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In mining engineering, the in situ stress changes with the stress induced by the surrounding mining activities. It positively or
negatively a�ects the propagation of ultrasonic guided waves in rockbolts.  erefore, the e�ect of in situ stress in rockbolt support
was determined by applying con�ning pressure and pull-out load in a laboratory test and using ultrasonic guided waves to test the
rockbolt. Furthermore, the propagation law of ultrasonic guided waves and bond quality of the rockbolt under the interaction of
the pull-out load and con�ning pressure were studied. Numerical simulations were performed to deduce the guided wave
propagation process in grouted systems, and the in�uencing mechanism of the pull-out load and con�ning pressure on the guided
wave propagation was discussed.  e laboratory test and numerical simulation results show that the con�ning pressure weakens
the guided wave propagation without pull-out load. Under the same pull-out load, the guided wave propagation gradually
strengthens with increasing con�ning pressure. A larger con�ning pressure weakens the weakening e�ect of the pull-out load and
suppresses the discreteness of the guided wave propagation. Under the same con�ning pressure, the guided waves did not di�ract
well into the cement mortar and concrete with increasing pull-out load, the con�ning pressure restricted the radial vibration of the
guided waves, and the guided wave propagation law weakened.  us, the pull-out load plays a weakening role in the propagation
law of ultrasonic guided waves.

1. Introduction

In mining engineering, the magnitude and direction of in
situ stress are the key factors that a�ect the stability of the
surrounding rock in bolt-supported roadways. However,
during the actual construction of the rockbolt, construction
quality problems are unavoidably encountered, such as the
debonding between the rockbolt and grouted agent [1],
insu�cient length of the rockbolt [2], and corrosion [3–5].
Furthermore, the stability and safety of the rockbolt sup-
porting structure are always a�ected by natural joints [6–8].

In order to ensure the stability and safety of the sup-
porting structure, accidents of the supporting structure need
to be avoided, the service life of the supporting structure
needs to be prolonged, and the reliability of the supporting

structure needs to be improved. Scholars [9–14] used
nondestructive testing methods to test the bond quality of
rockbolts. Zou et al. [9] used ultrasonic guided waves to
study the bond quality of rockbolts in terms of their group
velocity and attenuation and considered the e�ect of mortar
strength and air content on the bond quality. Madenga et al.
[10] used ultrasonic guided waves to study the e�ect of
curing time, frequency, and bond length on the velocity of
ultrasonic guided waves in rockbolts. Additionally, Lee et al.
[11] used Fourier transform and wavelet analysis to analyze
the bond quality of rockbolts and compared the results with
the test results, showing that the bond quality of rockbolts
can be tested. Yu et al. [12] used the ultrasonic guided wave
re�ection method to evaluate the unanchored ratio of
rockbolts in three di�erent states, conducted wavelet
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transform on the test data, and stated that the length of the
unanchored section of a rockbolt could be detected using
ultrasonic guided waves. Beard and Lowe [13] used a nu-
merical simulation method to determine the a�ected range
of the rockbolt attenuation at low and high frequencies. ey
analyzed the e�ect of the rock elastic modulus, the bond
agent elastic modulus and thickness, and the interface
quality of the rockbolt/bond agent on wave attenuation. Cui
and Zou [14] studied the attenuation and group velocity of
ultrasonic guided waves in rockbolts and con�rmed the
e�ect of insu�cient rockbolts and lack of mortar on
rockbolts for bonding.

During the service period, rockbolts often experience
three-dimensional stress, and the bond quality of rockbolts
is always a�ected by the pull-out load and con�ning pressure
[15]. Rizzo [16] stated that the attenuation characteristics of
materials were constantly under stress, but the ultrasonic
velocity was variable. Chen and Wilcox [17] analyzed the
e�ect of load on the guided wave and determined that the
phase velocity of the guided wave increased with the in-
creasing load, but the group velocity decreased. Kwun et al.
[18] and Chen and Wissawapaisal [19, 20] studied the in-
�uence of tensile load on the propagation of axial modal
elastic waves in seven-strand steel cables and determined
that some of the frequency components of the stress waves
became highly attenuated. Liu et al. [21] analyzed the e�ect
of tensile stress on the propagation properties of ultrasonic
guided waves in steel cables based on fast Fourier transforms
and found that the energy transfer of ultrasonic guided
waves increased with the pull-out load.

