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*is study aims to evaluate the sensing performance of glass fiber-reinforced polymer (GFRP) rock bolt sensors instrumented with
strain gauges for monitoring rockslides. Experimental studies are conducted with four different types of GFRP rock bolt sensors
and concrete blocks having central holes and two shear joints. TwoGFRP rock bolt sensors are inserted into holes and then fixed in
concrete blocks with cement grout and soil, respectively. *e other two are coated with heat-shrink tubes to protect strain gauges
and wires, which are then fixed in concrete blocks with cement grout and soil, respectively. Double shear tests are performed to
produce shear deformations of GFRP rock bolt sensors, and then strain change with shear displacement is monitored. *e results
manifest that the variation in strain with shear displacement is more sensitive in the GFRP rock bolt sensor fixed with soil than
with cement grout. Also, strain gauge wires in the GFRP rock bolt sensor fixed with cement grout are broken earlier than with soil.
Furthermore, it is confirmed that the heat-shrink tube effectively protects strain gauges and wires, so that GFRP rock bolt sensors
coated with heat-shrink tubes work for a longer time than the uncoated sensors. *e present study shows that the GFRP rock bolt
sensor can be useful for monitoring rock slope failure.

1. Introduction

Rock bolts are rock reinforcement systems, which are
commonly used to stabilize rock slopes [1, 2]. Rock slope
failures mainly occur in weak rock masses where fractured,
laminated, jointed, or discontinued rocks exist [3, 4]. Rock
blots are typically inserted into predrilled holes on rock
slopes, and then grout materials are injected into holes.
Consequently, rock slopes are reinforced by rock bolts that
bind weak rocks together or bind weak rocks to stronger
rocks [3]. When rock deformations or rock movements
occur, shear or tensile load produced by unstable weak rocks
is transferred to rock bolts. If shear or tensile load exceeds
the shear or tensile strength of rock bolts, rock bolts will be
deformed or failed [5–7]. Li [8, 9] have reported that in situ

rock bolts observed in fields were deformed or failed due to
shear or tensile load caused by rock movements and de-
formations. It has also been reported that shear deforma-
tions of rock bolts were observed in most cases. Recently,
theoretical and experimental studies to investigate the rock
bolt behavior have been performed. Wu et al. [6] investi-
gated the influence of roughness on the shear behavior of the
rock bolt. *eir mathematical model demonstrated that the
joint roughness strongly affects the shear behavior of the
rock bolt. Lee and An [10] performed theoretical and ex-
perimental studies on the reinforcing effect of the rock bolt.
*erein, the elastic modulus of the jointed rock mass was
derived to investigate the reinforcing effects of the rock bolt.
*ey founded that the rock bolt increases the elasticity of the
ground and decreases the deflection. Yokota et al. [11]
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investigated the interface behavior between rock bolts and
bond materials with shear tests and discontinuous defor-
mation analysis. *ey reported that shear strength and
stiffness increases with an increase in the strength of the
mortar.

Significant studies have been conducted tomonitor slope
displacement or failure. Dowding et al. [12] proposed a
method for monitoring rock slopes by measuring electro-
magnetic signals due to shear and tension of coaxial cables.
Chang et al. [13] analyzed the behavior of slope using an
optical fiber sensor (OFS) and an inclinometer. Michlmayr
et al. [14] monitored slope failure using acoustic signals
measured by acoustic emission (AE) sensors. *e previous
studies have installed a separate sensor to monitor the slope
behavior, and no slope monitoring sensor using rock bolts
already installed on the slope has been studied until now. Yu
et al. [15, 16] detected ultrasonic guided waves propagating
through the rock bolts using acoustic emission (AE) sensors
to evaluate defects in rock bolt grout. Previous studies
suggested useful tools for monitoring rock slopes. However,
electromagnetic signals are adversely affected by electrical
properties of soils such as soil moisture and conductivity
resulting in signal attenuation [17]. Commercial optical fiber
sensors are effective for monitoring slope displacement, but
they become extremely expensive for high-resolution per-
formance [18]. For monitoring slope failure by measuring
acoustic signals, high-priced AE sensors should be em-
bedded in the ground. *us, the objective of this study is to
evaluate the performance of the GFRP rock bolt sensor that
can monitor rockslide with cost-effective sensors, regardless
of signal attenuation due to the electrical properties of soils.

Glass fiber-reinforced polymer (GFRP) has been widely
used as a rock bolt due to the ease of cutting, lightweight, low
impact of temperature on both strength and stiffness, su-
perior durability, and corrosion resistance [19, 20]. In this
study, the GFRP rock bolt sensor that can play both roles of
rockslide prevention and rockslide monitoring is suggested.
Besides, the sensing performance of the GFRP rock bolt
sensors was evaluated in laboratory experiments. *e lab-
oratory experiments were performed with a double shear
test, and the strains measured by the GFRP rock bolt sensor
due to the shear displacement were analyzed. Cement paste
was used to simulate the conditions in which the GFRP rock
bolt sensor is grouted to the rock, and it was compared with
conditions that the GFRP rock bolt sensors were fixed in
concrete blocks with soil. GFRP rock bolts were coated with
a heat-shrink tube to protect the GFRP rock bolt sensor, and
it was compared with the uncoated case. *e remainder of
this paper discusses experimental materials and methods,
results and discussion for laboratory experiments with
double shear tests for the performance evaluation of GFRP
rock bolt sensors, and conclusions.

