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Abstract

The axial loading in rockbolts changes due to stress redistribution and rheology in the country rock mass. Such a change
may lead to debonding at rockbolt to grout interface or rupture of the rockbolt. In this study, based on laboratory experi-
ments, ultrasonic guided wave propagation in fully grouted rockbolt under different pull-out loads was investigated in order
to examine the resultant debonding of rockbolt. The signals obtained from the ultrasonic monitoring during the pull-out test
were processed using wavelet multi-scale analysis and frequency spectrum analysis, the signal amplitude and the amplitude
ratio (Q) of low frequency to high frequency were defined to quantify the debonding of rockbolt. In addition to the labora-
tory test, numerical simulation on the effect of the embedment lengths on ultrasonic guided wave propagation in rockbolt
was conducted by using a damage-based model, and the debonding between rockbolt and cement mortar was numerically
examined. It was confirmed that the ultrasonic guided wave propagation in rockbolt was very sensitive to the debonding
because of pull-out load, therefore, the critical bond length could be calculated based on the propagation of guided wave in
the grouted rockbolt. In time domain, the signal amplitude in rockbolt increased with pull-out load from 0 to 100 kN until
the completely debonding, thus quantifying the debonding under the different pull-out loads. In the frequency domain, as
the Q value increased, the debonding length of rockbolt decreased exponentially. The numerical results confirmed that the
guided wave propagation in the fully grouted rockbolt was effective in detecting and quantifying the debonding of rockbolt
under pull-out load.
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1 Introduction

As an important part of the support system, rockbolt is
widely used for the reinforcement and support of slopes
and roadways (Wang et al. 2009). In geotechnical and min-
ing engineering, it is imperative to use effective and non-
destructive scientific methods to test rockbolt bond quality,
because rockbolts cannot be observed directly, and dete-
rioration of the surrounding environment can increase the
occurrence of rock burst and landslide. For the detection of
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rockbolt bond quality, Beard and Lowe (2003) and Beard
et al. (2003) used numerical simulation methods to deter-
mine the wave attenuation at low and high frequencies in
the rockbolts, and analyzed the influence on wave attenu-
ation of the elastic modulus, the thickness of the anchor-
age grout, and the quality of the rockbolt/grout interface.
Ivanovié and Neilson (2013) studied potential damage in
grouted rockbolts and determined the effective bond length.
The rockbolt bond integrity could be evaluated using ultra-
sonic guided wave and hammer impact (Lee et al. 2012;
Suits et al. 2008; Yu et al. 2013, 2016). The energy transfer
in rockbolt was studied by experimentally and numerically,
and the results showed that the length of rockbolts and the
thickness of anchorage grout could be determined according
to the wave propagation signal received at the free end of the
rockbolt (Zima and Rucka 2017). Zima and Rucka (2018)
studied the influence of the location of debonding on the
wave conversion and diffraction. Zou et al. (2010) analyzed
the effects of grout strength and air content in the grout on
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the rockbolt bond quality, and showed that the guided wave
rapidly attenuated with an increase in grout strength, and the
group velocity increased with the quantity of the air content.
Cui and Zou (2012) studied the attenuation of ultrasonic
guided wave in grouted rockbolt using numerical simula-
tion and experimentally confirmed the influence of rockbolt
defect and lack of mortar on grouted rockbolt.

Debonding of rockbolt can be detected by analyzing the
ultrasonic guided wave propagation in rockbolt, and the diffi-
culty is that the reflected waves at various interfaces exist in
a mixed and complex form in the detected signal, the detec-
tion signal is observed in the time domain, and is mainly
expressed as low-frequency signal, and the high-frequency
component is covered (Xiao et al. 2006). Therefore, it is
difficult to directly obtain the arrival time of the reflected
wave from the actual detection signal and signal process-
ing is required to obtain a reasonable signal. Fourier and
wavelet transform processes have been used for this type of
signal analysis (Lee et al.2012; Bouden et al. 2012; Kwun
et al. 1998; Chen and Wissawapaisal 2002; Rizzo 2006;
Chen and Wilcox 2007; Chaki and Bourse 2009a, b). Lee
et al. (2012) used Fourier and wavelet transform to evalu-
ate rockbolt integrity and concluded that the magnitude of
the spectral rate, the energy velocity, and the phase velocity
could be used as indicators of integrity. Kwun et al. (1998)
investigated the effect of tensile loading on the longitudinal
mode elastic wave propagation in seven-wire strands. The
results indicated that a certain portion of the frequency com-
ponents of the wave was highly attenuated and absent in the
frequency spectrum of the wave. Chen and Wissawapaisal
(2002) reported that the traveling time of the stress wave
in the wire strand was affected due to the elongation of the
strand and the changes in wave velocities when the strand
was subjected to tensile force. Rizzo (2006) conducted
experiments on ultrasonic wave propagation in seven-wire
strands loaded at different stress levels and reported that the
ultrasonic features were sensitive to the variation of applied
load. Chen and Wilcox (2007) analyzed the influence of load
on guided wave propagation, and found that the guided wave
phase velocity increased and the group velocity decreased
with increased applied load. The research results of Chaki
and Bourse (2009a, b) illustrated the potential and suitability
of the guided wave method to evaluate the stress levels in
seven-wire steel strands.