In summary, although some scholars have studied the
properties of ultrasonic guided waves in steel cables under
di�erent stress levels, they have not considered whether the
rockbolt is debonded, the debonding length and the prop-
agation process of ultrasonic guided waves in grouted
rockbolt systems due to the propagation, re�ection, and
di�raction of waves. Furthermore, they have only considered
the action of pull-out loads but not the action of the con-
�ning pressure.  erefore, in view of the above issues, the
bond quality of rockbolts tested with ultrasonic guided
waves under di�erent triaxial loadings (con�ning pressure

and pull-out load) was analyzed to quantify the debonding
length of the rockbolts under pull-out load and determine
the bond quality of the rockbolts. Moreover, a numerical
simulation method was employed to deduce the ultrasonic
guided waves propagating process in grouted rockbolt
systems.

2. Test Design

2.1. Specimen Design. Ribbed rockbolts with a diameter of
25mm and a length of 2,500mm were used, and the rock
mass intended for reinforcement was simulated with a
hollow cylinder composed of concrete.  e diameter and
length of the hollow cylinder were 150 and 1500mm, re-
spectively.  e embedment length of the rockbolt was
1500mm. Figure 1 presents the details of the testing sample
preparation.

 e specimen was a hollow cylinder composed of C40
concrete, which comprised (1) ordinary Portland cement
with a standard 28-day compressive strength of 42.5MPa;
(2) tap water; (3) natural river sand (the main ingredient is
silica) �ne aggregates with diameters ranging from 0.3 to
1.18mm; and (4) cobblestone coarse aggregates with di-
ameters ranging from 5 to 20mm, and was mixed at a ratio
of 1 : 0.47 :1.3 : 3.02.

 e grout was a cement-based mixture comprising (1)
ordinary Portland cement with a standard 28-day com-
pressive strength of 42.5MPa; (2) tap water; and (3) natural
river sand (the main ingredient is silica) �ne aggregates with
diameters ranging from 0.3 to 0.6mm. Table 1 lists the
mixing proportions of the cement mortar and concrete [22].

2.2. Test Procedure.  e Pull-out Testing Machine (PTM)
was designed and manufactured to conduct the rockbolt
pull-out test with the monitoring of the stress wave prop-
agation in the rockbolt [22]. e pull-out load was applied to
the rockbolt using a hollow Jack with a 300 kN loading
capacity. Figure 1 displays the schematic of the grouted
rockbolt systems. Piezoelectric sensors (TH-GP) and ul-
trasonic emission sources (TH-F) were produced by
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Figure 1: Grouted rockbolt systems model.
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Xiangtan Tianhong Testing Technology Co., Ltd. (China).
)e emission voltages of the ultrasonic emission source were
100–1,000V. A piezoelectric sensor was employed as the
receiving or excitation sensor, which could excite 10-cycle
sine wave packets with a main frequency of 22 kHz. An
ultrasonic excitation sensor was placed in contact with the
loading end (A-end in Figure 1) of the rockbolt using a
coupling agent (such as Vaseline) to generate signals, which
were received at the free end (D-end in Figure 1) of the
rockbolt by the receiving sensor.

)e testing procedure was as follows: first, the grouted
rockbolt was maintained without the pull-out force and
confining pressure; the ultrasonic excitation sensor was used
to excite the ultrasonic guided wave at the A-end, and the
receiving sensor at the D-end received the wave. Next, 2MPa
confining pressure was applied, and the bolt was detected by
ultrasonic waves in the absence of pull-out load. )en, the
confining pressure was kept constant, the pull-out load was
increased to 80 kN, and the above steps were repeated. Fi-
nally, the rockbolt was pulled until it was completely
debonded from the concrete specimen, and the ultrasonic
guided wave was tested according to the above steps. Based
on the results of ultrasonic guided wave testing, the bond
quality of the rockbolt under the combined action of pull-
out load and confining pressure was analyzed.