2. Materials and Methods

2.1. Double Shear Test

2.1.1. Concept of Double Shear Test. Rock bolts reinforce
weak rock masses by binding unstable rocks to stable rocks.

If an unstable rock moves coaxially with a rock bolt, an axial
load is applied to the rock bolt. If the rock movement is
transverse to the rock bolt, the rock bolt will be subjected to a
shear load. However, in situ rock bolts are generally sub-
jected to a combination of axial and shear loads that result in
a double bend of rock bolt [21]. A single shear test, also
known as direct shear test, is a conventional laboratory test
to investigate the mechanical behavior of the rock bolt.
However, the single shear test cannot induce the double
bend of the rock bolt as the single shear test is commonly
performed by applying a shear load to the one side of the
rock bolt. *e double shear tests have been widely used to
induce the double bend of the rock bolts [22–25].*e double
shear tests are commonly conducted by fixing both sides of
the rock bolt and applying a load to the middle of the rock
bolt. *e double shear test improves the stability of the
sample because it does not apply asymmetric shear load.
*us, the double shear test provides more reliable results
than the single shear test [26]. It was reported that the single
shear test underestimates the shear strength compared with
that of the double shear test [27]. In this study, the double
shear test was therefore used for evaluating the performance
of the GFRP rock bolt sensor.

*e double shear test is typically performed with three
separate blocks to define two joints as shown in Figure 1(a).
Note that a thick nylon sheet or steel plate is placed between
concrete blocks during the casing stage. *is results in the
frictionless and nondilating surface for shear displacement
between side and middle concrete blocks. *e rock bolt is
fully encapsulated with grout materials and then is installed
into the concrete blocks. *e vertical shear load is only
applied to the middle blocks.*e top and bottom of two side
blocks are fixed while the vertical shear load is applied. *is
procedure results in two vertical shear planes acting along
the rock bolt.

Figure 1(b) shows compression and tensile stresses in the
rock bolt under the shear load [28]. *e stresses in the upper
convex section of the rock bolt are in tension. *e stresses in
the lower convex section of the rock bolt are in compression.
*e stresses in the upper concave section of the rock bolt are
in compression, while the stresses in the lower concave
section are in tension.

2.1.2. Shear Test Apparatus. A double shear test apparatus,
as shown in Figure 2, was designed for shearing the GFRP
rock bolt sensor. *e double shear test apparatus consisted
of 6 parts from A to F. *e shear apparatus was designed to
withstand a load of 500 kN. Among the components, the
steel plate (A) serves to fix the concrete block (B) to prevent
the generation of flexure during the shear load. *e steel
plate (A) is fixed to the lower plate (D) using the steel bar (E).
*e steel plate (C) provides space to the concrete block (B)
from (D) so that the vertical displacement of the middle
concrete block is allowed when sheared. Plate (F) is designed
in the form of an I-beam which prevents the plate (D) from
deforming due to shear load. Components (A, C, D, E, and
F) of the double shear test apparatus were made of stainless
steel.
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2.2. Materials

2.2.1. Glass Fiber-Reinforced Plastic (GFRP). In this study,
the GFRP rock bolt sensor was designed using GFPR rock
bolt with a diameter of 25mm as shown in Figure 3. *e
uniaxial tensile test was conducted in accordance with ISO
15630-1 : 2019. *ree strain gauges were installed along the
GFRP rock bolt surface to measure strains.*e surface of the
GFRP rock bolt was flattened to attach strain gauges. One
strain gauge was placed at the center of the GFRP rock bolt.
*e other two strain gauges were placed at a distance of
50mm from the center of the GFRP rock bolt, respectively.
*e tensile test was carried out with a displacement rate of
1mm/min. *e transverse shear test of the GFRP rock bolt
was performed with the MTS testing machine as per ASTM
D7617-11. *e shear load and displacement were measured
using a load cell and LVDT, respectively. *e displacement
rate was set to be 1mm/min. *e glass fiber content was

measured with the combustion test as per ISO 1172 :2002.
Two test samples were cut from the center of the GFRP rock
bolt.*e samples were put in crucibles and then heated up to
the temperature of 600°C for approximately 1 hour.*e glass
fiber content (Mglass) in the GFRP rock bolt can be calculated
as follows:

Mglass �
m3 − m1

m2 − m1
× 100, (1)

where m1 is the initial weight of the dried crucible, m2 is the
weight of the dried crucible with the dried sample, andm3 is
the final weight of the dried crucible with calcination
residue.