With regard to the numerical simulation on the wave propa-
gation in rockbolt, many scholars used idealized ultrasonic
guided wave packets as the excitation signal in the numeri-
cal simulation of rockbolt detection (Liu et al. 2017; Ni and
Iwamoto 2002; Sun et al. 2006; Ren and Li 2009). Liu et al.
(2017) analyzed the influence of tensile stress on ultrasonic
guided waves propagation in steel cables based on the fast Fou-
rier transform. The results showed increased ultrasonic guided
wave energy with increased tensile force. Ren and Li (2009)
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used wavelet multi-scale analysis to obtain the reflection signal
of the rockbolt bottom in the low-frequency component and
detail signals in the high-frequency component.

In the above studies, it could be seen that the majority of
the past studies were on the non-destructive testing of the bond
quality of rockbolt in the absence of external loading using the
guided wave technique, this is inconsistent with the fact that
the rockbolt is under stress in actual engineering. The mining
stress field in the rock mass usually varies due to the on-going
mining operations, leading to the variation of the axial loading
in the rockbolt, therefor, it is necessary to detect the debond-
ing length of rockbolt under various pull-out loads to ensure
the safety and avoid the accident of grouted rockbolt systems.
This study aimed to evaluate the debonding of rockbolt under
different pull-out load according to the analysis of ultrasonic
guided wave propagation. In this regards, the Pull-out Testing
Machine (PTM) is used to test the bond quality of rockbolt
under different pull-out loads. The wavelet multi-scale analy-
sis and frequency spectrum analysis were used for process-
ing the signal obtained from the guided wave propagation to
calculate the debonding length of the rockbolt and evaluate
the bond quality. Finally, grouted rockbolt system with differ-
ent bond lengths was analyzed by numerical simulation, and
the debonding under various levels of pull-out loadings was
further examined.

2 Guided wave propagation and wavelet
transform theory

2.1 Guided wave propagation theory
2.1.1 Guided wave propagation in free rockbolt

Determination of the frequency dependent dispersion curve
in ultrasonic guided wave is required for non-destructive test-
ing (Hayashi et al. 2004). The dispersion curve represents the
fundamental information of the guided wave propagation:
wavelength, phase velocity, and group velocity, which can be
expressed by the Pochhammer-Chree frequency dispersion
equation of a longitudinal guided wave (Hayashi et al. 2004):

2;"‘ (B +K*)J (aa)],(Ba) — (B* — 1«2)210(0161)J1 (Ba)
— 4k apJ(aa)ly(fa) =0
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where, J () is the n-order first Bessel function; a is the rock-
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bolt diameter, and the parameters « and f can be defined as:
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where, k is the wave number; w is the circular frequency;
cp1s the longitudinal wave velocity, and ¢y is the transverse
wave velocity. Namely,

E(1+v)
p(1+v)(1=2v) )

~ E
TV 200+ )

where E is the elastic modulus, p is the density, and v is
Poisson’s ratio.

During guided wave propagation, the guided wave group
velocity (cg) in rockbolt is

dw
¢ =3 ©)

According to the material parameters listed in Table 1,
the Pochhammer-Chree frequency dispersion equation can
be solved to obtain the frequency dispersion curve of the
guided wave group velocity in free rockbolt. In the low
frequency range, only the guided wave of L(0,1) mode
appeared, and the guided wave of other modes exhibited a
cut-off frequency. Below the cut-off frequency, the guided
wave attenuated rapidly and could not propagate any longer,
and above the cut-off frequency, the guided wave began to
propagate. Therefore, a frequency segment with a single
mode was selected to facilitate the signal analysis. As shown
in Fig. la, when the frequency was 145 kHz, the guided
wave of L(0,2) mode appeared, thus adding complexity to
the signal analysis. For the free rockbolt, there was only one
mode of guided wave with the frequency ranging from O to
145 kHz, and it is conducive to signal analysis.

2.1.2 Guided wave propagation in grouted rockbolt
The Pochhammer-Chree frequency dispersion equation with

the parameters listed in Table 2 was used to get the frequency
dispersion curve of the guided wave group velocity in grouted

Table 1 Material properties of the rockbolt, concrete and cement
mortar

Ingredient Density (kg/m®)  Elastic Poisson’s ratio
modulus
(GPa)

Rockbolt 7850 210 0.30

Cement mortar 2100 20 0.19

Concrete 2300 33 0.23
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Fig. 1 Frequency dispersion curves of group velocity of guided wave
in rockbolt

rockbolt (Fig. 1b). Within the frequency range from 0O to
200 kHz, there were eight modes in propagation process of
the guided wave. Due to the rapid attenuation of the guided
wave energy in the grouted rockbolt, the guided wave fre-
quency decreased. Thus, within the frequency ranging from
0 to 22 kHz, only mode L(0,1) existed, and it was conducive
to signal analysis.

