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Based on guided wave theory and considering the grouted rock bolt as waveguide medium, we have constructed a three-
dimensional model of grouted rock bolt with the dynamics of finite difference numerical simulation software FLAC 4.0, and
simulated the propagation behavior of the guided wave in the full grouted rock bolt. The simulated waveform and wave veloc-
ity matched well with the experimental results. We have made a more in-depth and comprehensive study of the wave velocity,
wave component and attenuation characteristics of the guided wave propagating in rock bolt, and found some new characteris-
tics and phenomena. In addition, some phenomena that haven’t been explained in the previous researches have also been dis-
cussed in this paper. The result showed that when guided wave propagates in grouted rock bolt, after the body wave decays,
there is still the interface wave-Stoneley wave that does not decay in the axial direction of the bolt. The findings can provide

some reference for rock bolt testing and the selection of the optimal excitation wave of testing.
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1 Introduction

Rock bolts have been widely used in mining, slope, under-
ground, tunnel engineering for its significant technical and
economic advantages and ease of construction. Rock bolt is
usually installed in the rock mass grouting with cement or
resin, and its stability must be evaluated in order to ensure
the safety of various types of engineering. In practical en-
gineering, pull-out test and the stress wave reflection meth-
ods[1] are mainly used in inspecting the quality. In recent
years, Beard and SLowe [2, 3] have applied guided wave as
a new type of non-destructive detection technique to the
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detection of rock bolts.

The stress wave does not propagate in rock bolt in a sim-
ple form of longitudinal wave, but in the form of guided
wave [4]. Sound waves are reflected repeatedly back and
forth between the discontinuous interface (anchor interface)
in the medium, and further produce a complex interference
and the geometric dispersion, then comes into being the
guided wave, whose propagation characteristics are directly
related to the bolt border. One of the most important fea-
tures of guided wave is dispersion, which means that its
velocity and attenuation depend on the wave frequency. The
domestic and foreign experts [5—11] have conducted some
researches on evaluating the stability of grouted rock bolts
with finite element numerically and experimentally based
on guided wave theory. However, previous numerical sim-
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ulations were based on finite element analysis software.
There exist two flaws: First, the artificial boundary condi-
tions in finite element dynamic analysis may cause the re-
flection of outward propagating waves back into the model
[6, 8, 11, 12], and thus bring a great impact on the simula-
tion results; but the viscous boundary conditions of FLAC??
software can be very good in absorbing the energy which
should have been transmitted out of boundary without
causing the reflection of waves. Second, for the grouted
rock bolt, which is such a kind of model requiring very fine
meshing (for the excitation wave length is very small, typi-
cally millimeters), the implicit algorithm commonly used in
finite element software (Ansys) will cause the computation
time so long that people find it difficult to accept; whereas
the display algorithm used in finite difference will greatly
reduce computation time. For this reason, we have estab-
lished a three-dimensional structure model of rock bolt with
finite difference numerical simulation software FLAC?"4.0
to simulate the propagation characteristics of guided waves
in the full grouted rock bolt, and meanwhile testify the ac-
curacy of the numerical simulation with model experiment.
By drawing lessons from previous studies, we have made a
more in-depth and comprehensive study of the wave veloc-
ity, wave component and attenuation characteristic of the
guided wave propagating in the grouted rock bolt, and
found some new characteristics and phenomena. In addition,
some phenomena that haven’t been explained in the previ-
ous researches have also been discussed. The result showed
that when the guided wave propagates in the grouted rock
bolt, after the body wave decays, there is still the interface
wave-Stonely wave that does not decay in the axial direc-
tion of the bolt. The findings can provide some references
for rock bolt testing and the selection of the optimal excita-
tion wave of testing.

2 Model and parameter selection

2.1 The basic principles of FLAC>” dynamic analysis

FLAC?P4.0 follows fully nonlinear analysis method, and its
basic principle is the Lagrangian differential display method.
The studied region is divided into a space grid whose mass
is concentrated on grid nodes, and then all equations of mo-
tion should be solved. When the dynamic load is exerted,
the equation of motion of the element node can be ex-
pressed as

dv.
o, +pb, :pd—t’, (1)

where p is the medium density, b, is physical power, V,is

dv. . .
node speed, and d—’ is node acceleration.
t

The constitutive equation is
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where oy indicates the stress tensor, [o-.] rate of stress

tensor, H given function expression, k the parameter taking

. . . (vij + vji) .
the loading history into account, and ¢ = s is
strain rate tensor.