*e measured tensile strength, shear strength, and glass
fiber content of the GFRP rock bolt are summarized in
Table 1. *e tensile strength is 850MPa, the shear strength is
150MPa, and the glass content is 75%.
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Figure 1: Conceptual illustration of double shear test: (a) double shear test; (b) compression and tensile stresses.
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Figure 2: Double shear test apparatus: (a) isometric view; (b) sectional view; (c) components.
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2.2.2. Strain Gauge. A strain gauge, as shown in Figure 4,
was installed in the GFRP rock bolt for measuring strain.*e
gauge length and gauge factor of the strain gauge were 5mm
and 2.11, respectively. *e gauge resistance was 118.5 ohm
with a strain limit of 5%. *e specifications of the strain
gauges, used in the study, are summarized in Table 2.

2.2.3. Soil. Soil was used to fix the GFRP rock bolts to the
concrete blocks.*e soil was silica sand with a particle size of
0.85mm–0.42mm.*e specific gravity of the silica sand was
2.59, the internal friction angle was 40.5° at a relative density
of 80%, and the maximum and minimum dry densities were
1.62 g/cm3 and 1.36 g/cm3, respectively.

2.2.4. Grout. *e cement paste was used as grout material to
fix the GFRP rock bolts sensor to the concrete blocks. *e
cement paste was a mixture of cement and water at a weight
ratio of 1 : 0.5 (w/c� 0.5). Note that water-cement ratio (w/c)
in grout materials used for rock bolt systems typically ranged
from 0.35 to 0.5 [29, 30]. *e experiments were performed
after the curing period of 30 days.

2.2.5. Concrete. Concrete blocks were constructed with a
premixed type concrete (Union HS, Union) to simulate rock
mass. *e ratio of the weights of water and concrete was
0.12 :1. *e uniaxial compression test was performed with
five cylindrical concrete specimens to evaluate the com-
pressive strength as per ASTM C39-18 and ASTM C31-19a.
*e diameter and length of the specimen were 150mm and
300mm, respectively. *e uniaxial compression test was
performed after 28 days of curing time. *e average com-
pressive strength of five concrete specimens was approxi-
mately 80N/mm2.

2.3. Design of GFRP Sensor

2.3.1. Strain Gauge Installation. *e GFPR rock bolts were
cut to 0.8m in length. *e protrusion portion of the GFRP
rock bolt was flattened with a grinder to attach a strain
gauge, as shown in Figure 5. *e flattened portion was
smoothed with sandpaper to allow the strain gauge to attach
well, as shown in Figure 6. *e strain gauge was attached to
the smoothened topside of the GFRP rock bolt surface using

an adhesive, and then silicone was applied to protect the
strain gauge (Figure 7). Four strain gauges were installed at a
distance of 5 cm from the center of the GFRP rock bolt and
175mm from both ends (Figure 8).

2.3.2. Coating GFRP Rock Bolt Sensor. *e GFRP rock bolt
sensor was fully coated with a heat-shrink tube to protect the
strain gauge and wires installed in the GFRP rock bolt. *e
heat-shrink tube used in this study is polyolefin with a
diameter of 38mm, shrinkage temperature of 70 degrees,
and longitudinal shrinkage of 5%. *e GFRP rock bolt
sensor attached with strain gauges was placed inside the
heat-shrink tube and heated for the shrinkage as shown in
Figure 9.

2.4. Design of Concrete Blocks. *e concrete blocks having
two shearing surfaces were prepared to simulate a double-
jointed rock, as shown in Figure 10. Dimensions of both side
concrete blocks were 150mm× 150mm and that of the
middle concrete block was 300mm× 150mm. In other
words, the shearing surface (or joint) was set at a distance of
150mm from both ends of concrete blocks. For casting
concrete blocks, wooden molds were manufactured as
shown in Figure 11. *e total internal height, width, and
length of the wooden molds were set to be 150mm, 150mm,
and 60 cm, respectively.

Two stainless steel plates with thickness of 1 mm were
installed in the wooden mold to split the concrete block
into three blocks by defining two shearing surfaces (i.e.,
joints) to represent three concrete blocks of the double
shear assembly. In order to install a PVC pipe in the
wooden mold, holes with a diameter of 40 mm were
drilled at the centers of both side surfaces of the wooden
mold and two stainless steel plates. Note that the PVC
pipe is removed after casting concrete for inserting the
rock bolt into the concrete block. *e outer diameter of
the PVC pipe was 38mm, and the PVC pipe was coated
with a releasing agent so that the PVC pipe can be easily
separated from the concrete. *e interfaces between the
PVC pipe and both side surfaces of the wooden mold
were sealed with hot glue, which is a form of thermo-
plastic adhesive, to prevent the concrete flowing out.