2.2 Wavelet transform theory
The bond quality and debonding of rockbolt is detected
by ultrasonic guided wave, and in its detection signal, the

reflected waves at various interfaces existed in mixed and
complex forms. In the time domain, the detection signal is

Table 2 Mix proportions of concrete and cement mortar in 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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mainly represented by low-frequency signal, while the high-
frequency component is covered. It is difficult to obtain the
arrival time of reflection waves from the detection signal. To
address this issue, the wavelet multi-scale analysis was used to
analyze the discrete signal (Ren and Li 2009; Sun et al. 2014).
The four scales of db6 wavelet were used to analyze the sig-
nal, the rockbolt bottom reflection time could be found in the
low-frequency signal (Sun et al. 2014). The bottom reflection
signal was obtained in the low-frequency component and the
detail signal was obtained in the high-frequency component.
Wavelet transform is a unique time—frequency analysis
method that offers multi-resolution or multi-scale analysis
by decomposing the signal into different scale space to reflect
the different frequency components of the signal (Ren and Li
2009; Sun et al. 2014). By selecting the appropriate scaling
factor and moving factor, we can obtain a telescoping win-
dow and choose the appropriate wavelet, so that the wavelet
transform has the ability to characterize the local character-
istics of the signal in both the time and frequency domains.
The wavelet is generated by a function w(f) through
moving and telescoping and satisfies the condition of

[ wn=0.
Wap(t) = Ial“”w(#), a,bEeR,a#0 7)

where, y(?) is the base wavelet or mother wavelet; a is the
scaling factor, and b is the moving factor. The function f{r)
in L?(R) is expanded under the wavelet basis, and this expan-
sion is called the wavelet transform of f{r). Its expression is:

+00
WWmm=mH”/ fow (=2 ) ®)

It can be seen from Eq. (8), the wavelet transform makes
the inner product of the signal to be analyzed and a group of
wavelet function clusters, and transforms the time function
into the time-scale phase plane to extract some characteris-
tics of the original signal in scale (frequency) and position
(time).

Of different methods of wavelet analysis, the Daubechies
wavelet series offers good compactly supported, smoothness,
and approximate symmetry. It is widely used to analyze non-
stationary signal. Here, we selected db6 as the wavelet basis
and performed 5-layer decomposition to obtain the high-
frequency and low-frequency components.

3 Test design
3.1 Specimen design

Ribbed rockbolts with 25 mm diameter and 2500 mm
length were used and the rock mass that would be
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reinforced was simulated with a hollow cylinder made of
concrete. The diameter and length of the hollow cylin-
der were 150 and 1500 mm, respectively. The embedment
length of rockbolt was 1500 mm. The details of the testing
sample preparation were presented in Fig. 2.

The specimen was a hollow cylinder made of C40 con-
crete, which consisted of: (i) ordinary Portland cement
with a standard 28-day compressive strength of 42.5 MPa;
(ii) tap water; (iii) natural river sand (the main ingredient
is silica) fine aggregates of diameters from 0.3 to 1.18 mm;
and (iv) cobblestone coarse aggregates of diameters from
5 to 20 mm mixed at a ratio of 1:0.47:1.3:3.02.

The grout was the cement based mixture which con-
sisted of: (i) ordinary Portland cement with a standard
28-day compressive strength of 42.5 MPa; (ii) tap water;
and (iii) natural river sand (the main ingredient is silica)
fine aggregates of diameters from 0.3 to 0.6 mm.

Pre-investigation pullout test results showed that rock-
bolt may fail from the bolt shank when high-strength
cement mortar was used to grout rockbolt and hollow
cylinder specimen. Therefore, to ensure that debonding
occurred before the bolt shank failed the cement mortar
was prepared at a mix proportion of cement:water:fine
aggregate of 1:1:3.2. The mix proportions of the cement
mortar and concrete in the test are listed in Table 2.

The procedures of the sample preparation for the pull-
out test of the rockbolt were as follows (Ren and Li 2009).
Firstly, the casting mould was made by placing the plain
round bar with a diameter of 40 mm in the center of the
cylindrical steel tube. Then the concrete mixture was
poured into the mould to form the confining medium fol-
lowed by be vibrated using a poker vibrator. After 48 h
curing of the concrete, the plain round bar and the cylin-
drical steel tubes were removed. Finally, the rockbolts
were grouted in the borehole, and 28 days later pull-out
tests were conducted.