Through abovementioned simultaneous equations the
stress rate tensor, strain rate tensor and velocity vector can
be obtained. In solving these equations FLAC® uses the
following three methods. (O discrete model approach: con-
tinuum is discretized into a number of interconnected hexa-
hedral elements, and forces are concentrated on the nodes;
@ finite difference method: the first derivative of variables
on the space and time use finite difference to approximate,
and the equations of motion and dynamic equations are
solved by using explicit methods; (3 dynamic relaxation
method: particle motion equations is applied to solving, and
the system motion is made attenuation to a state of equilib-
rium by damping.

2.2 Finite difference model

The dynamics of finite difference software FLAC"4.0 de-
veloped by Itasca Consulting Group in the United States is
used to establish a three-dimensional model of grouted rock
bolts system, as is illustrated in Figure 1. In this model there
are two layers of media with the outer layer being concrete
for grouting media and inner layer being the rock bolt, and
two kinds of media are simulated with solid elements. This
ensures that the numerical simulation can be consistent with
model experiments. Table 1 is for the concrete and rock bolt
mechanical parameters. Rock bolt is fully grouted with a
diameter of 20 mm and a length of 0.5 m, while the grouting
medium is a cube whose length and breadth are all 0.5 m. In
practical engineering, the surrounding rock around the bolt
is infinitely large, and thus the guided waves propagating in

FLAC3D 4.00

Figure 1 Model of grouted rock bolt system.
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Table 1 Parameters of model material
Materials ~ Density p(kg /m*)  Modulus E (GPa)  Poisson ratio v
Rock bolt 7800 210 0.3
Concrete 2400 20 0.2

the grouted rock bolts would be transmitted to the sur-
rounding rock. Although the grouting medium in this nu-
merical model have been taken within the range of 0.5 m,
the viscous boundary of the dynamic model of FLAC™4.0
would absorb the energy, which should have transmitted to
the surrounding rock, and the reflection of wave will not be
formed at the boundary. Such is the significant advantage of
the simulation in this paper compared with those simula-
tions using the finite element software.

2.3 Mesh, boundary conditions and constitutive model
selection

According to the researches of Kuhlemeyer and Lysmer
(1973), the size of meshing stands under control of the
shortest wavelength of input waves. Suppose the maximum
size of the grid is A/, and the shortest wavelength of input
waves is 4 (the wavelength when the frequency amounts to
maximum). Then A/ must be smaller than 1/10-1/8 of the
shortest wavelength. Therefore, the size of radial grid is 2
mm, and the axial size 10 mm; then there would generate
about 321000 elements in the model. On the top of the
model is free boundary, and the displacements in the direc-
tions of X, Y, Z of other sections would be limited and vis-
cous boundary conditions would also be imposed. When the
viscous boundary conditions are set in FLAC3D4.O, there is
no need for user to set parameters, for the program would
automatically set free dampers related to the node speed in
the normal and tangential model boundaries to achieve the
purpose of absorbing the wave. This damping in this model
is Rayleigh damping. Since the excitation wave energy in
testing is very small, the surrounding rock, mortar, and bolt
are all in the elastic state in the course of bolt testing.
Consequently, there is not any relative slip between the in-
terfaces, so in the numerical simulation the elastic constitu-
tive model is used in all the elements, and the relative slip
between the interfaces is not taken into consideration.

2.4 Input of transient excitations

When viscous boundary condition is applied in model, the
dynamic load can only be applied in the form of stress or
force in FLAC’®4.0. A transient excitation force load is
imposed on the top of bolt according to the testing situation
of the bolt and the characteristics of FLAC®"4.0. In order to
make the frequency dispersion of the excited signal in the
propagation as low as possible, a single frequency signal is
selected to excite testing signals. Beard [2] suggested that
the more cycles signal should be selected so as to make the
signal frequency domain much narrower and energy more
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focused. For this reason, the 7 period sine wave signal con-
trolled by time and corresponding force is selected. Not
only can this narrow-band excitation enhance the signal
strength, but also increase the propagation energy of guided
waves. Illustrated in Figure 2 is the time domain waveform
of an excitation signal with the number of cycles as 7 and a
center frequency of 40 kHz.

