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Abstract: This research aimed to detect the defects of anchoring agents” empty slurries in
anchor support. The influence of anchoring defects on the propagation law of stress waves
was comprehensively investigated using laboratory tests, theoretical calculations, and
other methods. The characteristic modal components with symmetry and periodicity laws
were extracted by adopting a variable modal decomposition (VMD) signal decomposition
method. It was found that the bottom reflection time of stress waves had an inverse
function relationship with the length of the anchorage flaw. The average propagation speed
of the stress wave in the free rod was obtained as 5150 m/s, and the average consolidation
wave speed was 4198 m/s. The calculation method of the bolt flaw length was finally
proposed. After experimental verification, the average error rate was 2.65%, which meets
the requirement of testing accuracy in the engineering field, which provides a guarantee
for safe production.

Keywords: nondestructive testing; anchorage flaws; stress waves; VMD

1. Introduction

Nowadays, anchor support technology is widely used in domestic and foreign coun-
tries, and it is one of the key technologies essential for coal mines to achieve high-yield and
high-efficiency production. Anchor support can closely link the roadway surrounding rock
with bolts and transmit the force on the surrounding rock through the bolts to maintain the
stability of the roadway surrounding rock. The key to anchor support is to bond the sur-
rounding rock to bolts through an anchoring agent [1-3]. However, due to the limitations
of materials and engineering conditions, the anchoring system is bound to form a variety
of anchoring defects such as the rusting of bolts, flaws in the empty slurry of anchors, and
poor bonding effects of anchors with reinforcement materials and the surrounding rocks
during construction and use. The existence of anchoring flaws reduces the bearing capacity
of the anchoring system, which seriously causes the two sides of the roadway to move
too close to each other, and accidents such as roofing ones seriously affect the safety of
roadway support [4]. Therefore, domestic and foreign scholars have carried out a lot of
research in anchorage quality detection, but there are still many shortcomings; most of this
research only considered the length of bolts, the length of bolt solids, the location of flaws,
and the detection of sound and lousy anchorage compactness, and for the length of flaws,
less detection was conducted [5,6]. Research on the detection of bolt flaw length will help
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improve anchorage quality inspection and promote the development of anchorage quality
inspection technology.

The quality inspection of bolt solid flaw detection technology is currently mainly
based on nondestructive testing technology. Compared with conventional anchor pulling
destructive anchoring quality inspection methods, nondestructive testing technology can-
not damage or affect the use of the object under the premise of the performance of the object
to be tested; using physical or chemical methods; with the help of advanced technology
and equipment; the detection of defects within the object or on the surface; or the detec-
tion of defects, damages, inhomogeneity, and other issues, in order to ensure the object’s
quality, safety, and reliability [7,8]. Vrkljan et al. [9] conducted vibration tests on anchors of
different lengths in 1999, using small hammers to apply hammering loads at the top of the
anchors and using accelerometers to receive the reflected signals of stress waves to study
the relationship between the resonance frequency of the anchors and the anchorage length.
Yi [10] transmitted and reflected waves using rules based on elastic stress wave propagation
in grouted bolt solids. NDT experimental research was conducted on the free section of
the grouted anchor bolt, the length of the bolt, and the location and length of the flaws
within the anchor section to quantitatively determine the free section of the anchor bolt,
the length of the bolt, and the specific location and length of the flaws within the anchor
body. Zhu et al. [11] used ultrasonic-guided waves to detect the anchorage quality of
anchorage flawed anchor rods. They used an improved adaptive noise complete ensemble
empirical modal decomposition (CEEMD) method to analyze the ultrasonic-guided wave
detection signals in anchored anchor rods to achieve the anchorage quality detection of
the anchor rods and quantitative detection of the anchorage flaws in terms of the size
of the anchor rods. Based on ultrasonic-guided wave nondestructive testing technology,
Zhang et al. [12] studied the signals of defect-free and defect-containing anchored bolts,
analyzed the propagation mechanism of guided waves in anchored bolts, and then detected
the defects within the anchored body, which provided a reference for the evaluation of the
anchoring quality of anchored bolts by using nondestructive testing technology. Numerous
scholars have used the ultrasonic method [10], ultrasonic-guided wave method [11,12], and
stress wave method [13-18] to study the anchorage quality and anchorage flaws in anchor
rods, among which the stress wave nondestructive testing method has the advantages
of fast transmission speed, long propagation distance, and sensitivity to the nature of
the material, which is very suitable for the study of the defects of an empty slurry of an
anchorage agent in an anchorage system.