3.2 Test procedure

The PTM was designed and manufactured to conduct
the rockbolt pull-out test with monitoring of the stress
wave propagation in the rockbolt (Yu et al. 2019a, b). The
pull-out load was applied to the rockbolt by a hollow jack
with 300 kN loading capacity. The schematic diagram of
grouted rockbolt systems was shown in Fig. 2b. Piezo-
electric sensors (TH-GP) and ultrasonic emission source
(TH-F) were produced by Xiangtan Tianhong Testing
Technology Co., Ltd (China). The emission voltages of the
ultrasonic emission source were 100-1000 V. The piezo-
electric sensor was used as the receiving or excitation sen-
sor which could excite 10-cycles sine wave packets with
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(a) Photograph of rockbolt specimen
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(b) Schematic diagram of experimental system

Fig.2 The schematic diagram for detection of guided wave propagation in grouted rockbolt system (unit: mm)

the main frequency of 22 kHz. An ultrasonic excitation
sensor was contacted to the loading end (A-end in Fig. 2b)
of the rockbolt through a coupling agent (such as Vaseline)
to generate the signal that was received at the free end
(D-end in Fig. 2b) of the rockbolt by the receiving sensor.

The testing procedure was as follows. First, the grouted
rockbolt was maintained without pull-out force. The ultrasonic
excitation sensor was used to excite the ultrasonic guided wave
at the A-end and the wave was received by the receiving sensor
at the D-end. Next, the pull-out load was increased to 100 kIN
and the above steps were repeated. Finally, the rockbolt was
pulled until it was completely debonded from the concrete
specimen and the ultrasonic guided wave was tested accord-
ing to above steps.

4 Experimental results and discussion
4.1 Wavelet multi-scale analysis

In the schematic diagram presented in Fig. 2b, the B-end
is the bond front-end and the C-end is the bond back-
end. The continuous wavelet transform was used to con-
vert ultrasonic TiAl and *°Cr diffusion bonding interface
signals into time-scale domain to evaluate the bonding
quality (Luan et al. 2011). Therefore, the multi-scale

decomposition of the wavelet transform was used in the
paper to evaluate the debonding length. In Fig. 3 the
multi-scale decomposition of the wave in the rockbolt
under different pull-out loads is shown, where ‘s’ is the
original signal, ‘a5’ is the fifth layer approximated signal,
and ‘d1-d5’ are decomposition signals. Figure 3a shows
the wavelet multi-scale decomposition of guided wave
signals in rockbolt free of pull-out load, the time (fyy)
required for the first wave front to arrive at the D-end was
0.604 ms. The wave velocity (c;) in the free rockbolt sec-
tion was 5100 m/s, thus the guided wave propagation time
along the 1 m free length of the rock bolt was calculated
according to

ty = 1/cy = 0.196 (ms) 9)

The wave velocity in the embedment section of the rockbolt
was then calculated as

con = 1.5/ (ton — to) = 3676 (m/s) (10)

The high-frequency signals reflected the details of the
guided waves, but the d1 and d2 signals are more chaotic,
so d3 signal was selected to pick up the wave arrival time.
The time (. ) to receive the echo signal from the B-end
at the D-end was 1.457 ms. Therefore, the time required to
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Fig.3 Wavelet multi-scale decomposition of guided wave signals in rockbolt under different pull-out loads
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propagate from the D-end to the B-end and then reflect back
to the D-end was equal to

fokn-B-D = Tokn- — Ton = 0-853 (ms) (11

There was 0.3 m free segment at the D-end, so the bond
length could be calculated as

L _ tOkN»B»D 0-3 _ 1 35
0kN = T_c_o Corny = 1.35(m) (12)

which was 10% different from the actual bond length of
1.5 m.

The time (#y . 4) to receive the echo signal from the
A-end at the D-end was 1.764 ms. The time difference
between the A-end and B-end echo signals received at the
D-end was equal to

fokn-a-B = Tokn-a — fokn-g = 0.307 (ms) (13)

Thus, the distance from the A-end to the B-end was
calculated:

FOkN-A
Lonap = %ea =0.78 (m) (14)

which was for 11.4% difference from the actual length of
0.7 m.

Figure 3b presents the wavelet multi-scale decomposi-
tion of guided wave signals after completely debonding of
rockbolt, the time (Z4eponging) for the first wave front to arrive
at the D-end was 0.572 ms, the wave velocity in the grouted
system was calculated as

cdebonding = 1'5/(z‘debonding - tO) = 3989 (ms) (15)

The time (Zgeponding - 8) tO receive the echo signal from
the B-end at the D-end was 1.402 ms. Therefore, the time
required for the eave to propagate from the D-end to the
B-end and then to reflect back to the D-end was equal to:

tdebonding—B—D = tdebondinng - tdebonding =0.33 (ms) (16)
Allowing for calculation of the bond length, it was:

tdcbonding—B—D 0.3

Ldebonding = <T - _>Cdebonding = 1.42(m) (17
o

which was for 5.3% difference with the actual bond length

of 1.5m.

The time (Z4eponging - o) t0 receive the echo signal from the
A-end at the D-end was 1.675 ms. Therefore, the time dif-
ference between the A-end and B-end echo signals received
at the D-end was:

tdebnnding—A-B = tdebonding—A - tdeb(mding—B =0.273 (ms) (18)

The distance from the A-end to the B-end was:

t ino-A-
debonding-A-B Co = 0.696 (m) (]9)

Ldebonding-AB =
which was for 0.6% difference with the actual length of
0.7 m.

