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Two experiments, with differing equipment setups, were used to test rock bolts, with differing structures and grouting qualities,
using low frequency (20–200 kHz) and high frequency (700 kHz-3MHz) guided waves to determine the effect of grouting quality
on the propagating velocity of the guided waves.+e results indicate that grouting quality has a significant effect on the velocity at
which waves of low frequencies propagate through embedded rock bolts. As guided wave frequency increases, the sensitivity of the
propagating velocity of guided waves to grouting quality decreases. Furthermore, the influence of grouting quality on propagating
velocity becomes negligible once the frequency of the guided wave is greater than or equal to 1.0MHz. An investigation was
conducted to ascertain the feasibility of utilizing high frequency guided waves to determine the grouting quality of embedded rock
bolts. Moreover, this study discusses a method of evaluating the grouting quality of embedded rock bolts using the peak ratios and
average amplitude ratios of the high frequency guided waves.+rough an analysis of the results of the abovementioned method, it
was discovered that the optimal guided wave frequency is 2.65MHz for the evaluation of 20mm fully-embedded rock bolts
because waves with this frequency have the largest average amplitude ratios.

1. Introduction

+e traditional and most ubiquitous means of providing
support in underground engineering is the utilization of
embedded rock bolts. +e embedded rock bolts are hidden
[1–3] from sight because they are always installed inside the
rock face; therefore, it is impossible to directly determine the
in-situ grouting quality of an embedded rock bolt. +e
inability to efficiently and accurately determine in-situ
grouting quality can limit the applicability of rock bolts.
Embedded rock bolts are widely used and often the con-
ditions are unfavorable for the maintenance of high grouting
quality. +e grouting quality is affected by environmental
factors such as groundwater with various chemical com-
positions and nearby mining activity; moreover, the
groundwater can rust and corrode the rock bolt and nearby
mining activity could easily destroy already corroded rock
bolts and even fracture noncorroded rock bolts. In addition,
some construction companies purposefully cut corners by
using rock bolts that cannot meet the required standards to

illegally obtain additional profit.+is can hasten the eventual
failure of the rock bolts due to the abovementioned weak-
ening phenomena and cause potential engineering hazards
and disasters. Changes in grouting quality and bolt integrity
due to the abovementioned phenomena are hard to detect
using conventional methods; therefore, there is a dire need
for a new practical and nondestructive test to be designed.

Currently, the commonly used nondestructive test for
rock bolts [4–6] involves sending guided waves into the free
end of the embedded rock bolt, the guided waves propagate
through the rock bolt, the guided waves are reflected off the
bolt end, and finally the “echoes” are received by a sensor at
the free end of the embedded rock bolt. +e propagation
velocity of the wave is used to calculate the length of the bolt
and the attenuation of the wave is used to determine the
grouting quality of the embedded rock bolt [7–9]. +is
approach can get the job done, but it is not perfect due to the
complexity of the wave’s propagation in the bolt [10]. +e
propagation of the wave in the embedded rock bolt is af-
fected by the properties of the bolt, anchoring medium, and
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surrounding rock. Guided waves with differing modes and
frequencies exhibit different propagation velocities and
degrees of attenuation [11–13]. +e echoes of waves which
are sensitive to the physical and mechanical properties at the
steel-grout interface cannot be received because most of the
energy dissipates in the anchoring medium and the sur-
rounding rock [14]. +erefore, conventional nondestructive
tests do not have a wide range of applicability and are not
widely adopted. +is paper discusses a novel method of
testing the grouting quality of an embedded rock bolt using
high frequency and low attenuation guided waves (1.5MHz
or higher) [15–17].