The transmission law for stress waves in a bolt is affected by a number of factors. In
Wang et al. [13], due to the resisting impact characteristics of anchored roadway supporting
structures not being taken into full consideration in the existing mechanism of roadway
dynamic failure, a dynamic analysis model of the bearing structure of rocks surrounding a
mine roadway was built, and the dynamic action of P-waves was analyzed. Fan et al. [14]
constructed an anchor solid model through finite element software to study stress wave
propagation characteristics under different anchorage states and anchorage qualities; the
stress wave propagation speed was negatively correlated with the density of the surround-
ing rock around the anchor bar, the stress wave amplitude did not have an exact attenuation
speed in different rock formations, and denseness was significantly correlated with the
reflective amplitude ratio of the bottom of the bar. Li et al. [15] found that a large number
of joints contained in natural rock bodies significantly affected the propagation pattern
of stress waves. The propagation of stress waves in the rock mass was accompanied by a
decrease in amplitude and a decrease in wave speed. In this process, joints opened, closed,
and slipped under the action of stress waves. Sun et al. [16] found that the stress wave
velocity was closely related to the collaborative vibration and depended on the degree
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of bonding between the anchor body and the anchoring medium. The difference in the
degree of bonding might be significant at different ages. Therefore, the bolt should not
be considered a composite material when determining its wave velocity. Once the mortar
had hardened, the synchronization of the stress waves increased, and the bolt could be
considered a composite. Fun et al. [17] tested and analyzed the wave system character-
istics of the bolt solid under the conditions of end anchorage and anchorage impaction
from the point of view of the waveguide characteristics of the anchor solid. It was found
that the propagation process of stress waves in resin bolt solid showed a certain periodic
regularity. There was an approximate linear relationship between the wave velocity in
the anchorage section and the anchorage compactness, based on which the waveguide
characteristics could be inversely calculated to calculate the bolt’s characteristic length
and the anchorage’s compactness. Niu et al. [18] investigated the stress wave propagation
law in fully grouted rock anchors and flawed anchors and found that the velocity and
amplitude attenuation of flawed anchored anchors were less than that of fully grouted rock
anchors. The larger the flaw, the smaller the amplitude attenuation. In addition, amplitude
attenuation increased with the distance of the flaw. Affected by the anchorage quality, the
stress wave propagation law was highly complex, and some scholars had proposed that
the anchorage flaws mainly affected the phase distribution, amplitude, energy change, and
wave speed of the stress wave, where wave speed variations, in turn, directly affected the
pole bottom reflected times.