3 Verification of the correctness of numerical
simulation

3.1 Verification of propagation of guided wave in free
rock bolt

In the laboratory the bolt acoustic detector RSM-RBT de-
veloped by Wuhan COG was used to conduct an experi-
mental research on the speed dynamic response of the top of
a free rock bolt with a length of 5.14 m under the transient
exciting force, and the speed dynamic response curve was
shown in Figure 3(a); meanwhile, a numerical simulation
(the excitation wave frequency is 20 kHz) was made to
study the propagation of guided wave in the free bolt with a
length of 5.14 m, and the dynamic response curve of the top
of the bolt was shown in Figure 3(b), and the material pa-
rameters were listed in Table 1. It can be seen from Figure 3
that the speed dynamic response curve of the top bolt in
numerical simulation matched well with that one in the test.
First of all, for both of them there was a very small differ-
ence between the reflected waves and the first wave, which
verifies the fact that the extent to which the propagation of
the guided wave in free bolt attenuates is quite small. Sec-
ondly, the arrival times of both reflected waves stayed the
same, which is 2.01 ms, whereby the velocity of wave can
be worked out as 5100 m/s based on the length of the bolt,
which is also consistent with the actual situation.

3.2 Verification of propagation of guided wave in
grouted rock bolt

In this paper, the numerical simulations were conducted to
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Figure 2 Excitation signal.
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Figure 3 Acceleration-time curve of free bolt. (a) Test result; (b) numer-
ical simulation result.

simulate the propagation of guided waves with excitation
frequencies of 25, 40, 50, 75, 100 kHz, respectively in the
fully grouted rock bolt, and the input excitation wave was
single frequency signal with cycles of 7, and in Table 1
were the material parameters. The speed vibration wave-
forms of the top of the bolt monitored during the simulation
were illustrated in Figure 4. When the numerical calculation
was completed, first, the data of the vibration velocity rec-
orded during the simulation were extracted by formulating
Fish language, then by inputting these data to excel, the
corresponding amplitudes and times when the amplitude of
the first wave and the reflected wave reached their biggest
points were precisely extracted, and accordingly the speed
of guided waves was calculated. The comparison results
between the velocities of each guided wave worked out ac-
cording to the data in the numerical simulation under dif-
ferent frequencies of the excitation wave and those obtained
through model test [13] were shown in Figure 5. It can be
seen from the figure that there were certain differences be-
tween the numerical simulation results and the experimental
results, but comparatively speaking, the differences were
within 3%, and such differences could be caused because of
inaccurate grouting medium parameters. Anyway, the varia-
tion of wave velocity was consistent with the change of
frequency, which exerts no influence on the analysis of the
propagation characteristics of guided wave in grouted rock
bolt. Therefore, it can be proved that the numerical results
agreed well with the experimental results, and the results of
this paper are reliable.
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4 Numerical simulation results analysis