2. Methods

In this experiment, the guided wave frequency ranges from
20 kHz to 3MHz, and two experimental systems, one for low
frequencies (20 kHz–200 kHz) and one for high frequencies
(0.7MHz–3MHz) were used to complete the test. +e low
frequency experiment uses the equipment setup shown in
Figure 1. +e desired waveform generated from the arbitrary
waveform generator is input into the transmitter that is fixed
at the free end of the rock bolt, then the waveform travels
through the rock bolt and is received with a sensor that is fixed
at the other side of the rock bolt. +e sensors used for these
tests are acoustic emission sensors with high sensitivity. +e
characteristic of this system is that the frequency and
waveform of the input wave can be altered according to the
rock bolt structure, and the input and output do not affect
each other. +e drawback of this system is that the experi-
mental conditions deviate from the practical conditions or
field conditions in which the rock bolts are used; nevertheless,
it can still adequately study the propagation characteristics of
guided waves in a rock bolt. A computer program is used to
control the pulse transmitter receiver (ultrasonic card) and
record the waveform. +e wave emitted by an ultrasonic card
is a square wave, and the number of waves and frequencies of
the waves can be controlled by program [18]. +e system has
the advantages of being able to use high voltages (300V) to
send waves with a signal bandwidth of 0.7MHz–12MHz,
which is suitable for testing with a variety of frequency
sensors, and the single sensor system for the high frequency
experiment meets the basic requirements of field rock bolt
test.+e disadvantage of the system is that it can only produce
rectangular or square waves, and the output signal becomes
distorted when the number of periods is small. +e wave
frequency range generated by the sensor is broad, but the
width of the range makes signal recognition difficult. It can be
seen from the dispersion equation of the free [19] end of the
rock bolt that the propagation velocity and attenuation
characteristics of guided waves in a rock bolt are related to the
product of frequency of the guided wave and the diameter of
anchor rod [5] (the range of the rock bolt diameter used in the
field is 16–24mm). +erefore, the broad range of frequencies
enables the testing of rock bolts with a broad range of
diameters.

+e material used as the anchoring medium for this
experiment is cement. #425 cement and coarse sand were
chosen for the anchoring medium according to the strength

requirement for anchoring mediums. +e ratio of water to
cement to sand is 0.5:1:1.5. +e diameter of the PVC tube
used in the experiment is 20 cm; the diameter of rock bolts in
all specimens is 20mm. Specimen #1 is a free rock bolt with a
length of 68 cm. Specimen #2 is an embedded rock bolt with
a length of 1m with a 30 cm sand layer in the middle.
Specimen #3 is an embedded rock bolt with a length of
70 cm. Specimen #4 is an embedded rock bolt with a length
of 1m. Specimen #5 is a semiembedded rock bolt with a
length of 1.5m, the length of the embedded section is 70 cm,
and the length of free section is 80 cm. All specimens are
shown in Figure 2.

3. Results and Discussion

3.1. Relationship between the GuidedWave Frequency and the
GuidedWaveVelocity. Using the equipment setup, the fully-
embedded rock bolt (specimen #4) and the free rock bolt
(specimen #1) were scanned at low frequency
(20∼ 200 kHz), and the results of the experiment were
plotted in Figure 3.

+e difference in propagation velocity between the fully-
embedded rock bolt and the free rock bolt is quite large, and
the basic trend, in Figure 3, is that the velocity difference
decreases as the frequency increases. +us, it can be inferred
that the propagation velocity of low frequency guided waves
is sensitive to the grouting quality, and the influence of the
grouting quality on the propagation velocity of guided waves
decreases as the frequency increases. +erefore, the grouting
quality can be measured using low frequency guided waves
by calculating the difference between the two velocities.

Using the experiment setup, the fully-embedded rock
bolt (specimen #4) and the free rock bolt (specimen #1) were
scanned at high frequency (0.7∼ 3MHz), and the results of
the experiment are plotted in Figure 4. Furthermore, scans
using frequencies in the range of 200–700 kHz were not
performed due to equipment limitations.

+e difference between the guided wave velocity in the
free rock bolt and the guided wave velocity in the embedded
rock bolt decreases further as the guided wave frequency
increases. +e two velocities begin to quickly converge in the
frequency range of 1–3MHz, and the two velocities converge
at frequencies that are slightly higher than 1MHz. +is
shows that the propagation velocity of guided waves is not
significantly affected by the characteristics of the anchoring
medium in the frequency range of 1∼ 3MHz. +e attenu-
ation of low frequency guided waves in the experiment
specimens is large and echoes are hard to detect because the
specimens are too long and allow the waves to disperse
before detection, therefore guided waves with frequencies in
the range of 1–3MHz are most suitable for determining the
integrity of rock bolts. +is paper mainly focuses on dis-
cussing why the high frequency guided wave is used to detect
the anchoring quality of anchor rod.