Due to the influence of the complexity of rock engineering, the detected stress wave
signals tended to behave in a more heterogeneous manner, resulting in difficulties in
the identification of signals, such as time domain reflections at the bottom of the anchor
and the location of the flaws. For this reason, Huang et al. [19] from NASA proposed
empirical mode decomposition (EMD), which was different from the traditional Fourier
transform; EMD was a technique applied to the analysis of nonstationary nonlinear signals,
which removed the limitation of the Fourier transform, and had a better adaptability to
the signal. It was also able to provide higher resolution. However, during the signal
analysis, the empirical mode decomposition had endpoint effects and mode aliasing. In
2009, Huang et al. [20] proposed an improved algorithm for the problems of EMD, called
ensemble empirical mode decomposition (EEMD), by adding the same level of Gaussian
white noise to the original data and then performing EMD decomposition, and finally
performing sum averaging, which could effectively eliminate the interference of noise. The
effect was better than EMD in practical applications. In order to overcome the problems
of significant reconstruction error and poor completeness of decomposition in EEMD,
Torres et al. [21] proposed an improved EEMD algorithm by adding positive and negative
pairs of auxiliary white noise to the original signal, which could be eliminated during
ensemble averaging, and could be effectively used in EEMD. Phase cancellation during
ensemble averaging can effectively improve the decomposition efficiency, thus forming the
CEEMD. In order to better suppress the modal aliasing phenomenon of the EMD method,
Dragomiretskiy et al. [22] proposed the VMD in 2014, which overcame the problems of
endpoint effect and modal component aliasing of the EMD method and had a more solid
mathematical theoretical foundation. Xu et al. [23] introduced the MF-VMD into analysis
of bolt detection signals. MF-VMD was used to analyze the simulated vibration and
bolt detection signals. The results showed that MF-VMD could effectively separate the
eigenmode functions and eliminate noise interference even under substantial interference.
Aiming at the problem that the noise interspersed with electromagnetic ultrasonic signals of
the bolt significantly affected the extraction of useful information, Luo et al. [24] proposed
a noise reduction method based on the cuckoo search algorithm, combining the variational
modal decomposition and the independent component analysis to achieve the separation of
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the echo signal from the noise signal and to analyze the data of the bolt and the anchoring
signal. Compared with the commonly used noise reduction methods, this method had
better noise resistance and reduction effects. Li et al. [25] performed primary decomposition
of the original detection signal or secondary decomposition of the eigenmode function
by VMD signal analysis and processing method. Based on transmission characteristics
of the excitation stress wave within the bolt, a bottom reflection time was also identified,
and a method of calculating the anchorage length using the bottom reflection time was
proposed. In summary, many scholars had adopted the VMD decomposition method
for noise reduction in stress waves and had achieved many results that provided many
practical bases for developing nondestructive testing technology for bolts.

Presently, domestic and foreign experts have conducted detailed research on the
propagation law of stress waves and have made many achievements. However, there
are still some shortcomings due to the complexity of the composition of “anchors-resin
anchors-anchor surrounding rock”. At present, it is still difficult to accurately describe the
transmission law of stress waves in the anchorage system, and there are fewer studies on
the anchorage flaws in the anchorage system. Therefore, it is essential to further investigate
the significance of anchorage flaws within the law of stress wave propagation based on
existing research, take the reflection of the stress wave at the bottom of the rod as the
landing point, choose the appropriate stress wave signal processing method, and determine
the length of the flaws through the propagation characteristics of the stress wave, to provide
a valuable guideline for better implementation of nondestructive testing of anchor bars
using the stress wave method.

2. Stress Wave Anchorage Flaw Detection Principle and Test System
2.1. Principle of Stress Wave Anchorage Flaw Detection

Numerous studies have shown that the physical properties of the medium itself
mainly determine the propagation speed of stress waves in a medium. The stress wave
emitted from the end of the bolt propagates inwards through the body of the bolt, and
when it encounters the interface with the difference in wave impedance, reflection and
transmission will occur. When the stress wave is transmitted to the bottom of the bolt, due
to the apparent difference between the wave impedance of the anchor and the surrounding
rock, there is an obvious reflection of the stress wave, and this propagation law can be
applied to the detection of flaws in the anchor. As shown in Figure 1, when there is no
flaw in the bolt solid, the transmission and reflection of stress waves only occur at the port
and bottom of the bolt solid. In the former case, under the influence of anchorage holding
force, there is a slight change in wave impedance at the interface between the bolt and the
anchorage, which produces a weak reflection phenomenon and has a weak influence on
the transmission of the stress waves. The latter stress wave is transmitted from the bolt into
the surrounding rocks; due to the huge difference between the bolt and the surrounding
rocks in physical properties and structural composition, the stress wave forms obvious
transmission and reflection phenomena, which is called bottom reflection.

However, under conventional circumstances, the anchoring agent cannot fill the
borehole, and a cavity flaw will be formed in a particular region of the anchoring section,
affecting anchoring quality. As shown in Figure 2, if a cavity is formed inside a bolt solid,
the stress wave propagating inside the bolt will pass through four wave impedance change
interfaces, such as interface 1 to interface 4, in sequence. When the stress wave propagates
to interface 1 by the anchor holding force, the wave impedance of the anchored section
of the bolt changes, and the speed of the stress wave also changes. When the stress wave
passes through interface 2, the stress wave is incident to the light bar from the anchorage
section, the interface wave impedance changes, and the interface undergoes stress wave
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refraction and transmission phenomena. Similarly, when the stress wave reaches interface 3,
the interface will again experience stress wave refraction and transmission. When the stress
wave reaches interface 4, the stress wave is transmitted from the bolt into the surrounding
rock; due to the vast difference between the anchor bolt and the surrounding rock in terms
of physical properties and structural composition, the change in wave impedance at the
interface is pronounced. The stress wave will form apparent transmission and reflection
phenomena, generating the bottom-end reflection. When the bottom reflection signal is
transmitted back to the end, the stress wave will pass through interface 3 to interface 1,
and the transmission and reflection phenomena will occur again. Therefore, the stress
wave undergoes at least six interface reflections and one bottom reflection in a complete
propagation cycle.