Figure 3c shows the wavelet multi-scale decomposition
of guided wave signals under 100 kN of pull-out load, the
time (¢;qn) Of the first wave front to arrive at the D-end was
0.588 ms. The time (¢, . p) to receive the echo signal from
the B-end at the D-end was 1.429 ms. Therefore, the time
required to propagate from the D-end to the B-end and then
reflect back to the D-end was equal to:

1100kN-B-D = T100kN-B — f100kw = 0.841 (ms) (20)

The pull-out load causes a segment of rockbolt to debond
from the concrete. The wave velocity of the grouted rockbolt
was 3676 m/s under unloading, and that when the rockbolt
completely debonded (as shown in Fig. 3b), was 3989 m/s
due to the presence of friction between rockbolt and con-
crete. The initial bond length of rockbolt was 1.5 m, so the
debonding length of the rockbolt from the loading end under
100 kN pull-out load was equal to:

Cc ndi 1.5— (¢ —1Iy)c
o S5 ]
Cdebonding — COKN

But the remaining 0.748 m bond length was still in the
bonded state.

The debonding length of rockbolt was calculated accord-
ing to the actual bond length (the distance from B-end to
C-end) of rockbolt, the wave velocity in the embeded sec-
tion of the rockbolt without load and that after completely
debonding, Therefore, it was impossible to predict the dis-
tance from B-end to C-end under 100 kN load in the test.

The average wave velocity of rockbolt in the grouted
system was calculated as 3826 m/s. The time (#,opxn.4) tO
receive the echo signal from the A-end at the D-end was
1.706 ms. Therefore, the time difference between the A-end
and B-end echo signals received at the D-end was:

100kN-A-B = Tiookn-A — Liookn-g = 0.277 (ms) (22)

The distance from the A-end to the B-end was calculated
as

L _ hookN-A ~ T100kN-B
I00KN-AB =~ o ¢

o = 0.706 (m) (23)
and the difference with the actual length of 0.7 m was 0.9%.

The comparison between the actual bonding length of
rockbolt and that determined by ultrasonic wave is presented
in Fig. 4. For the lengths from the A-end to the B-end deter-
mined by the ultrasonic wave propagation data, they were
0.78, 0.706, and 0.696 m, respectively, under 0 kN pull-
out load, 100 kN pull-out load, and completely debonding
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Fig.4 The comparison between actual bond length and the length
obtained based on wave propagation analysis

conditions, leading to the relative differences to the actual
0.7 m length of 11.4%, 0.9%, and 0.6%, respectively. Under
free and completely debonding condition, the lengths from
the B-end to the C-end determined by the ultrasonic wave
propagation data were 1.35 m and 1.42 m, respectively,
resulting in the relative differences with the actual length
of 1.5 m of 10% and 5.3%, respectively. However, under
100 kN of pull-out load, the length from the B-end to the
C-end could not be determined as it was calculated by back
analysis.

0.4

0.2

0.0
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Fig.5 Time domain and frequency domain characteristics in free rockbolt
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4.2 Spectrum analysis

The frequency of the ultrasonic guided wave signal is sig-
nificantly important for analyzing the wave propagation in
rockbolts. Fourier transform is used to analyze the frequency
domain of the received signals. Through the Fourier trans-
form, the signals are decomposed into different spectra. The
Fourier transform is the integral of f(¥) with respect to ¢ rang-
ing from — oo to 4+ co. Namely,

+00
F(w) = / f(He ™ dt 24)
where, f(w) is the Fourier transform of f(¢), i is \/—_1 , and the
frequency variable w is the angular frequency.

The time domain and frequency domain characteristics
of wave propagation in free rockbolt are shown in Fig. 5.
In the time domain, due to the influence of various factors
(such as the coupling effect between rockbolt and trans-
ducer, wires and acquisition module) (Zhang et al. 2006), the
guided wave energy in free rockbolt dissipated greatly and
the amplitude attenuated quickly. In the frequency domain,
the main frequency of the guided wave in free rockbolt was
22 kHz. Therefore, in the following numerical simulation,
an idealized 10-cycles sine wave packets with the main fre-
quency of 22 kHz is input as the excitation signal.

%7 . Main frequency 22 kHz

604 |
= |
g :
o 40 H .
i : High frequency part
N
< |

204 |

04" |
T T T T T T T 1
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Frequency (kHz)
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Time—frequency analysis has often used to analyze dis-
persive wave signals (Kishimoto et al. 1995; Neild et al.
2003). Figure 6 shows the time and frequency domain char-
acteristics of the grouted rockbolt under different pull-out
loads. In the time domain, the amplitude of the received sig-
nal at the D-end of the rockbolt gradually increased with the
pull-out load applied on the rockbolt from 0 to 100 kN, until
the completely debonding of rockbolt, which indicated max-
imal energy dissipation because of the good bond condition.
In contrast, the amplitude of the received signal was highest
when the rockbolt was completely debonded, because the
interface bonding between rockbolt and cement mortar was
relatively loose, and the energy only was transmitted by the
friction, which means that the energy dissipation into the
concrete was minimum during wave propagation and thus
the bond quality was the worst.