3.2. Velocity Analysis of Ultrasonic Guided Waves with Dif-
ferent Anchorage Quality. +e results in Figure 4 show that
the wave velocities in free rock bolts and embedded rock bolts
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are the same, however one must further analyze this phe-
nomena to determine its legitimacy. In order to further study
the effect of the progressive change of the grouting quality on
the propagation velocity of high frequency guided waves,
specimen #4 was progressively tested, at different times in the
curing process [20], using high frequency waves after the
anchoring medium was poured. During the 28-day curing

period, tests were conducted every six hours throughout the
first seven days, and tests were conducted every 12 hours
throughout the subsequent three days, thereafter tests were
conducted every 24 hours. To determine the frequencies of the
echoes, FFT transforms were conducted on different wave
packets. +e results are shown in Figure 5.
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Figure 2: Diagram of specimens 1–5.
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Figure 3: Low frequency guided wave propagation velocity in free
and embedded rock bolt.
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Figure 4: High frequency guided wave propagation velocity in free
and embedded rock bolt.
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+e results of the FFT transforms indicate that, for wave
packets with the same frequencies, there is no significant
wavelet packet velocity change as the curing progresses.
Furthermore, the results indicate that high frequency guided
waves have greater propagation velocities than low fre-
quency guided waves. A guided wave with a frequency of
3.372MHz yielded the maximum propagation velocity of
5830m/s, and a guided wave with a frequency of 1.734MHz
yielded the minimum propagation velocity of 5433m/s. +e
experimental results for specimen #5 corroborate the results
from specimens #1 and #4. +erefore, this reiterates the fact
that the utilization of velocity difference of high frequency
guided waves is not a feasible method of determining
grouting quality. +e changes in grouting quality are re-
flected in the changes in the tightness between the anchoring
medium, surrounding rock, and anchor rod. +erefore,
more energy is transferred from the rock bolt to the an-
chorage medium and surrounding rock if the grouting
quality is high. Moreover, it is possible to use the attenuation
of guided waves to determine the grouting quality of rock
bolts.

3.3. Ultrasonic Guided Wave Attenuation Analysis Method.
Two methods are used to measure the attenuation of a rock
bolt. One is the peak ratio method, which is the ratio of the
second reflected wave packet peak to the first reflected wave
packet peak [21]. +e other is the average amplitude ratio
method, which is the ratio of the average amplitude of the
second reflected wave packet to the average amplitude of the
first reflected wave packet.

3.3.1. Peak Ratio Method. +e peak values of the first and
second reflected wave packets are shown in Figure 6. If the
peak value of the first reflected wave packet is A1 and the
second reflected wave packet’s peak value is A2, then the
peak ratio is

R �
A2

A1
. (1)

Waveforms that utilize varying gains were recorded in
the experiment. When the recorded waveform has two re-
flected wave packets that utilize the same gain, the peak value
of the second reflected wave packet is directly divided by the
peak value of the first reflected wave packet to determine the
peak ratio. On the other hand, the peak ratio cannot be
directly calculated if the first wave packet and the second
wave packet utilize two different gains.+e true voltage value
can be obtained by dividing the amplified peak value of the
second reflected wave packet by the magnification factor;
furthermore, the peak ratio can be determined by dividing
the true value of the second reflected wave packet by the true
value of the second reflected wave packet. +e peak values
and peak ratios of specimens 1#–5# are tabulated in Table 1
and the peak ratios are plotted in Figure 7.

It can be seen from Figure 7 that the peak ratio is different
due to the difference in the grouting quality of the specimen,
and the peak ratio does not change as gain increases.+e peak

ratio of specimen #1 is 0.16–0.18, which is the largest peak
ratio value among the five specimens. Specimen #1 is a free
rock bolt, which is not affected by the surrounding cement
mortar anchoring medium. Its grouting quality can be
regarded as the worst among the five specimens. Specimens
#2 and #4 can be compared because the rods are of the same
length. Specimen #2 contains a sand layer, which causes the
grouting quality to be significantly lower than the fully
grouted specimen #4, therefore specimen #2’s peak ratio is
greater than that of specimen #4. Specimens #1 and #3 are
representatives of specimens with the worst grouting quality
and the best grouting quality, respectively. It can be seen
inferred from the analyses of specimens #1, #2, and #4 that the
peak ratio decreases as the grouting quality increases. +e
peak ratio of the #5 test piece is the smallest, which is caused
by the combination of its length and being semigrouted.
Specimens #3 and #4 are both fully grouted and specimen #3‘s
peak ratio is greater than that of specimen #4 because the rock
bolt lengths are different.