Interface 2 Interface 1
H H
1 1
1 1
1 1
—  — - W —_— -~ - I:|

transmitted wave <—— incident wave — reflected wave

Figure 1. Schematic of stress wave propagation without flawed bolt solid.

Interface 4 Interface 3 Interface 2 Interface 1
H i i i
**** — = HGEETES = = = = O

ansmitted wave <—— incident wave — reflected wave

Figure 2. Schematic of stress wave propagation in flawed bolt solid.

Ideally, the stress waves are reflected as they pass through interfaces 2 and 3 accord-
ingly. Suppose the arrival time of the respective reflection signals can be extracted. In that
case, the time difference can be used to calculate the position of interface 2 and interface 3
and the specific length of the cavity region. However, in the actual signal measurement
and analysis, it was found that the transmission and reflection phenomena of interface 2
and interface 3 were highly complex, and it was difficult to monitor them directly by
conventional means, so it was impossible to analyze the location of the anchorage flaws.
Therefore, we can only use an indirect method to calculate the bolt flaw length through the
periodic change rule of the reflected signal at the bottom of the stress wave. Figure 3 shows
a plot of the original stress wave signals collected from the flawed bolt solid. Due to the
multiple modal superposition of reflected and transmitted waves, the stress waveform is
highly complex, and it is impossible to extract the bottom reflection signal directly from
the original waveform, so it is necessary to take appropriate signal processing methods to
decompose the stress wave.
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Figure 3. Original signal map of flawed bolt solid.

2.2. Principle of VMD Decomposition

Current signal processing methods are mainly divided into EMD and VMD. Compared
with the traditional time—frequency analysis techniques, EMD does not need to choose
the basis function, which overcomes the problem that the basis function is not adaptive in
the wavelet transform, and its decomposition is based on the distribution of the extreme
points of the signal itself. However, there are two flaws in using the EMD method: the
phenomenon of modal superposition and the endpoint effect. Therefore, some scholars
have proposed EMD-like signal decomposition methods on this basis to try to solve the
problems of EMD methods but achieved little success.

Unlike the EMD principle, the VMD decomposition method uses an iterative search
for the optimal solution of the variational model to determine the center frequencies and
bandwidths of the components of each decomposition and is an entirely nonrecursive
model. It overcomes the problems of endpoint effects and modal component aliasing of the
EMD method and has better results for processing nonlinear nonsmooth signals. The VMD
decomposition method has two significant effects: (1) it can denoise the original detection
signal containing noise, and (2) the decomposition of the denoised signal can obtain the
modal components with bottom reflection characteristics. Therefore, in this paper, VMD is
considered comprehensively for noise reduction in stress wave signals.

The VMD decomposition consists of two main parts, the construction of the signal
and the solution, and the steps are as follows:

Denote the original signal to be decomposed as x(t), where t denotes time. Decompose
the original signal into a number of IMF component signals uk(t); k denotes the number of
eigenmode functions obtained after decomposition, and each IMF component can be used
as a set of amplitude—frequency signals:

uk(t) = Re{Ak(t) xein<f>) } )
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where uk(t) = {uq,us, - - -, u } denotes the set of each IMF component of the decomposition,
Re{} denotes the real part taken, and Ak(t) and Bk(t) denote the amplitude and phase of
the signal, respectively;

The Hilbert transform is applied to each IMF component to obtain the analytical signal
and one-sided spectrum of each modal component, and the results are as follows:

(5(t) + ;t) S0 @)

where J(t) is the unit impulse function, x is the convolution operation, and j is the imagi-
nary unit.