It can be seen from the waveform under 0 kN pull-out
load, the first received signal in the D-end was severely
attenuated and the guided wave packet disappeared. As the
pull-out load increased to 100 kN, the debonding developed
further and the guided wave packet gradually appeared due
to the weakening energy attenuation.

In the frequency domain, under O kN, 100 kN pull-
out load, and under completely debonding condition
of rockbolt, there were two different frequency bands

Voltage (mv)

-75 1 |

in the rockbolt, and there was missing frequency band
appeared between the these two bands. This was a kind
of notch frequency phenomenon, which was observed by
Kwun et al. (1998) and Liu et al. (2017). As the pull-out
load on the rockbolt increased, the amplitude of the low-
frequency part decreased and that of the high-frequency
part increased. Under O kN pull-out load, at the higher
frequency, ultrasonic waves experienced a greater num-
ber of interactions with the rockbolt and concrete, which
implied higher attenuation (Carrién et al. 2017) and
denoted the better bond quality. Therefore, we defined
the amplitude ratio (Q) of low frequency (F),,,) to high
frequency (Fygn), namely Q = F\q/Fy;qp, to quantify rock-
bolt. The Q values were 6.14, 1.31, and 0.97 under 0 kN,
100 kN pull-out load, and under completely debonding
condition, respectively. The relationship between the O
value and the debonding length of rockbolt under various
pull-out loads was shown in Fig. 7. Although the test data
was limited, we have tried to use a variety of curves to fit
the test data, the result showed that the exponential curve
was the most consistent with the data. As the Q value
increased, the debonding length of rockbolt decreased
exponentially. This quantitative relation between bond-
ing length and Q value can be use evaluate the bonding
length of rockbolts.

10
T T T - 0 kN
F Dw ]
5+ Fhigh B
Missing band

0F |\eeeeserss I I 1
—— 100kN
5 =

Missing band

Amplitude (mv)

0 1 2 3 4 5
Time (ms)
(a) Time domain

0 10 20 30 40 50
Frequency (kHz)

(b) Frequency domain

Fig.6 Time domain and frequency domain characteristics in grouted rockbolt under different pull-out loads
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Fig.7 Relationship between the Q value and the debonding length of
rockbolt under different pull-out loads

5 Numerical analysis of guided wave
propagation in grouted rockbolt

5.1 Numerical model of grouted rockbolt system

The finite element software Abaqus (2014) has often been
applied for numerical simulation of the debonding behaviors
(Zima and Rucka 2017; Qiao and Chen 2008; Lu and Xu 2013;
Chang et al. 2017; Xu et al. 2018; Chen et al. 2011; Henriques
et al. 2013, 2015; Yang et al. 2017) and non-destructive test-
ing (Zima and Rucka 2017, 2018) of grouted rockbolt system.
In this section, grouted rockbolt system was simulated by
four-node bilinear axisymmetric quadrilateral elements with
reduced integration (CAX4R) (Fig. 8). The two-dimensional
axisymmetrical model was used to simulate the debonding
process of rockbolts, its effectiveness has been verified by
authors in Yu et al. (2019a, b). The interface at the loaded end
of the concrete is fixed during the test for the boundary condi-
tion in the rockbolt-grouted system. On the basis of extensive
trials, a mesh size of 2 mm for the rockbolt and cement mortar
and a mesh size of 5 mm for the concrete are deemed adequate
to obtain sufficiently accurate results.

The bond behavior can be modeled by cohesive elements
(Qiao and Chen 2008; Lu and Xu 2013; Chang et al. 2017,
Xu et al. 2018; Park et al. 2015) or surface-based cohesive

behavior (Chen et al. 2011; Henriques et al. 2013, 2015; Yang
et al. 2017) using traction—separation law in Abaqus. Because
the interface thickness is negligibly small, the interface bond
behavior between rockbolt (concrete) and cement mortar was
modeled by the surface based cohesive behavior in order to
reduce the calculation time.

The cohesive behavior in the shear directions (Fig. 9) were
defined as follows: the linear elastic shear stress-slip relations
are defined by the elastic bond stiffness, and damage initia-
tion criteria is met when the maximum bond shear stress is
attained, and the damage evolution law for bond is assumed as
exponential softening branch (Rezazadeh et al. 2017).

The uncoupled constitutive relationship of traction—separa-
tion behavior as expressed in Abaqus is as follows (Rezazadeh
et al. 2017):

t k, 0 01]]8,
T=31tt=|0k, 0o =Ko 25)
t 0 0 k|| s,

where, ¢, is the nominal stress in the normal direction; f, and
t, are the nominal stresses in the two local shear directions;
ko, ki and k, are the corresponding stiffness coefficients;
and 6,, 6, and ¢, are the corresponding displacements.

ko, ko and k are given by (Lu and Xu 2013):

—7 — 0
ke = ky = T /67, (26)
T A
2™ ste
(2 %
2
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w
5 é’Q P
2 5 &
% > %
0 . o
o,  Slip 1)

Fig.9 Damage law for the cohesive behavior (Rezazadeh et al. 2017)

Cement mortar
Rockbolt —»

Symmetry axis

Fig.8 Model setup for the grouted rockbolt systems
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k,, = 100k, = 100k, @7

where, 7,,, is the maximum shear strength, and 521 is the slip
value at the maximum shear strength, or the effective dis-
placement at the initiation of damage.