3. Experimental Results and Discussion

3.1. Effect of Confining Pressure on GuidedWave Propagation
without Pull-Out Load. )e frequency information of an
ultrasonic guided wave signal is extremely important for its
propagation in a rockbolt. )erefore, the Fourier transform
was employed to analyze the frequency domain character-
istics of the received signals. Using Fourier transform, the
signals were decomposed into spectra with different fre-
quencies. )e Fourier transform is the integral of f(t) from
t � −∞ to +∞:

F(ω) � 
+∞

−∞
f(t)e

− iωtdt, (1)

where F(ω) is the Fourier transform of f(t), i is
���
−1

√
, and

the frequency variable ω is the angular frequency.
As shown in Figure 2, the guided wave is propagated at

confining pressures of 0 and 2MPa in the absence of pull-out
load. Figure 2 shows that regardless of whether the bond
system is subjected to the confining pressure, the echoes of
the A- and B-end of the bond system can be simultaneously
received at the D-end of the rockbolt. However, the guided
wave waveform under a confining pressure of 2MPa is
somewhat disordered compared to that under no confining
pressure. )e above phenomenon denotes that the velocity
of a guided wave does not change under the action of the

confining pressure. However, owing to the confining
pressure, the concrete becomes “harder,” the cement mortar
and rockbolt are closely bonded, the bond quality of the
rockbolt is strengthened and the natural frequency of the
lateral vibration of the rockbolt is increased [23]. )us, the
confining pressure restricts the vibration of guided waves in
the propagation process, weakens the propagation law, and
has a weakening effect. )e frequency domain of the guided
wave in Figure 3 shows that when the confining pressure is
increased to 2MPa from 0MPa, the ratioQ of the maximum
amplitude of the guided wave at low frequency to that at
high-frequency increases from 0.086 to 0.215. In other
words, the low-frequency increases and the guided wave
frequency shifts from high frequency to low frequency,
which weakens the guided wave propagation law.

3.2.9e Effect of Pull-Out Load on GuidedWave Propagation
under 2MPa Confining Pressure. Figure 4 displays the sig-
nals detected under different pull-out loads when the
confining pressure is 2MPa. )e echoes of the B- and A-end
of the grouted systems were received at the D-end of the
rockbolt when the pull-out load was 0 kN. Based on the
guided wave propagation velocity in the free rockbolt and
the echo time of the A-end received at the D-end, the guided
wave velocity in the rockbolt of the grouted section was
4,145m/s. However, after the rockbolt was completely
debonded, the propagation velocity in the rockbolt in the
grouted section was 4,854m/s according to the transiting
time. Based on the wave velocity of the guided wave in the
rockbolt, when the pull-out load was 0 kN and the rockbolt
was completely debonded, the length of the debonded bolt
under the action of a confining pressure of 2MPa and a pull-
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Figure 2: )e guided wave received at D-end under different
confining pressures in the absence of pull-out load.

Table 1: Mix proportions of concrete and cement mortar in the
test.

Ingredient Water Cement Sand Stone
Concrete 0.47 1 1.3 3.02
Cement mortar 1 1 3.2 0
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out load of 80 kN was 198mm, accounting for 13.2% of the
total bond length. Although the bond quality was relatively
reduced, the rockbolt did not yield or harden and still

a�orded the maximum bearing capacity. When the pull-out
load was 80 kN, the average wave velocity of the guided wave
in the rockbolt was 4,573m/s.

Figure 5 displays the guided wave frequency domain
under di�erent loads when the con�ning pressure is 2MPa.
When the pull-out load is increased from 0 to 80 kN and the
rockbolt is completely debonded, the main frequency of the
guided wave signal slightly decreases and shifts to 22.6, 21,
and 19.8 kHz, which was mainly caused by damage to the
grouted rockbolt systems [24].  is phenomenon is con-
sistent with the results obtained by [25].

