 2-7.

Isah, B.W.; Mohamad, H.; Harahap, .5.H. Measurement of small-strain stiffness of soil in a triaxial setup: Review of local
instrumentation. Int. J. Adv. Appl. Sci. 2018, 5, 15-26. [CrossRef]

Hazzard, J.F,; Young, R.P; Maxwell, S.C. Micromechanical modeling of cracking and failure in brittle rocks. J. Geophys. Res. Solid
Earth 2000, 105, 16683-16697. [CrossRef]

Mardalizad, A.; Scazzosi, R.; Manes, A.; Giglio, M. Testing and numerical simulation of a medium strength rock material under
unconfined compression loading. J. Rock Mech. Geotech. Eng. 2018, 10, 197-211. [CrossRef]

ASTM. D7012-14 Standard Test Method for Compressive Strength and Elastic Moduli of Intact Rock Core Specimens Under Varying
States of Stress and Temperatures; ASTM International: West Conshohocken, PA, USA, 2014; pp. 4-11. Available online: https:
/ /webstore.ansi.org/standards/astm/astmd701214 (accessed on 22 February 2021).

Carbon Fibre Sheet, 300 mm x 300 mm x 1.3 mm | RS Components. Available online: https://my.rs-online.com/web/p/
carbon-fibre-sheets /7648707 / (accessed on 17 July 2020).

VT-802/VT-802NT 502 Super Glue-Vital Technical. Available online: https:/ /vitaltechnical.com/product/vt-802-vt-802nt-502-
super-glue/ (accessed on 11 January 2020).

Li, J.; Neumann, H.; Ramalingam, R. Design, fabrication, and testing of fiber Bragg grating sensors for cryogenic long-range
displacement measurement. Cryogenics 2015, 68, 36—43. [CrossRef]

Wan, K.T,; Leung, C.K.Y.; Olson, N.G. Investigation of the strain transfer for surface-attached optical fiber strain sensors. Smart
Mater. Struct. 2008, 17, 35037. [CrossRef]


https://www.smartfibres.com/products/smartscan
http://doi.org/10.1016/j.asej.2020.09.007
http://www.jooshin.kr/?act=shop.goods_view&GS=419&GC=GD02
http://doi.org/10.21833/ijaas.2018.07.003
http://doi.org/10.1029/2000JB900085
http://doi.org/10.1016/j.jrmge.2017.11.009
https://webstore.ansi.org/standards/astm/astmd701214
https://webstore.ansi.org/standards/astm/astmd701214
https://my.rs-online.com/web/p/carbon-fibre-sheets/7648707/
https://my.rs-online.com/web/p/carbon-fibre-sheets/7648707/
https://vitaltechnical.com/product/vt-802-vt-802nt-502-super-glue/
https://vitaltechnical.com/product/vt-802-vt-802nt-502-super-glue/
http://doi.org/10.1016/j.cryogenics.2015.02.002
http://doi.org/10.1088/0964-1726/17/3/035037

	Introduction 
	Principle, Calibration and Packaging of FBG for Strain Sensing 
	Principle of FBG Strain Sensing Technology 
	FBG Strain Calibration 
	Preparation, Packaging and Attachment of C-FBG Strain Sensors 

	Materials and Methods 
	Results and Discussion 
	Laboratory Experiment 
	Finite Element Modeling (FEM) 
	Study of the Effect of Frictional Coefficient (FC) between Steel Plates and Specimen 

	Conclusions 
	References