*e concrete was poured into the wooden mold where
stainless steel plates and the PVC pipe were installed as
shown in Figure 12. *e concrete was cured initially in
the wooden mold for the first 1 day. Figure 13 shows the
curing process of the concrete blocks. After 1 day of
curing, the PVC pipe was removed from the concrete by
pulling it out, and then the wooden mold was dis-
assembled. *e stainless steel plates were finally removed
from the concrete resulting in shearing surfaces. *e
concrete blocks were cured for 28 days. Note that after 1
day of curing, the GFRP rock bolt sensor is installed in the
concrete block by inserting the GFRP rock bolt sensor
into the central hole of the concrete block. *e GFRP rock
bolt sensor is finally fixed to the concrete block by filling
holes with cement grout or soil.

Figure 3: Glass fiber-reinforced plastic (GFRP) rock bolt.
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2.5. Installation of GFRPRock Bolt Sensor. In this study, four
types of GFRP rock bolt sensors embedded in concrete blocks
were studied as shown in Figure 14. Note that the concrete
block is a model of the rock mass. *e grout or soil was used
to fix the GFRP rock bolt sensor into the concrete block. *e
heat-shrink tube was used as the coating material to protect
sensors. Figure 14(a) shows the GFRP rock bolt sensor fixed

Table 1: Specifications of GFRP rock bolt.

Nominal diameter (mm) Tensile strength (MPa) Shear strength (MPa) Glass content (%)
25 850 150 75

G
rid

 w
id

th

(Gage length)

Grid length (sensing part)

Base length

Figure 4: Strain gauge.

Table 2: Specifications of strain gauge.

Gauge Length Gauge factor Gauge resistance Strain limit
5 mm 2.11 118.5 Ω 5% (50000 × 10−6 strain)

Figure 5: Flattening operation for attaching strain gauges.

Figure 6: Sanding operation for attaching strain gauges.

Figure 7: Installation of strain gauge.

175mm 175mm

Head Mid 1 Mid 2 End

175mm 175mm100mm

800mm

Figure 8: Installation position of the strain gauges.
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into the concrete block with cement grout. Figure 14(b)
presents the GFRP rock bolt sensor fixed into the concrete
block with soil. Figures 14(c) and 14(d) present the GFRP
rock bolt sensors coated with a heat-shrink tube for protecting
the strain gauge and wires. *e two coated GFRP rock bolt
sensors are fixed into the concrete block with cement grout
and soil, respectively, as shown in Figures 14(c) and 14(d).

2.5.1. GFRP Sensor Fixed in Concrete Block with Cement
Grout. A donut-shaped styrofoam stopper was installed
inside the hole of the concrete block, as shown in Figure 15.
A rock bolt was inserted into the styrofoam stopper so that
the rock bolt was centered in the hole. As shown in Fig-
ure 16, the hot glue was used to fix the rock bolt and prevent
the grout from flowing out. Finally, the grout was injected
into the hole. *e grout material was a cement paste with a
w/c ratio of 50% and was cured in the air for 30 days as
described in Section 2.2.4.

2.5.2. GFRP Sensor Fixed in Concrete Block with Soil.
Soil was filled into the hole in the concrete block, as shown in
Figure 17, to simulate the conditions in which the GFRP
rock bolt sensor is fixed to rock mass by soil. *e soil was
compacted every 2 cm depth during the filling process. Fi-
nally, the end of the concrete block was sealed with glue to
prevent the soil from flowing down. *e soil was silica sand
no. 6, and it had a particle size of 0.42mm–0.22mm as
described in Section 2.2.3.

3. Results and Discussion

3.1. Experimental Overview. Double shear tests under static
loading were conducted with a universal test system (Model
815,MTS Systems Corporation), which has a load capacity of
4600 kN, to evaluate sensing performance of four different
types of GFRP rock bolt sensors as shown in Figure 18. *e
GFRP rock bolt sensors embedded in concrete blocks were
installed in the double shear apparatus as shown in Figures 2
and 18. *e double shear test apparatus was placed between
the upper and lower grip of the universal test system. *e
load cell was mounted on the lower grip.*e vertical upward
load was then applied to the double shear apparatus at a
constant displacement rate of 0.5mm/min. Both side blocks
installed in the double shear test apparatus remained fixed as

the middle concrete block was pushed down resulting. *e
middle concrete block, therefore, moved in vertically
downward direction resulting in the shear displacement as
shown in Figure 19.*e shear load, displacement, and strain
were measured every second using the data logger and
recorded using the computer.