4. Numerical Analysis of the Bond Quality of
Rockbolt under Pull-Out Load and
Confining Pressure

 e concrete damage plasticity model (CDPM) employed
herein to simulate the mechanical behavior of quasi-brittle
materials (concrete and cement mortar) was proposed for
introduction to Abaqus by Lee and Fenves [26]. CDPM
considers isotropic damaged elasticity in combination with
isotropic tensile and compressive plasticity to represent the
inelastic behavior of concrete [27].  e model has the ad-
vantage of simplicity and numerical stability [28, 29].

In the numerical model, grouted rockbolt systems are
simulated by four-node bilinear axisymmetric quadrilateral
elements with reduced integration (CAX4R). A two-di-
mensional axisymmetric model, whose e�ectiveness has
been veri�ed by Yu et al. [22], was used to simulate the
debonding process of the rockbolts.  e interface at the
loaded end of the concrete was �xed during the test for the
boundary condition in the rockbolt-grouted system. Based
on extensive trials, mesh sizes of 2mm for the rockbolt and
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Figure 4:  e guided wave received at D-end under di�erent pull-
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cement mortar and 5mm for the concrete are deemed
adequate to obtain su�ciently accurate results.  e sti�ness
matrix is singular when the damage value, scalar sti�ness
degradation, equals 1.  erefore, the maximum damage
value was limited to 0.9998 to prevent the occurrence of a
singular sti�ness matrix [30].  e material parameters of the
rockbolt, concrete, and cement mortar are presented in
Table 2.

 e stress of a rockbolt acting on a deep rock mass
changes to 10–15MPa during its lifetime [31, 32].  erefore,
in numerical simulations, the con�ning pressures of 0, 2, 5,
10, and 15MPa are considered, which are used to analyze the
in�uence of con�ning pressure on the ultrasonic guided
wave propagation law and determine the bond quality of
rockbolts under con�ning pressure. In Figure 6, the input
waveform of the ultrasonic guided wave is the sine wave with
10 cycles and 22 kHz frequency obtained by the Hanning
window [33].

4.1. E�ect of Con�ning Pressure on GuidedWave Propagation
without Pull-Out Load. Figure 7 displays the e�ect of
con�ning pressure on ultrasonic guided wave propagation
without pull-out load. As the con�ning pressure increases,
the transmitted signal of the guided wave gradually becomes
vibratory, which mainly occurs because the radial force on
the rockbolt under con�ning pressure increases, and the
guided wave propagation is restricted and becomes oscil-
latory. Under the con�ning pressures of 0, 2, and 5MPa, the

echoes of the B- and C-end received at the A-end are clearly
visible, the wave packet is complete, and the e�ect of
con�ning pressure is not obvious.  is phenomenon is
similar to the guided wave propagation law in rockbolts
under a con�ning pressure of 2MPa in the laboratory test.
However, when the con�ning pressure is increased to 10 and
15MPa, the propagation law weakens, the echo wave packet
clearly oscillates, and the con�ning pressure becomes in-
creasingly obvious. In the initial stage of applying the
con�ning pressure, the concrete and cement mortar are
subjected to the con�ning pressure, and the volume closure
of the con�ned microcracks and cracks increases with the
con�ning pressure. However, as the con�ning pressure
increases, the e�ect of con�ning pressure restricts the vol-
ume change of the microcracks and cracks in the concrete
and cement mortar, and the restricting e�ect increases with
the con�ning pressure. With increasing con�ning pressure,
the rockbolt and cement mortar are more closely bonded,
the bonding ductility is strengthened, the radial force of the
rockbolt is increased [31], and the bond quality of the
rockbolt is improved. During the propagation of ultrasonic
guided waves in the rockbolt, the radial vibration of the
ultrasonic guided wave is restricted by the con�ning pres-
sure, which causes the wave packet to oscillate but does not
reduce the propagation velocity of the guided wave, which is
consistent with the experimental phenomenon. Under dif-
ferent con�ning pressures, the guided waves simultaneously
reach the bottom of the bond systems. According to the

Table 2: Material properties of the rockbolt, concrete, and cement
mortar.