4.1 Analysis of propagation velocity of guided wave in
grouted rock bolt system

The speed vibration waveform of the top of the bolt moni-
tored during the simulation was illustrated as in Figure 4.
First, the data of the vibration velocity recorded during the
simulation should be extracted by formulating Fish lan-
guage, then by inputting these data to excel, the corre-
sponding amplitude and time when the amplitude of the first
wave and the reflected wave reache the biggest points
should be precisely extracted, and finally the speed of
guided waves can be calculated. The calculation results
were shown in Figure 5 and Table 2. First of all, it can be
seen from Figure 4 that the speed waveform at the top of the
bolt is very different under the exciting waves of different
frequencies. The reflected wave can be seen once or twice
when the frequency is relatively low, here only the longitu-
dinal ultrasonic guided waves whose mode is L (0,1) are
produced in the bolt. However, when the frequency is com-
paratively high (100 kHz), a relative noise is generated in
the test to result in the other modes of guided waves. Con-
sequently, there appear multiple reflected waves, in the end
it is difficult to accurately identify which one is the real
bottom reflection. Therefore, when the grouted rock bolt is
in excitation waves with different frequencies, the reflection
waveform would greatly vary. It can be seen from Figure 5
that, generally speaking, the wave velocity increases as the
frequency of excited wave gradually increases, nevertheless,
when the frequency is less than 50 kHz, the increase of ve-
locity is relatively small with the increase of frequency,
while when the frequency is more than 50 kHz, the wave
speed increases significantly with the increase of frequency,
which, however, stands well below the velocity of longitu-
dinal wave. This is due to the inconsistency of the degree of
frequency dispersion when different guided waves propa-
gate in grouted rock bolt. This shows that characteristics of
the propagation of guided wave in grouted rock bolt are
very different from that of the propagation of guided wave
in a free rock bolt, in that the velocity of propagating in a
free bolt gradually decreases with the increase of excitation
frequency[4], and the wave attenuates slightly. The numer-
ical simulations and experimental studies by Zhang[10]
have suggested that the velocity of guided wave in grouted
rock bolt changes tremendously with the variation of the
strength of the grouting media; they proposed to measure
the anchorage quality with the variation of wave velocity. In
fact, however, there appears a great difference in wave ve-
locities when the guided waves under the excitation waves
with different frequencies propagate in the grouted rock bolt.
At the same time, in the actual engineering excitation waves
are generally produced by artificial means as hammering,
and the frequencies of excitation wave thus generated by
hammering are inconsistent with each other and also hard to
control, therefore, both the strength of grouting medium and
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Figure 4 Velocity-time curves of bolt. (a) 25 kHz; (b) 40 kHz; (c) 50 kHz; (d) 75 kHz; (e) 100 kHz.

Table 2 Wave velocities with different excitation wave frequencies

Frequency Diameter Monitoring  Second wave Third wave
(kHz) (mm) point velocity (m/s)  velocity (m/s)
25 20 Top 3294 —
40 20 Top 3470 —
50 20 Top 3628 2809
75 20 Top 4308 3995
100 20 Top — —

the frequency of excitation wave should be taken into con-
sideration to calculate the velocity of guided wave propa-
gating in the grouted rock bolt. Moreover, if the parameters
obtained from guided wave propagating in free bolt or from

longitudinal wave are used to determine the propagation
characteristics of guided wave in grouted rock bolt, there
would appear considerable inaccuracy.

From Figures 4 (c) and (d) we can clearly see that there
are two reflected waves. The velocities of these two re-
flected waves were calculated, and the results were shown
in Table 2. The Table reveals that the velocity based on the
first reflected wave is less than that calculated according to
the second reflected wave. In order to be sure about the
findings of the research, a numerical simulation has been
made on the influence of excitation waves with frequencies
of 50 and 75 kHz in the grouted rock bolt with a diameter of
36mm, and the results are shown in Table 3. The changing
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Figure 5 Comparison between numerical simulation and model experi-
ment results.

regularity is consistent with the above analysis. When
propagating in the grouted rock bolt, guided wave would be
repeatedly reflected back and forth between the discontinu-
ous interface (anchor interface) in the medium, and further
produce a complex interference and geometric dispersion,
yet the reflection, interference and geometric dispersion
taken place on the interface are different with regard to the
fact that waves with different frequencies which have dif-
ferent wavelengths, and so the velocity of guided waves
with different frequencies propagating in the grouted rock
bolt would be different, which is commonly referred to as
frequency dispersion. Guided wave is propagating in the
form of wave packet composed of a group of waves with
different frequencies. The phase velocity of the harmonics
with different frequencies in the wave packet is in great
diversity, and the velocity of the wave packet is lower than
that of any of the harmonics. The guided wave first spreads
from the top to the bottom of the grouted rock bolts and
then is reflected from the bottom to the top, and every time
such wave group is reflected back and forth once, the guid-
ed wave will once again produce dispersion, and the veloc-
ity will accordingly decrease.