3.2. Experiment Results

3.2.1. Uncoated GFRP Rock Bolt Sensor Fixed with Grout

(1) Strain vs. Shear Displacement.*e double shear tests were
carried carried out on uncoated GFRP rock bolt senor fixed
into the concrete block with the cement grout.*e strain due
to the shear displacement measured at the head and end-
points of the GFRP rock bolt sensor is plotted in
Figure 20(a). As shown, the strain values at the head and
endpoints are almost the same. *e strain increases linearly
up to the displacement of 3mm and again increases linearly
from the shear displacement of 3mm to 6mm.*e presence
of two linear sections is caused by the failure of cement grout
due to shear displacement. As the shear deformation of the
GFRP rock bolt sensor increases, the grout is crushed
causing a reduction of the bonding strength between the
grouted rock bolt and the concrete block. *is results in the
strain to be more sensitive to the shear displacement. *e
nonlinear behavior of the strain appears after the dis-
placement of 6mm. *e strain gradually increases as the
shear displacement increases from 6mm to 7mm in dis-
placement. After the displacement of 7mm, the strain
changes insignificantly. Strain gauge wires in the GFRP rock
bolt sensor were broken at 8mm in the displacement.

*e relationship between the stain and shear displacement
at midpoints is plotted in Figure 20(b). *e measured strain
due to the shear displacement at midpoint 1 is almost the same
as that at midpoint 2. At the midpoint 2, the strain increases
linearly up to about 1mm in displacement. *e strain was not
measured after approximately 1.1mm in the displacement due
to the gauge wire breakage. *e strain gauge wires located at
the midpoints 1 and 2 broke earlier than the strain gauge wires
at the head and endpoints without nonlinear behavior. *is is
because the stresses in the rock bolt embedded in the middle
concrete are in compression. Note that the shear load was
applied to the middle concrete block by resulting in the shear
displacement in the vertical direction.

3.2.2. Coated GFRP Rock Bolt Sensor Fixed with Grout

(1) Overview. If the GFRP rock bolt sensor is fixed to the rock
with the cement grout, strain gauges and wires can be
damaged during rock displacement because the GFRP rock
bolt sensor is directly contacted with the cement grout. In
this study, GFRP rock bolt sensors, therefore, were coated
with heat-shrink tubes to protect the strain gauges and wires.
*e coated GFRP rock bolts were inserted into the concrete
blocks and then fixed with the cement grout. Double shear
tests were performed on the coated GFRP rock bolt sensor
fixed with grout.

Figure 9: Coating GFRP rock bolt sensor with heat-shrink tube.
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(2) Strain vs. Shear Displacement.*emeasured strain due to
the shear displacement for the coated GFRP rock bolt sensor
fixed with grout is plotted in Figure 21. As shown, the
measured strains at the head and endpoints are almost
similar. *e strain increases linearly until the shear dis-
placement of about 3mm, at which the strain is about
1,200×10−6. Afterward, the strain gradually increases with
an increase in the shear displacement. In other words, the
nonlinear behavior appears after 3mm in displacement
owing to the rock bolt yielding. *e yielding begins slightly
earlier comparing that the nonlinear behavior of the rock

bolt usually appears between 3mm and 6mm in displace-
ment [28]. *is is because the coating reduces the bonding
strength between the grouted rock bolt and the concrete
block. *e strain gauge wire was broken when the shear
displacement reached about 9mm, at which the strain was
about 2,000×10−6.

As shown in Figure 21, the variation in strain due to the
shear displacements at midpoints 1 and 2 is almost the same.
*e strains due to the shear displacement at the midpoints
are almost the same as those at the head and endpoints
before approximately 1mm in the displacement. Afterward,
the strains due to the shear displacement at the head and
endpoints, however, are larger than those at midpoints. *is
is because the stresses in the rock bolt embedded in the
middle concrete are in compression, while those in both side
concrete blocks are in tension. *e strain gauges located at
midpoints 1 and 2 were broken earlier compared with those
at head and endpoints. *is is because that the GFRP rock
bolt embedded in the middle concrete block was subjected to
the shear load resulting in the shear displacement in the
vertical direction.

(3) Comparison of Strain-Shear Displacement Relationship
between Uncoated and Coated GFRP Rock Bolt Sensors Fixed
with Grout. *e variation in strain due to the shear dis-
placement measured in the uncoated GFRP rock bolt sensor
fixed with grout is compared with that measured in the
coated GFRP rock bolt sensor fixed with grout in Figure 22.
Figures 22(a) and 22(b) show the variation in strain due to
the shear displacement at head and endpoints and mid-
points, respectively. As shown in Figure 22(a), strains in the
coated GFRP rock bolt sensor are measured up to 9mm in
displacement. However, strains in the uncoated GFRP rock
bolt sensor are measured up to 8mm in displacement. In
other words, strain gauge wires in the coated GFRP rock bolt
sensor were broken earlier compared with those in the
uncoated GFRP rock bolt sensor. *is observation also
appears in Figure 22(b). Strains at midpoints 1 and 2 in the
uncoated GFRP rock bolt sensor are measured up to 1.7mm
and 1.1mm in displacement, respectively. However, strains
at midpoints 1 and 2 in the coated GFRP rock bolt sensor are
measured up to 3.7mm and 3.2mm in displacement, re-
spectively, which are approximately 2mm longer compared
with the uncoated GFRP rock bolt sensor.*is is because the
heat-shrink tube protects strain gauges and wires from

300mm 150mm150mm

Rock bolt

Joint Joint

(a)

150mm

15
0m

m

(b)

Figure 10: Rock bolt embedded in double-jointed concrete block: (a) side view; (b) front view.