Ingredient Density
(kg/m3)

Elastic modulus
(GPa) Poisson’s ratio

Rockbolt 7850 210 0.3
Cement mortar 2035 15.3 0.16
Concrete 2300 33 0.23
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above results, under no pull-out load, the weakening e�ect of
the con�ning pressure on the guided wave propagation law
becomes more obvious with increasing con�ning pressure.

 e change of frequency in a guided wave under dif-
ferent con�ning pressures is shown in Figure 8.  e low-
frequency part of the guided wave gradually increases with
the con�ning pressure. e relation between theQ value and
con�ning pressure is shown in Figure 9, and the Q value
exponentially increased with the con�ning pressure. Under
low con�ning pressures, the Q value slowly increases. In
contrast, under high con�ning pressures, theQ value rapidly
increases, which further shows that the high-frequency part
of a guided wave shifts more to the low-frequency part under
high con�ning pressures, which weakens the propagation
law of the guided wave.

4.2. Bond Quality of Rockbolts under Di�erent Pull-Out Load
andCon�ningPressure. During the service period, rockbolts
are frequently subjected to the interaction of the axial and
radial loads.  erefore, the interaction of the pull-out load
and con�ning pressure is mainly considered, and the
propagation law of ultrasonic guided waves in grouted
rockbolt systems is studied to determine the bond quality of
rockbolts. Two working conditions are considered: the same
pull-out load but di�erent con�ning pressures and the same
con�ning pressure but di�erent pull-out loads.

4.2.1. Under the Same Pull-Out Load and Di�erent Con�ning
Pressures. Figure 10 shows the e�ect of con�ning pressure
on the ultrasonic guided wave propagation under the same
pull-out load. In Figure 10(a), under a pull-out load of 50 kN

and con�ning pressure of 0MPa, the propagation of the
ultrasonic guided wave is disturbed by the pull-out load,
resulting in no regularity of the guided wave propagation.
When the con�ning pressure is increased to 5MPa, the
propagation law of the guided wave strengthens; however,
the guided wave packet still oscillates, and the C-end echo
can be seen. As the con�ning pressure is further increased,
the propagation law of the ultrasonic guided wave gradually
strengthens, which signi�es that the existence of a large
con�ning pressure weakens the weakening e�ect of the pull-
out load and restrains the discreteness of guided wave
propagation. In Figure 10(b), when the pull-out load is
100 kN, the guided wave propagation is irregular under the
action of low con�ning pressure. When the con�ning
pressure is increased from 0 to 15MPa, the guided wave is
transmitted relatively better, but there is still no regularity.
Figure 10 shows that under the interaction of con�ning
pressure and pull-out load, compared with the weakening
e�ect of pull-out load on the propagation law of the guided
wave, the con�ning pressure strengthens the propagation
law of the guided wave. Moreover, the strengthening e�ect
becomes more signi�cant with increasing con�ning pres-
sure. However, under the action of a large pull-out load, the
strengthening e�ect of the con�ning pressure is weaker than
that of the pull-out load.

Figure 11 shows the change in frequency in the guided
wave with con�ning pressure under the action of the pull-
out load. When the pull-out load is 50 kN, as the con�ning
pressure increases, the low-frequency part in the guided
wave gradually decreases, the high-frequency part increases,
and the Q value exponentially decreases (as shown in Fig-
ure 12). In other words, as the con�ning pressure increases,
the frequency in the guided wave shifts from low to high
frequency. However, under a load of 100 kN, as the con-
�ning pressure increases, the high-frequency part obviously

0.0

0.0

0.0

0.8

1

0
0 20 40

Frequency (kHz)

A
m

pl
itu

de

60

0.0

0.5

0.5

0.5 0 MPa

2 MPa

5 MPa

10 MPa

15 MPa

Figure 8:  e change of frequency under di�erent con�ning
pressures.

