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Abstract. The application of rock bolting in the reinforcement of underground engineering and
tunnel engineering is becoming more extensive, and the stress distribution pattern of rock bolt
is a necessary means for quality monitoring. To investigate the stress characteristics of the rock
bolt during usage, this paper tests the stress and strain changes of the full-length anchoring
rock bolt and the end anchoring rock bolt under the action of pulling force based on the
wireless sensor network (WSN) technology, it analyzes the strain characteristics of the exterior
of the rock bolt. The research shows that the axial force of the full-length anchoring rock bolt
increased with the increase of the load, when the load reached 28MPa, the bolt at the end of
rock bolt rod slid; the longitudinal strain of the base of the end anchoring rock bolt was only
affected by the top pressure, the shear stress of the middle hollow anchoring section was 0, and
the axial strain was the largest; for the full-length anchoring rock bolt, the shear stress was
distributed along the whole length of the rod body, and the strain value at the front end was the
largest; for the two anchoring methods, both the wavelength drift of the fiber Bragg grating
(FBG) measuring points on the rod body of rock bolt and the strain of the base increased with
the increase of the load. This study lays a theoretical foundation for long-term quality
monitoring and evaluation of rock bolting based on WSN.

1. Introduction

With the rapid development of scientific technology and industrial techniques, the yield of coal
resources is also increasing year by year, and along with the development of the coal industry, there
appear more issues concerning miners and property safety in the coal mining process. The
investigation found that one of the causes of coal mine accidents was that the roadway support did not
meet the requirements or the support was insufficient [1-3]. The rock bolting technique has the
advantages of high efficiency, low cost and safety, and it has been applied more and more in the
engineering field [4,5]. Most coal mines use rock bolting technique for geotechnical engineering
reinforcement [6,7]. Rock bolting is a concealed project. In the process of engineering reinforcement,
the quality of the rock bolt needs to be monitored. The stress state of the rock bolt is quite complicated,
using effective monitoring method to investigate the internal force distribution of the rock bolt [8-10].
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Wireless grating sensors are a new type of WSN technology that has been applied to underground
and tunnel engineering in recent years. FBG sensor is one of the most commonly used sensing
technologies, it has the multiplexing capability of sensing and data transmission [11,12]. As a sensitive
component, it can directly sense and measure the strain and temperature, as well as other relevant
physical and chemical quantities [13,14]. Applying WSN technology to measure the stress distribution
pattern of rock bolting in coal mines and other underground engineering projects is of important
theoretical significance and social value.

Based on current rock bolting reinforcement technology and wireless sensing technology, through
the axial pull-out test of rock bolt, this paper uses wireless sensors to monitor the stress status of the
rock bolt, analyzes the strain characteristics of the outer part of the base and the stress distribution
pattern of the rock bolt rod body, so as to monitor the quality of the rock bolt under different
anchoring status.

2. Rock bolt pull-out test

2.1Test piece fabrication

In this paper, two model test pieces were fabricated, one of which was used for the full-length
anchoring rock bolt pull-out test, and the other was used for the end anchoring rock bolt pull-out test.
The test piece is consisted of two parts: the base and the rod. The size of the base model was 300mm
in diameter and 1100mm in height. The materials were 32.5R common Portland cement, standard sand,
with water as the mixture. The ratio of sand, cement and water was 1:1:0.5, three cubic test pieces
were fabricated for mechanical property test, the data obtained from compression test are shown in
Table 1. In the test, the compressive strength of the test block was 31.5 MPa, and the corresponding
compressive strength of the simulated sandstone was 44.3 MPa, therefore, sandstone was used to
simulate the actual rock mass in the coal mine. After the casting of the base model was completed,
after 28 days of curing, the rock bolts were installed in the reserved holes to complete the fabrication
of the test pieces. The process for installing rock bolt with full-length anchoring was: filling resin
cartridge into the preserved hole — installing rock bolt — sealing the hole; the process for installing
rock bolt with end anchoring was: installing the expansion shell — applying prestress.

Table 1. Data of compressive test pieces

Serial Compressive Modulus of Poisson
number strength/MPa elasticity/MPa ratio
1 33.1 0.81x105 0.23
2 29.3 0.77%105 0.19
3 322 0.92x105 0.22
average 31.5 0.85x105 0.21

2.2Rock bolt monitoring

See Figure 1 for the arrangement of BFG on the rock bolt, the three gratings of the full-length
anchoring were evenly distributed on the rod body with a spacing of 300 mm and were strung together,
the center wavelength was 1532 nm, 1527 nm, and 1525 nm, respectively; the spacing of FBG of end
anchoring was 300mm, it’s a separate fiber, and the center wavelength was 1554nm, 1562nm, and
1561nm, respectively. The spacing between each set of strain gauge (including the lateral direction
and the longitudinal direction) was 150 mm, and the position of the strain gauges was 120 mm, 270
mm, 420 mm, 570 mm, and 720 mm from the top, respectively.
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(a) FBG arrangement on full-length anchoring rock bolt
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(b) FBG arrangement on end anchoring rock bolt
Figure 1. FBG arrangement of the rod body

3. Stress distribution pattern of rock bolt and quality inspection
By linear fitting, the relationship between the wavelength shift amount A of the sensor in the grating
rock bolt and the load F was obtained, as shown in Equation 1.