300mm150mm 150mm 150mm

15
0m

m

Steel plate of 1mm thickness

40mm hole

Figure 11: Wooden mold for casting concrete blocks.

Figure 12: Wooden mold with PVC pipe.

Figure 13: Curing process of concrete blocks.
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damages. *is demonstrates that the heat-shrink tube ef-
fectively protects strain gauges and wires in the coated GFRP
rock bolt sensor. Note that in the case of the uncoated GFRP
rock bolt sensor, strain gauges and wires were directly
contacted with the cement grout. *us, strain gauges and
wires are susceptible to damages under shear deformation of
the uncoated GFRP rock bolt sensor.

*e strain measured in the coated GFRP rock bolt sensor
at displacement between 0mm and 4mm is greater than that
in the uncoated GFRP rock bolt sensor. In other words, the
coated GFRP rock bolt sensor is more sensitive than the
uncoated rock bolt sensor at displacement between 0mm and
4mm. However, the strainmeasured in the coated GFRP rock
bolt sensor is smaller than that in the uncoated GFRP rock
bolt sensor after displacement of 4mm. *is is because the
bonding strength much significantly affects the variation in
the strain after the grout fracture. Note that the bonding
strength in uncoated is greater than that in the coated rock
bolt because the heat-shrink tube reduces the friction between
the cement grout and rock bolt. Also, ribs of the rock bolt play
a crucial role in increasing friction [31]. However, the heat-
shrink tube may adversely affect the function of ribs.

3.2.3. Uncoated GFRP Rock Bolt Sensor Fixed with Soil

(1) Overview. Rock bolts are generally grouted using cement
paste to be fixed into rock. However, this study also eval-
uated the sensing performance of GFRP rock bolt sensors
fixed into concrete blocks with the soil. *e sensing per-
formance of GFRP rock bolt sensors fixed with the soil was
compared with that fixed with grout. *e soil used in this
study was silica with a particle size of 0.42mm to 0.22mm.

(2) Strain vs. Shear Displacement. Figure 23 shows the strain
due to the shear displacement measured in the uncoated GFRP
rock bolt sensor fixed with soil. As shown, the strain due to
shear displacement at the head point is almost the same as that
at the endpoint. *e strains at head and endpoints linearly
increase up to about 9mm in displacement, at which the strains
are approximately 15,000×10−6 and 14,000×10−6, respec-
tively. Afterward, the strain gradually decreases with the in-
creasing shear displacement, and the strain is not accurately
measured after displacement of 12mm. In other words, the
nonlinear stage appears after 12mm in displacement owing to
the rock bolt yielding. Note that the nonlinear stage of the rock

Grout
Concrete

GFRP

(a)

SoilGFRP
Concrete

(b)

Grout
Concrete

Coated GFRP

40mm

(c)

Soil
Concrete

Coated GFRP

(d)

Figure 14: Four different types of GFRP rock bolt sensors: (a) fixed with cement grout without coating; (b) fixed with soil without coating;
(c) fixed with cement grout with coating; (d) fixed with soil with coating.

Figure 15: Styrofoam stopper for inserting rock bolt and injecting
grout.

Figure 16: Finishing work by glue gun.
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bolt fixed with cement grout typically is usually the range of
3mm and 6mm [28], which is larger than the nonlinear stage
observed in the uncoatedGFRP rock bolt sensor fixed with soil.
*is is because the friction between the rock bolt and soil is
smaller than that between the rock bolt and the cement grout.
Note that the coefficient of friction between GFRP rock bolt
and cement grout is typically 0.7 [32].*e coefficient of friction
between GFRP rock bolt and soil is in the range of 0.3 and 0.5

[33]. *e bonding strength caused by chemical reactions be-
tween rock bolt and cement grout also increases the resistance
of the rock bolt subjected to shear load [34, 35]. *us, more
sensitive variation in the strain appears in the uncoated GFRP
rock bolt sensor fixed with soil compared with a conventional
GFRP rock bolt fixedwith cement grout.*e strain gauge wires
were completely broken after displacement of 16mm.

*e strains at the midpoints 1 and 2 show almost
identical values up to a shear displacement of 6mm. Af-
terward, the nonlinear stage in strain is observed after the
displacement of 9mm. *e strain gauge wires were com-
pletely broken at the displacement of 12mm. *e strains
measured at the head and endpoint are greater than those at
midpoints 1 and 2. *is is because the stresses in the rock
bolt embedded in the middle concrete are in compression,
while those in both side concrete blocks are in tension.