Q

2.5

1.5

2.0

1.0

0.5

Confining pressure (MPa)

�e result of numerical simulation

�e fitted curve y = 0.0687e (0.286x-0.8) R2 = 0.997

0.0

0 5 10 15

Figure 9:  e relationship of Q and con�ning pressure without
pull-out load.

6 Shock and Vibration



did not increase, whereas the low-frequency part decreases.
Figure 12 shows that as the con�ning pressure increases, the
Q value exponentially decreases.  e frequency translation

in Figure 11 re�ects that the con�ning pressure strengthens
the propagation law of the guided wave under the action of
the pull-out load.
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4.2.2. Under the Same Con�ning Pressure and Di�erent Pull-
Out Loads. Figure 13 displays the e�ect of the pull-out load
on the propagation of the ultrasonic guided wave under the
same con�ning pressure. In Figure 13(a), under the same
con�ning pressure of 5MPa, when the pull-out load is in-
creased to 50 kN, the propagation of the ultrasonic guided
wave becomes slightly disordered, but the echo at the C-end
can still be seen. Additionally, the guided wave becomes
irregular under a load of 75 kN. In Figure 13(b), under a
con�ning pressure of 15MPa, when there is no pull-out load,

the propagation law of the guided wave is very poor and the
Q value is high, which is mainly due to the weakening e�ect
of the con�ning pressure without a pull-out load.  e
propagation law of the guided wave is improved when the
pull-out load increases to 25 kN, which is mainly due to the
strengthening e�ect of the con�ning pressure under the pull-
out load. When the pull-out load is increased to 75 kN, the
guided wave propagation becomes relatively regular, but
when it is increased to 100 kN, the guided wave propagation
becomes irregular. Figure 13 shows that, under the same

Q
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con�ning pressure, when the pull-out load is increased, the
propagation of the ultrasonic guided wave gradually be-
comes irregular, which signi�es that the propagation of the
ultrasonic guided wave is highly sensitive to the stress level.
At the same pull-out load of 50 kN, the propagation law of
the ultrasonic guided wave under a con�ning pressure of
15MPa is better than that under a con�ning pressure of
5MPa. Under the pull-out load of 75 kN, when the con�ning
pressure is 15MPa, the guided wave propagation has a
certain regularity, and the echo of the C-end is clearly visible;
however, when the con�ning pressure is 5MPa, the guided
wave propagation is irregular.  is denotes that the con-
�ning pressure strengthens the propagation law of the
guided wave. Under the same con�ning pressure, the guided
wave cannot well di�ract into the cement mortar and
concrete with increasing pull-out load. Simultaneously, the
existence of con�ning pressure restricts the radial vibration
of guided waves, which causes the weakening of the regu-
larity of guided wave propagation, and the pull-out load
weakens the propagation law of ultrasonic guided waves.

Figure 14 shows the variation of frequency in the guided
wave with varying pull-out load under the action of the
con�ning pressure. Under a con�ning pressure of 5MPa, the
high-frequency part of the guided wave decreases with in-
creasing pull-out load, whereas the low-frequency part in-
creases with the pull-out load. In other words, the Q value
increases in a quadratic polynomial function with increasing
pull-out load (Figure 15). When the con�ning pressure is
5MPa, the Q value slowly increases under a low pull-out
load but rapidly increases when the pull-out load is increased
from 50 to 75 kN. However, under the action of a con�ning