3.3.2. Average Amplitude Ratio Method. In this paper, the
concept of mean amplitude is used to represent the energy of
the reflected wave packet, and the average amplitude ratio
method is used to measure the attenuation of guided waves
in the free rock bolt and embedded rock bolt. +e formula
for calculating the average amplitude is as follows:
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Figure 5: Guided wave speed of #4 specimen with different fre-
quency guided waves at different times in the curing process.
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where Δti � ti2 − ti1 is the selected time interval; vi(t) is the
record signal strength (v); i� 1 represents the first reflected
wave packet; i� 2 represents the second reflected wave
packet; and K is the constant.

+e average amplitude ratio of the first and second
reflected wave packets is

Rm �
A2

A1
, (3)

where A1 is the average amplitude of the first reflected wave
packet, and A2 is the average amplitude of the second re-
flected wave packet.

Figure 8 is a waveform diagram with two reflections in
the test waveform. Figure 9 is the magnified waveform of the
first reflected wavelet packet; moreover, many wavelet
packets can be seen in the graph. Before calculating the
average amplitude ratio, FFT transforms were performed on
the wavelet packets of both first and second magnified re-
flected waveforms to determine which wavelet packets have
similar frequencies in both reflected waveforms. △t1, △t2
are the time intervals or periods of wavelet packets with
similar frequencies in the first reflected wave and the second
reflected wave, respectively. In the calculation process, the
smaller period of Δt1 and Δt2 is taken as the calculation time
for the average amplitude ratio of the two reflected wave
packets. +en, the average amplitude of the first reflected
wave packet and the second reflected wave packet can be

Table 1: 1#–5# peak ratio data.

Specimen Gain (dB) Peak value of the first wave packet Peak value of the second wave packet Peak ratio

1#

20 0.651 0.109 0.167
22 0.839 0.141 0.168
25 1.171 0.200 0.171
30 2.083 0.354 0.170
35 3.704 0.639 0.173

2#

20 0.640 0.037 0.059
25 1.139 0.073 0.064
30 2.025 0.135 0.067
35 3.601 0.247 0.069
40 6.404 0.4441 0.069
45 11.388 0.784 0.069

3#

5 0.634 0.049 0.078
8 0.890 0.072 0.081
10 1.123 0.093 0.083
15 1.998 0.170 0.085
20 3.552 0.237 0.067
25 6.317 0.427 0.068
30 11.233 0.754 0.067

4#

20 0.453 0.020 0.044
25 0.804 0.040 0.050
30 1.431 0.075 0.053
35 2.545 0.138 0.054
40 4.525 0.248 0.055
45 8.047 0.440 0.055
50 14.310 0.766 0.054

5#

35 0.558 0.013 0.024
40 0.979 0.028 0.029
45 1.752 0.053 0.030
50 3.116 0.096 0.031
55 5.541 0.179 0.032
60 9.853 0.313 0.032
65 17.521 0.476 0.027
70 31.158 0.747 0.024
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Figure 7: Peak ratios of specimens 1–5#.
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Figure 9: Amplified waveform of the first wave packet from Figure 8.

Table 2: 1#–5# average amplitude ratio data.

1#

Frequency/MHz Gain/dB 20 22 25 30 35
2.436

Average amplitude ratio

0.349 0.352 0.361 0.335 0.373
2.118 0.170 0.171 0.173 0.162 0.177
1.889 0.177 0.179 0.1819 0.171 0.185
1.66 0.196 0.198 0.200 0.188 0.205
1.47 0.212 0.214 0.217 0.206 0.222