(3) Comparison of Strain-Shear Displacement Relationship
between Uncoated GFRP Rock Bolt Sensors Fixed with Grout
and Soil. *e strain due to the shear displacement in the
uncoated GFRP rock bolt sensor fixed with cement grout is
compared with that in the uncoated GFRP rock bolt fixed
with soil in Figures 24 and 25. Figures 24 and 25 show the

(a) (b)

Figure 17: Installation of GFRP rock bolt sensor fixed with soil: (a) filling sand; (b) concrete block completely filled with sand.

(a) (b)

Figure 18: Shear test: (a) uniaxial compression tester; (b) double shear apparatus.

Figure 19: Shear planes of concrete block.
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variation in strain due to the shear displacement at head and
endpoints and midpoints, respectively. As shown in Fig-
ure 24, the strain at head and endpoints in the uncoated
GFRP rock bolt fixed with soil is about 6,000×10−6 at the
shear displacement of 4mm. On the other hand, the strain at
head and endpoints in the uncoated GFRP rock bolt sensor
fixed with cement grout is less than 2,000×10−6, i.e., dif-
ference of about 3 times. In other words, the strain is more
sensitive to shear displacement when the uncoated GFRP
rock bolt sensor is fixed with soil compared with that fixed
with grout.*is is because the friction between the grout and
the uncoated GFRP rock bolt sensor is greater compared
with the friction between the soil and the uncoated GFRP
rock bolt sensor. Furthermore, the bonding strength be-
tween the uncoated GFRP rock bolt sensor and grout may
adversely affect the variation in the strain. *e strain is
measured up to about 10mm displacement for the uncoated
GFRP rock bolt sensor fixed with soil, whereas the strain is
measured up to about 8mm displacement for the uncoated
rock bolt sensor fixed with grout. *is is because that strain
gauge wires are strongly bonded to the grout compared with
that of the soil.

As shown in Figure 25, the strain at midpoints in the
uncoated GFRP rock bolt sensor fixed with soil is about
2,000×10−6 at the displacement of 2mm.*is is about three
times larger than the strain of 650×10−6 at the displacement
of 2mm in the uncoated GFRP rock bolt sensor fixed with
grout.*e strain variation in the GFRP rock bolt sensor fixed
with soil is more sensitive compared with the GFRP rock
bolt sensor fixed with grout. *e strain measurement was
possible till shear displacement of 10mm for the uncoated
GFRP rock bolt sensor fixed with soil. However, when the
GFRP rock bolt sensor was fixed with the grout, the strain
measurement was possible until the shear displacement of
3.5mm. *is is because that strain gauge wires are strongly
bonded to the grout compared with that with the soil.

3.2.4. Coated GFRP Rock Bolt Sensor Fixed with Soil

(1) Overview. In Figure 22, it has been shown that a coated
GFRP rock bolt sensor fixed with grout is capable of
measuring strain up to a larger shear displacement com-
pared to the uncoated one. Also, as shown in Figures 24 and
25, the uncoated GFRP rock bolt sensor fixed with soil is
more sensitive to the variation in strain compared to that
fixed with grout. In this study, a GFRP rock bolt sensor,
therefore, was coated with a heat-shrink tube and fixed with
soil to protect the strain gauge and wires and to increase
sensing sensitivity. *e sensing performance of the coated
GFRP rock bolt sensor fixed with soil was compared with
that of the other three different types of GFRP rock bolt
sensors (uncoated GFRP rock bolt sensor fixed with grout,
coated GFRP rock bolt sensor fixed with grout, and uncoated
GFRP rock bolt sensor fixed soil).

(2) Strain-Shear Displacement. For the coated GFRP rock
bolt sensor fixed with soil, the variation in the strain due to
the shear displacement measured at the head and points and
midpoints is plotted in Figure 26. As shown, the strain due to
shear displacement at the head point is almost the same as
that at the endpoint. *e strains linearly increase up to
approximately 12mm and 13mm of displacement in the
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Figure 20: Strain vs. displacement for uncoated GFRP rock bolt sensor fixed with grout at (a) head and endpoints and (b) midpoints.
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Figure 21: Strain vs. displacement for coated GFRP rock bolt
sensor fixed with grout.
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head and endpoints of the coated GFRP rock bolt sensor
fixed with soil, respectively. Afterward, the strain gradually
decreases with increasing shear displacement. In the case of
the head point, the strain was not accurately measured after
about 14mm of shear displacement, and the wires were
broken at a displacement of about 16mm. Similarly, the
strain was able to be measured until 15mm in the endpoint,
and the wires were broken at a displacement of about 21mm.