The stress components of the traction—separation model
are affected by damage.

t,=0-dt,, t,=0-di, t=(1-4dx, (28)

where, 7, 7, and 7, are the stress components predicted by the
elastic traction—separation behavior for the current strains
without damage, d is the damage variable. For exponential
softening,

29)

)
{ 521 } 1 —exp|—a P
d=1- 1-

omax 1 —exp(—a)

where, éfn is the effective displacement at complete failure.
op® is the maximum value of the effective displacement
attained during the loading history. a is a non-dimensional
material parameter that defines the rate of damage evolution.

In the numerical simulation, the input waveform of the
ultrasonic guided wave was 10-cycles sine wave packets with
the main frequency of 22 kHz obtained by Hanning window
(Fig. 10). The comparison between the numerical simula-
tion and the experimental results of the free rockbolt was
shown in Fig. 11. The modeled signal received at the other
end of rockbolt was in good agreement with the test result,
which indicated that the numerical model could reasonably
simulate guided wave propagation in rockbolt.

1.0
0.5

0.0

Amplitude

-0.54

-1.04

T
0.0 0.1 0.2 0.3 0.4
Time (ms)

Fig. 10 Excitation signal input for the numerical simulation
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Fig. 11 Comparison of numerical and test results of wave propaga-
tion in free rockbolt

5.2 Guided wave propagation in grouted rockbolt
with different bond lengths

Numerical simulation on guided wave propagation in
grouted rockbolt with different bond lengths (L) of 0.375 m,
0.75 m, 1.125 m, and 1.5 m were conducted, as shown in
Fig. 8. Except for the change of bond length, the model
dimensions were the same as those for the laboratory test.

5.2.1 The effect of bond length on guided wave
propagation in absence of pull-out load

Under 0 kN pull-out load, the guided wave propagation
behaviors in grouted rockbolt with different bond lengths
was determined as shown in Fig. 12. The waveform was
different with that of experiments, because the bonding
between the rockbolt and the cement mortar was assumed
to be perfect in the numerical simulations. The guided wave
had many times of transmission and reflection during propa-
gation in the rockbolt, which resulted in the guided wave
energy attenuation and the change of waveforms (Yu et al.
2019a, b). The time required to receive the B-end echo sig-
nal at the A-end (positions A, B, C, and D in Fig. 8) became
shorter under the increasing bond length. That was, the
closer the B-end was to the A-end, the less time required for
guided wave propagated in rockbolt. The guided wave dif-
fracted when it arrived at the B-end. Part of the wave energy
reflected from the B-end, part diffracted to the cement mor-
tar and concrete, and the remainder propagated along the
rockbolt. For the D-end echo, due to the increased bond
length, the distance from the B-end to the A-end became
shorter, the guided wave diffracted earlier, because the
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Fig. 12 Wave propagation in grouted rockbolt systems with different bond lengths

guided wave energy dissipation increased, the attenuation
became faster, the wave velocity decreased, and the time of
received echoes was delayed accordingly. When receiving
the guided wave signal at the D-end, the guide wave veloc-
ity decreased as the bond length increased. The B-end was
farther away from the D-end, so the time required to receive
the B-end echo signal at the D-end was delayed, as did the
time required to receive the A-end echo. The rockbolt bond
length could be determined by guided wave propagation time
along the rockbolt and the wave velocity.

5.2.2 The effect of pull-out load on guided wave
propagation

The guided wave signals of grouted rockbolt system with
bond lengths of 0.375 m, 0.75 m, 1.125 m, and 1.5 m were
calculated and are shown in Fig. 13, where the pull-out load
was 25 kN. The guided wave propagation is affected by pull-
out load. According to the wave propagation theory, the
B-end and D-end echo signals could be detected as shown
in Fig. 13. The time required to receive the B-end echo at
the A-end became shorter as the bond length increased, and
the signal fluctuation was more complicated, it indicated that
guided wave propagation in the bond rockbolt was sensitive
to the pull-out load. The time required to receive the D-end
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Fig.13 Wave propagation signals with different bond lengths under
25 kN pull-out load

echo prolonged as the bond length increased, because the
wave velocity of the guided wave in the bond segment was



Experimental and numerical evaluation on debonding of fully grouted rockbolt under pull-out...

Page 13 of 15 8

slower than that in the free rockbolt. Therefore, the longer
the bond length is, the slower the guide wave propagating is
in the bond segment.