4.2 Analysis of the wave component and attenuation
characteristics in grouted rock bolts

The velocity-time curves of the grouted rock bolt with a
diameter of 36 mm in the excited wave frequencies of 50
and 75 kHz, respectively were illustrated as in Figure 6, in
which (a) and (c) show the results monitored from at the top
of the bolt, while (b) was from bottom of the bolt. It can be
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seen from the figure that the waveforms at the top and bot-
tom of the bolt are largely different from each other, yet
there has one thing in common: Compared with the first
wave, the second wave (the first reflected wave amplitude)
attenuates tremendously, whereas compared with the am-
plitude of the second wave, that of the third wave (second
reflected wave) shows a relatively small attenuation. Such
phenomenon also can be seen from Figure 4 as well as pre-
vious research results [5, 6, 8, 9]. Table 3 shows the results
of the attenuation calculated according to the results of Fig-
ure 4, and the attenuation magnitudes are shown as follows

a:[1—ffjxloo%, (3)

1

where a indicates attenuation magnitude, A, the magnitude
of reflected wave, and A, the amplitude of the first wave.
The research results of Zhang[9] showed that as the strength
of grouting medium intensifies in the grouted rock bolt, the
interface wave generates while P-wave gradually attenuates
to disappearance and the original dominance of P-wave
transmitting in the bolt changes into that of the interface
wave, meanwhile the wave velocity transmitting in the bolt
part changes from the longitudinal wave speed to the inter-
face wave speed. Interface waves are those waves that can
spread along the interface between the media. Therefore, the
first wave seen from Figure 6 (a) should be a coupling of
longitudinal and interfacial waves, and the reflected wave
should be the interface wave for the longitudinal wave van-
ishes as a result of a sharp attenuation (Noteworthy is that
the attenuation magnitude amounts as high as 94% when the
longitudinal wave spreads from the top to the bottom of the
bolt, and then reflected from the bottom to the top). The
curve of velocity monitored at the bottom of bolt is illus-
trated in Figure 6 (b). Compared with the first wave's am-
plitude in Figure 6 (a), the amplitude of the first wave
appears a little smaller, while the second wave and third
wave amplitude in Figure 6 (b) and the second wave ampli-
tude in Figure 6 (a) stand on the same level, so it is safe to
say that both the second and third waves in Figure 6 (b) and
the second wave in Figure 6 (a) belong to the interfacial
wave. In addition, it is noted that the time of the first vibra-
tion recorded in Figure 6 (b) is 0.1 ms, the wave velocity
thus is around 5000 m/s, which is the P wave velocity in the
bolt, so there exists a straight P wave in the first wave. This
is because the P-wave does not completely attenuate when
propagating from the top to the bottom of the bolt, and the

Table 3 Wave velocities and attenuation magnitude with different excitation wave frequencies

. . . Second wave Third wave
Frequency Diameter Monitoring First wave - - - -
(kHz) (mm) point magnitude Magnitude Attenu'atlon Velocity Magnitude Attenqatlon Velocity
magnitude (m/s) magnitude (m/s)
50 36 Top 1.306x10™" 7.261x107 94.4% 3318 — — —
50 36 Bottom 1.292x107* 6.359x107 50.7% 3291 4.420%107° 30.5% 3030
75 36 Top 1.121x10™" 1.420x1072 87.3% 4268 1.288x107 9.3% 4186




1298 YanZX,etal. SciChina Tech Sci  May (2011) Vol.54 No.5
0.1852 ms
0.0637 ms  0.3651 ms 0.015-0.1ms 0.4890 ms 0.8190 ms
0.15 l
0.010
0.10
Q) 2 J
2 o5 g oo
= = 1 J
S 0.00- M " . 3 0.000
2 1 =
0.051 ~0.005
—0.10+ -0.0104
-0.15 @) -0.0154 (b)
0.0000 0.0002 0.0004 0.0006 0.0008 0.0010 0.0000 0.0002 0.0004 0.0006 0.0008 0.0010
Time (s) Time (s)
0.1540.0432 ms 0.2775ms 05164 ms
Q)
E
>
‘S
o
g

-0.15+

. T
0.0000  0.0002

T
0.0004

T T 1
0.0006  0.0008 0.0010

Time (s)

Figure 6 Velocity-time curves of bolt. (a) 50 kHz-top; (b) 50 kHz-bottom; (c) 75 kHz- top.