pressure of 15MPa, the con�ning pressure weakens the
propagation law of the guided wave under no pull-out load.
 us, the low-frequency part of the guided wave frequency is
very large, whereas the high-frequency part is very low,
which a�ords a large Q value. When the pull-out load is
increased, the Q value changes according to a quadratic
polynomial function; that is, it �rst decreases and then
increases.
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Figure 14:  e change of frequency with the load under con�ning pressure. (a) 5MPa and (b) 15MPa.
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Figure 15: e relationship ofQ and pull-out load under con�ning
pressure.
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When the con�ning pressure is 5MPa, the debonding
situation of the rockbolt under di�erent pull-out loads is
shown in Figure 16(a), which displays the three-quarter
model of the cylinder sample (the two-dimensional axi-
symmetric model was rotated around the symmetry axis to
obtain the three-dimensional model in Abaqus), thus fa-
cilitating the observation of the debonding situation inside
the bond system. As the load increases, the debonding length
of the rockbolt increases, the bonding strength between the
rockbolt and the cement mortar decreases at the front end of
the anchorage body, and a gap forms between the rockbolt
and the cement mortar, which causes the poor di�raction of
the ultrasonic guided wave into the cement mortar and
concrete at the front end of the anchorage system. However,
the radial vibration of the ultrasonic guided wave in the
anchor rod is limited due to the con�ning pressure, which
causes disordered guided wave propagation. When the
con�ning pressure is 15MPa, the debonding of the rockbolt
under di�erent pull-out loads is shown in Figure 16(b),
which also shows that the debonding length of the rockbolt
increases with the load; however, the speed of increase is
slower than that when the con�ning pressure is 5MPa. As
shown in Figure 17, with increasing pull-out load, the dif-
ference in the debonding length of the rockbolt increases.

Under a 25 kN pull-out load, the rockbolt basically does not
debond when the con�ning pressure is 15MPa, but the
rockbolt debonds for 71mm when the con�ning pressure is
5MPa.  is mainly occurs due to a large amount of
microcracks and crack closure in the concrete and cement
mortar under high con�ning pressures, which strengthens
the bonding strength between the rockbolt and cement
mortar; that is, the rockbolt and cement mortar are more
closely bonded. In Figure 16, under the same pull-out load,
the debonding length of the rockbolt decreases and the bond
quality of the rockbolt increases with increasing con�ning
pressure. Under the same con�ning pressure, the debonding
length of the rockbolt increases and the bond quality of the
rockbolt decreases with increasing pull-out load.

5. Conclusions

In this study, the propagation regularity of guided waves
under the combined action of con�ning pressure and pull-
out load was experimentally and numerically studied, and
the propagation regularity was then analyzed to determine
the bond quality of rockbolts.  e following conclusions
were obtained:

(1) When there is no pull-out load, as the con�ning
pressure increases, the closing volume of micro-
cracks and cracks in concrete and cement mortar
increases, the bonding between rockbolts and ce-
ment mortar increases, the Q value exponentially
increases, the bond quality of rockbolts improves,
and the propagation law of guided waves gradually
weakens. Moreover, the con�ning pressure restricts
the radial vibration of the guided wave and causes the
guided wave packet to oscillate.  us, the con�ning
pressure has a weakening e�ect on the propagation
law of the guided wave.

(2) Under the same pull-out load, as the con�ning
pressure increases, the Q value exponentially de-
creases; that is, the low-frequency part of the guided
wave frequency decreases and the high-frequency
part increases. Additionally, the strengthening e�ect
of the con�ning pressure on the propagation law of
the guided wave and the bond quality of the rockbolt
are enhanced.

(3) Under the same con�ning pressure, as the pull-out
load increases, the Q value changes in a quadratic
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Figure 16:  e rockbolt debonding status under di�erent pull-out loads. (a) 5MPa and (b) 15MPa.
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Figure 17:  e rockbolt debonding length under di�erent pull-out
loads.
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polynomial function. When the confining pressure
decreases, the Q value increases with the pull-out
load. When the confining pressure increases, the Q
value first decreases and then increases with in-
creasing pull-out loads, and the bond quality of the
rockbolt becomes poor.

)is study provides the basic understanding of quanti-
fying the bond quality based on the analysis of the guided
wave propagation in the rockbolt system under the action of
the confining pressure and pull-out load. Concerning the
mining engineering application, the proposed method can
be used to detect the bond quality of rockbolts, based on
which the necessary preventive measures can be taken to
ensure the stability of underground mining structures.
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