Figure 14 presents the guided wave propagation in the
grouted rockbolt system with bond length of 1.5 m under
different pull-out loads. When the bond length was the
same, the time required to receive the B-end echo signal
at the A-end was the same, but the time required to receive
the D-end echo signal at the A-end became shorter as the
axial load increased, because the bond state of the rockbolt
changed under pull-out load. In this regard, part of rockbolt
was debonded or the interface between the rockbolt and the
cement mortar was in softening stage (as shown in Fig. 15).
The length of debonding or softening around rockbolt
increased and the bond quality of rockbolt became worse as
the pull-out load increased. The guided wave propagation in

‘ ' D —okN

First echo signal from’ the B-end b
1 il

Tr 3 I ——25kN

Acceleration (m/s?)

Time (ms)

Fig. 14 Wave propagation signal with different bond length under dif-
ferent pull-out loads

the rockbolt was in disorder, because the loading end of the
rockbolt was subjected to a large concentrated force, result-
ing in a strong reflection of the guided wave, which made the
received reflection signal extremely complex. The rockbolt
was partially debonded from the cement mortar, resulting in
a discontinuous interface between the rockbolt and cement
mortar that interfered with the guided wave propagation.

Under the pull-out load of 25 kN, the 0.24 m bond length
was in the softening stage (Fig. 15). Axial stress distribu-
tion along the rockbolt under 25 kN was determined and
shown in Fig. 16: the farther the distance from the B-end, the
lower the axial stress. The guided wave had little diffraction
when arriving at the B-end, so little energy propagated to
the cement mortar and concrete, this was mainly due to the
increase of the wave impedance mismatch (the low wave
impedance between rockbolt and cement mortar and the
high wave impedance betwee rockbolt and air) (Song and
Cho 2010).

When the pull-out load was 50 kN, the bond length sub-
jected to 50 kN was 0.46 m (Fig. 15), in which 0.3 m was
debonded and 0.16 m was softened. As the pull-out load
increased to 100 kN, the debonding length was 0.78 m
which was for 3.7% difference with the debonding length of
0.752 m based on the calculated result of wave propagation
and 0.176 m was in the softening (Fig. 15). At the debonding
area, there was a gap between the rockbolt and the cement
mortar, the guided wave propagated in the rockbolt and was
reflected many times at the debonding area. The propaga-
tion velocity of the guided wave in the rockbolt was higher
than that in the cement mortar and concrete, guided wave
partially dispersed in all directions in the cement mortar and
the concrete, so that the attenuation was serious.

6 Conclusions

In this study, the guided wave propagation in the fully
grouted rockbolt under various pull-out loads were experi-
mented and numerically simulated to evaluate the debonding
of rockbolt. The following conclusions were obtained:

25 kN
1 75%)
L2, L
et i .
50 kKN 1Softenin 19.3850-01
- gy
0.3m 16m '987e-
PEUETENRSIALITL i
| . 1 . +3. e-01
100 kKN i Debonding ,Softening $2.4940-01
+8.312e-02
+0.000e+00
3 0.78 m L 10.176 m
« R Tl o
; Debonding :Softenuflg

Fig. 15 Debonding and softening around rockbolt under different load level (SDEG, Scalar Stiffness Degradation)
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Fig. 16 Axial stress distribution along rockbolt under various pull-out
loads (with 1.5 m bond length)

(1) Based on wavelet multi-scale analysis of guided wave
signal, the debonding length of rockbolt under 100 kN
load was 0.752 m. In the time domain, the signal ampli-
tude increased with load from 0 to 100 kN and until
completely debonding of rockbolt, indicating maxi-
mum ultrasonic guided wave energy dissipation and
best rockbolt bond quality when the rockbolt is free
from loading. The energy dissipation was minimum
when the rockbolt debonded completely, suggesting the
worst bond quality and the largest debonding length.

(2) Inthe frequency domain, two different frequency bands
were found in rockbolt, the amplitude of the high-fre-
quency part increased and that of the low-frequency
part decreased as the pull-out load on the rockbolt
increased. The amplitude ratio (Q) were 6.14, 1.31, and
0.97 under 0 kN, 100 kN, and completely debonding
condition, respectively. As the Q value increased, the
debonding length of rockbolt decreased exponentially,
and vice versa.

(3) The guided wave propagation in rockbolt was very sen-
sitive to pull-out loads. For the same bond length, under
increasing pull-out load, numerical results denoted that
the debonding developed gradually before the com-
pletely debonding, so did the softening of the interface
between rockbolt and cement mortar. The wave imped-
ance mismatch (the low wave impedance between rock-
bolt and cement mortar and the high wave impedance
between rockbolt and air) increased, suggesting the
longer debonding of the rockbolt.

The guided wave propagation in the rockbolt systems is
very complex because the wave propagation and reflection
at various interfaces exist in a mixed and complex form.
This study provided basic understanding of quantifying

@ Springer

the debonding length based on analysis of the guided wave
propagation in the rockbolt system under pull-out load. As
for the mining engineering application, the method can be
used to detect the bond quality of rockbolt, based on which,
the necessary preventive measures should be taken to ensure
the stability underground mining structures. In the long run,
the analysis on the complex waveform should be conducted,
in order to effectively non-destructively quantify the bond
quality of rockbolt.
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