first wave in Figure 6(b) should be a coupling of the P-wave
and interface wave, but the P-wave is very weak. Precisely
because of this coupling, the amplitude of the first wave in
Figure 6(b) is a bit less than those (interface wave and a
strong P wave) in Figure 6(a), and is twice as much as the
second wave in Figure 6(a) and (complete interface wave)
Figure 6(b). Similarly, it can be analyzed that in Figure 6(c)
the first wave is a coupling of the P-wave and interface
wave, and the reflected waves (the second wave and the
third wave) are interface waves resulted from the sharp at-
tenuation of the P-wave when propagating from the top to
the bottom of the bolt and then reflected from the bottom to
the top. Table 3 tells that in the case of the two reflected
waves (Figures 6 (b) and (c)), the attenuation magnitude
(compared with the second wave) of the third wave is far
smaller than that of the second wave (compared with the
first wave). Theoretically speaking, the interface waves ex-
ist only on the interface of semi-infinite body in spite of the
fact that there does not actually exist any semi-infinite space,
nevertheless, as far as the model studied in present paper is
concerned, the guided wave only has a wavelength of a few
millimeters, while the model is as long as 0.5 m, and it can
be entirely seen as an approximation of a semi-infinite
space. Stoneley wave is a typical interface wave, a kind of
non-uniform wave, which can only exist on the interface of
material combinations, and the energy is concentrated on

the interface within a distance of one wavelength. Stoneley
wave propagates along the direction parallel to the interface
(along the direction of bolt axis), and there is no attenuation
along this propagation direction; although the wave does not
travel along the perpendicular direction, it does present an
1”2 exponential decay in this direction[14, 15]. The P wave
transmits and decays in the three-dimensional space with
the rate of r'. Precisely owing to the fact that the P wave
decays along with the (bolt axial) direction of propagation
and the decay rate is high and the interface wave does not
attenuate along the direction of propagation, compared with
the magnitude of the first wave, that attenuation of the se-
cond wave appears quite large, and in the waveform only
one P wave can be observed; at the same time because the
interface waves do not decay along the propagation direc-
tion and they can spread far away, resulting in multiple in-
terface wave reflections which can be observed in the
waveform. The attenuation magnitude of the second wave
in Figure 6(b) looks much less than those of the second
wave in Figures 6(a) and (c), which is because the second
wave in Figure 6(b) is a coupling of weak P wave and the
interface wave, and this also indirectly verifies the correct-
ness of the results of the above analysis. Therefore, when
guided wave propagates in the grouted rock bolt, after the
body wave decays, there is still the interface wave—Stonely
wave that does not decay in the axial direction of the bolt.



YanZX, et al.

Therefore, in the engineering testing of the quality of
grouted rock bolt, the reflected wave received by the bolt
detector is the interface wave, and the wave velocity should
be the velocity of interface wave.

5 Conclusion

In this paper, a three-dimensional finite difference model of
the grouted rock bolt system has been constructed based on
the dynamics of finite difference software FLAC 4.0, and
numerical simulations have been conducted to analyze the
wave velocity, wave component and attenuation characteris-
tics of the anchoring system under excitation waves with dif-
ferent frequencies. Conclusions are drawn mainly as follows.

1) The stress waves propagate in the form of guided
wave in the routed rock bolt, and the velocity of guided
waves are different when affected with excitation waves in
different frequencies. As far as the model in this article is
concerned, the velocity increases as the frequency of excita-
tion wave gradually increases; when the frequency is less
than 50 kHz, the increase of velocity with frequency is rela-
tively small, but when the frequency is more than 50 kHz,
the increase of velocity is rather significant; but both of
these velocities keep lower than the velocity of P wave.
Besides, the velocity of guided waves would gradually re-
duce each time they are reflected back and forth. Further-
more, both the strength of grouting medium and the fre-
quency of excitation wave should be taken into considera-
tion to calculate the velocity in the grouted bolt. In the actu-
al testing, the excitation wave whose excitation mode is L
(0,1) ,with a relatively low frequency, should be selected,
because the selection of high-frequency wave would pro-
voke guided waves with other complex modes, and it is not
conducive to the extraction and recognition of reflected
waves.

2) In the waveform received from bolt testing, generally
the first waves are longitudinal wave and interface waves,
and the reflected waves are interface waves. Compared with
the first wave, the second wave in the waveform (the am-
plitude of the first reflected wave) decays sharply, while the
amplitude of the third wave (the second reflected wave)
attenuates relatively smaller than that of the second wave.
Such phenomena have been discussed in this paper. This is
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because when guided wave propagates in the grouted rock
bolt, after the body wave decays, there is still the interface
wave—Stonely wave that does not decay in the axial direc-
tion of the bolt.
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