F =84.87xAL+4.45 (1)

Where: AL is the wavelength shift (nm) of the FBG sensor; F is the external load (kN) during the
loading process of rock bolt.

3.1Full-length anchoring

In the loading process of FBG rock bolt, the stress of the rod and the load at the bolt head of the rock
bolt were calculated by Equation 1, as shown in Table 2. It can be seen that when the stress of the rock
bolt reached 28 MPa, the load at the bolt head of the rock bolt reached a maximum value of 79.98 kN,
after the loading was continued, the stress of the rock bolt was disabled, when the loading was applied
for the 15th time, the load at the bolt head of the rock bolt was reduced to 70.12kN. According to
Equation 2, we can calculate to get the initial wavelength dAB of FBG1, FBG2 and FBG3, and thereby
calculating to get the corresponding strain sensitivity coefficient Ke as 1.1974, 1.1935 and 1.1896,
respectively, and finally obtain the strain value of the three sensors’ corresponding positions (110mm,
410mm and 710mm in turn), the variation of the strain value of the rod under different loads is shown
in Figure 2. It can be seen from Figure 2 that the strain at three positions of the full-length anchoring
rock bolt gradually increased with the increase of the load. The strain value at FBG1 was the largest
and the increasing trend was the most obvious, indicating that the strain value at the front end of the
full-length anchoring rock bolt was relatively large.

dA,=K.e. K, ,=(1-P))4, (2)
Table 2. Load measured by bolt dynamometer under different loads
Loading Load Wavelength Load of Loading Load Wavelength Load of
times /MPa shift/pm anchor times /MPa shift/pm anchor
head /kN head /kN
0 0 0 0 6 14 479 45.12
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Figure 2. Strain of rock bolt under different loads
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According to the rock bolt strain data measured by FBG, the axial force of the rock bolt was
obtained, and the axial force distribution pattern of the rock bolt under different loads was obtained, as
shown in Figure 3. It can be seen that the axial force of the rod increased continuously with the
increase of the load. When loading was applied for the 13th time, the axial stress reached 28MPa, the
bolt at the end of the rock bolt slid, the FBG1 exceeded the measuring range, and the full-length

anchoring rock bolt failed.
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Figure 3. Strain of rock bolt under different loads

3.2 End anchoring

In the loading process of end anchoring rock bolt, the stress of the rod and the load at the bolt head of
the rock bolt are shown in Table 3. It can be seen that when the loading was applied for the 8th time,
namely the stress of the rock bolt reached 18 MPa, the load at the bolt head of the rock bolt reached a
maximum value of 60.8 kN. According to Equation 2, the initial wavelengths dlz of FBG1, FBG2 and
FBG3 of the end anchoring rock bolt were calculated, and the corresponding strain sensitivity
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coefficient K, was calculated to be 1.2130, 1.2192 and 1.2185 respectively, finally, the distance of the
three fiber grating sensors of FBG1, FBG2 and FBG3 was obtained to be 200mm, 500mcm and
800mm from the top of the rock bolt, respectively.

Table 3.Load on FBG anchor dynamometer under different loads

Loading  Load/  Wavelength Anchor head
times MPa drift/MPa load/kN

0 0 0 0

1 2.5 75.7 10.9

2 5 281.3 283

3 7.5 332.9 32.6

4 10 412.8 39.5

5 14 534.7 49.9

6 18 662.9 60.8

According to the different positions of measuring points and the change of the load, the FBG strain
change pattern of each measuring points under different loads can be obtained. As shown in Figure 4,
as the load increased, the strains of all three measuring points gradually increased, and the amount of
change was approximately the same. All three measuring points of FBG1, FBG2 and FBG3 were
located in the hollow anchoring section of the end anchoring, so the strain generated during the
stressing process of the rock bolt changed uniformly
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Figure 4.Strain variation of FBG measuring points under different loads

4. Conclusion
Based on the existing rock bolting reinforcement technology and wireless sensor network, this paper
designed an axial pull-out test for the rock bolt, and used the wireless sensor network to monitor the
stress of the rock bolt, it analyzed the strain characteristics of the outer part of the base of the rock bolt
under the pulling force. The main conclusions are as follows:

(1) For the two anchoring methods, both the wavelength drift of the measuring points on the rock
bolt rod body and the strain change of the base gradually increased with the increase of the load.

(2)For the full-length anchoring rock bolt, when the load was applied for the 13" time, and end of
the rod slid, that is, when the stress reached 28 MPa, the rock bolt was disabled; the axial force of the
rock bolt increased with the increase of external load, when the load was applied, the shear stress was
distributed along the full-length of the rock bolt, and the maximum strain of the rod appeared at the
front end.

(3) For the end anchoring rock bolt, the axial strain of the outer part of the base increased with the
increase of the load, and the strain distribution of the anchoring section was not uniform; the stress
distribution of the middle hollow anchoring section of the end anchoring rock bolt was uniform, and
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there was no shear stress, the maximum strain of the rock bolt rod body appeared in the middle of the
rod body.
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