2#

Frequency/MHz Gain/dB 20 25 30 35 40 45
2.688

Average amplitude ratio

0.128 0.132 0.136 0.140 0.142 0.142
2.532 0.086 0.090 0.093 0.096 0.097 0.097
2.273 0.082 0.087 0.090 0.090 0.092 0.092
2.161 0.070 0.075 0.077 0.079 0.079 0.079
1.938 0.056 0.060 0.063 0.065 0.066 0.066
1.819 0.060 0.065 0.068 0.071 0.072 0.072

3#

Frequency/MHz Gain/dB 5 8 10 15 20 25 30
2.594

Average amplitude ratio

0.372 0.379 0.378 0.386 0.326 0.331 0.330
2.438 0.147 0.151 0.151 0.153 0.126 0.127 0.127
2.302 0.0901 0.093 0.093 0.095 0.076 0.077 0.077
2.135 0.070 0.073 0.073 0.075 0.059 0.060 0.060
1.884 0.043 0.045 0.045 0.048 0.037 0.038 0.039
1.651 0.051 0.052 0.052 0.055 0.043 0.045 0.046

4#

Frequency/MHz Gain/dB 20 25 30 35 40 45 50
2.623

Average amplitude ratio

0.111 0.107 0.110 0.112 0.112 0.112 0.110
2.425 0.073 0.075 0.076 0.078 0.078 0.077 0.076
2.278 0.060 0.062 0.065 0.065 0.065 0.065 0.064
2.149 0.050 0.053 0.055 0.056 0.056 0.056 0.055
1.98 0.050 0.053 0.056 0.057 0.058 0.058 0.057
1.774 0.041 0.040 0.042 0.044 0.046 0.046 0.045
1.62 0.056 0.048 0.048 0.050 0.051 0.052 0.052

5#

Frequency/MHz Gain/dB 40 45 50 55 60 65 70
2.745

Average amplitude ratio

0.042 0.035 0.032 0.036 0.041 0.039 0.040
2.494 0.049 0.048 0.048 0.050 0.052 0.046 0.043
2.367 0.038 0.038 0.038 0.039 0.040 0.034 0.032
2.245 0.040 0.039 0.039 0.041 0.040 0.034 0.031
2.149 0.034 0.034 0.034 0.035 0.035 0.030 0.027
2.004 0.033 0.034 0.034 0.035 0.035 0.030 0.027
1.874 0.028 0.029 0.029 0.030 0.030 0.026 0.024
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Figure 8: Two reflection waveforms.
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calculated, and finally the average amplitude ratio can be
calculated. +e average amplitude ratios at different gains
and different frequencies were recorded for each of the
specimens and were tabulated into Table 2. Figure 10 shows
the plot of gain vs average amplitude ratio at different
frequencies for specimen #4 using the data tabulated in
Table 2.

By comparing the average amplitude ratio and peak ratio
of a wave with the optimal frequency, 2.623MHz, in
specimen #4, the former is approximately two times greater
than the latter. +erefore, a transmitter that can create a
wave with a singular optimal frequency would be able to
evaluate a rock bolt with a much longer length.

4. Conclusions

To design a new nondestructive method of evaluating the in-
situ grouting quality of embedded rock bolts, two experi-
ments with different equipment setups were used to test
embedded rock bolts with differing grouting qualities and
structures using low frequency and high frequency guided
waves. +e main conclusions were drawn as follows:

(1) At low frequencies (20 kHz–1MHz), the sensitivity
of the propagating velocity of guided waves to
grouting quality is high and the sensitivity decreases
as frequency increases. Once the frequency reaches
1MHz or higher, the influence of grouting quality on
the propagating velocity of guided waves is negli-
gible. +erefore, it is impossible to determine
grouting quality using the changes in the propa-
gating velocity of high frequency guided waves.

(2) As the grouting quality increases, regardless of fre-
quency of the guided waves, the peak ratio and
average amplitude ratios decrease. +ese two ratios
can be used to evaluate the grouting quality of
embedded rock bolts.

(3) For rock bolts with a diameter of 20mm, a guided
wave with a frequency of 2.65MHz has the least
attenuation. +is frequency allows the guided wave
to travel the furthest (i.e., it is able to test the longest
rod); therefore, this frequency is the most optimal
frequency that can be utilized to test 20mm

embedded rock bolts. Furthermore, the distance and
length of the high-frequency guided wave test will
increase when the wave with the singular optimal
frequency is used in the test.
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