For midpoints 1 and 2, the linear relationship between
the strain and shear displacement appears, as shown in
Figure 26. As shown, the strain due to shear displacement at
midpoint 1 is almost the same as that at midpoint 2. *e
strain at midpoint 1 increases linearly up to the shear dis-
placement of 11mm while the strain at midpoint 2 increases
linearly up to the shear displacement of 12mm. Afterwards,
strain gauge wires were broken completely. *e strains
measured at the head and endpoint are greater than those at
midpoints 1 and 2. *is is because the stresses in the rock
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Figure 22: Strain vs. displacement for coated and uncoated GFRP rock bolt sensors fixed with grout at (a) head and endpoints and (b)
midpoints.
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Figure 23: Strain vs. displacement for GFRP rock bolt sensor fixed
with soil.
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Figure 24: Strain vs. displacement at head and endpoints for
uncoated GFRP rock bolt sensors fixed with grout and soil and
coated GFRP rock bolt sensor fixed with grout.
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bolt embedded in the middle concrete are in compression,
while those in both side concrete blocks are in tension.

(3) Comparison of Strain-Shear Displacement Relationship
between Uncoated and Coated GFRP Rock Bolt Sensors Fixed
with Soil. As shown in Figure 27, the strain at the head and
endpoints of four different types of the GFRP rock bolt
sensors (coated and uncoated GFRP rock bolt sensors fixed
with soil and coated and uncoated GFRP rock bolt sensors
fixed with grout) is compared. It is observed that the strain
measured in the coated GFRP rock bolt sensor fixed with soil
is smaller compared with that in the uncoated GFPR rock
bolt sensor fixed with soil. At 8mm of shear displacement,
the strain measured in the coated GFRP rock bolt sensor
fixed with soil is about 8,000×10−6, which is about 1.6 times
smaller compared with the strain (13,000×10−6) measured
in the uncoated GFRP rock bolt sensor fixed with soil.*is is
due to the reduction of the friction between rock bolt and
soil owing to the heat-shrink tube. However, strain mea-
surement was possible up to the displacement of 13mm to
15mm for the coated GFRP rock bolt sensor fixed with soil.
*is is greater than the uncoated GFRP rock bolt sensor
fixed with soil, which was capable of measuring strain only
up to the shear displacement of 9mm. *is is because the
heat-shrink tube protects the strain gauge and wires. *e
coating effect is also observed in the coated GFRP rock bolt
sensor fixed with grout. In addition, even when the coated
GFRP rock bolt sensor is fixed with soil, the greater sensing
sensitivity can be seen compared with the coated and un-
coated GFRP rock bolt sensors fixed with grout.

Figure 28 shows the strain due to the shear displacement
in the midpoints of the four different types of GFRP rock
bolt sensors. Similar to the strain in head and endpoints, the
strain in midpoints of the coated GFRP rock bolt sensor
fixed with soil is observed to be smaller compared with that
of the uncoated GFRP rock bolt sensor fixed with soil. At
midpoints 1 and 2, the strains in the coated GFRP rock bolt
sensor fixed with soil are 4,200×10−6 and 4,800×10−6 at the
displacement of 5mm, respectively. However, strains at
midpoints 1 and 2 in the uncoated GFRP rock bolt sensor

fixed with soil are about 70% and 80% of the strains in the
coated GFRP rock bolt sensor fixed with soil, respectively.
*is is because that the heat-shrink tube reduces the friction
between the coated GFRP rock bolt sensor and soil.

4. Conclusions

Double shear tests were performed on coated and uncoated
GFRP rock bolt sensors fixed with cement grout and soil to
evaluate the performance of the GFRP rock bolt sensor. *e
conclusions of the study are as follows:

(1) *e measured strain due to shear displacement was
less sensitive in case of the GFRP rock bolt sensor
coated with heat-shrink tube fixed with cement grout
than that of uncoated one. However, in case of
grouted GFRP rock bolt sensor, the damage phe-
nomenon of the strain gauge gets reduced as the rock
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Figure 26: Strain vs. displacement for coated GFRP rock bolt
sensor fixed with soil.
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uncoated and coated GFRP rock bolt sensors.
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bolt sensor deforms, allowing strain gauge in mea-
suring greater shear displacement.

(2) In case of GFRP rock bolt sensor fixed with soil,
greater variation in strain was observed compared
with the one fixed with cement grout. In addition, it
was able to measure the strain due to greater shear
displacement compared with the GFRP rock bolt
sensor fixed with the cement grout. *is shows that
fixing the GFRP rock bolt sensor with soil resulted in
less damage to the strain gauge than fixing with
cement grout.

(3) *e coated GFRP rock bolt sensor fixed with soil was
less sensitive to shear displacement than the un-
coated GFRP rock bolt sensor. However, the strain
could be measured even at larger shear displace-
ments. *is shows that the heat-shrink tube is ef-
fective in protecting the GFRP rock bolt sensor.

(4) For the coated GFRP rock bolt sensor fixed into the
concrete block with soil, it is found that the variation
in strain shows good sensitivity to shear displace-
ment. In addition, the strain was measured even at
larger shear deformation. *is type of GFRP rock
bolt sensor could be considered as a more efficient
type compared with the other three types of GFRP
rock bolt sensor.
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