An exponential parameter e /“(*) is introduced to correct the center frequency of
each modal component, shifting the spectrum of each modal function to its corresponding
fundamental frequency band:

[(5@) + j) X uk(t)} e Jklt) 3)

Tt
where wy(t) is the set of center frequencies, wy(t) = By (t)".
The signal is then demodulated by Gaussian smoothing to obtain the bandwidth
description of each modal function, and the computational model is as follows:

2
} (4)
2

k
sy u(t) = x(t) 5)
k=1

a(t) K(S(t) + ;t) x uk(t)]ejwk(t)

{ug,wi} k=1

mm{i

where d(t) is to find the partial derivative.

The constrained variational problem is converted into an unconstrained variational
problem by introducing Lagrange multipliers A and quadratic penalty factors « based on
the above formulation, and the transformation results are as follows:

2
_l’_

L({u}, (b A) = a ¥
k=1 2 (6)

a(t) {(5(1!) + 7;5) x uk(t)]efwk(f)

2

7= £ o

k
+{(M050 - £ )
2
Finally, the main variables in the above equations are iteratively updated by the
alternating multiplier operator to obtain the optimal modal components, center frequencies,
and Lagrange multipliers, and the updated equations for the optimal modal components
ul 1 (w) are as follows:

F(@) = Ticpt? T (@) = Lyt (@) + 2]

1+ 20(w — wi)?

u]ij-i-l (a)) —

(7)

At the end of each iterative update of the IMF components, the center frequency w,’?“

and the Lagrange multipliers A are updated with the following equations:

2
i+ ()| deo

[ee]
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2
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A (w) = A (w) + T Z 1 (w ©)

In the formula, " is the Fourier transform, # is the number of iterations, and T is the
fidelity coefficient.
The termination conditions for the iterative update of the above equation are as follows:

5

In summary, the ultimate goal of VMD decomposition is to decompose the original

31 w) = @)/ ) ) < (10)

detected signal into intrinsic modal components with their respective center frequencies
and bandwidths, i.e., IMF components. Thus, the frequency and bandwidth of the signal
are redivided effectively to ensure that each modal component contains its own signal
characteristics, and the decomposition flowchart is shown in Figure 4.

arameter initialisation to determine
the number ol decompositions k. the
quadratic penalty factor o

'

Construct a varnational
problem on the original
signal and solve it

'

Constant iterative updating of the
variables yields the optimal modal
components, centre frequencies and
Lagrange multipliers

Iterative update
termination
conditions

YLES

v

Output VMD
decomposition results

Figure 4. VMD decomposition flowchart.
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2.3. Test System Construction
2.3.1. Experimental Programme

In order to study the influence of different flaw lengths on the NDT signal characteris-
tics and its indicators in the full-length bolt solid system, six anchor solid specimens with
different types of anchorage flaw lengths were fabricated in the anchor solid, respectively,
MG1~MGS6. In order to control the relatively fixed location of the anchorage flaws and to
facilitate the signal analysis, the specimen flaw location was ensured to be in the middle of
the borehole as far as possible and to maintain a symmetrical distribution at both ends. The
specimen dimensions are shown in Figure 5. The specimen parameters are shown in Table 1.
In order to ensure the reliability of the samples, three specimens of each type of flaw length
of bolt solid were produced. The lengths of empty slurry flaws of the specimens of the
MG1~MGS6 series were in this order: 0 mm (full anchor), 50 mm, 100 mm, 150 mm, 200 mm,
and 900 mm (free anchor bar). The free end of the bolt is 300 mm long. After the specimens
are made, the wireless anchor quality detector collects signals from each specimen.

surrounding rock bolt anchorage flaw anchorage agent lockset
R P R e R RN /

MG1

MG2

MG3

A e

MG4

MG35

MG6

0.3m
1.2m l
Figure 5. Schematic diagram of bolt solid specimens with different bolt flaw lengths.
Table 1. Parameter table of bolt solid specimens with different bolt flaw lengths.

Model Number Anchor Length (mm) Exposed Length (mm) Length of Flawed Section (mm)
MG1-1-MG1-3 900 300 0
MG2-1-MG2-3 900 300 50
MG3-1-MG3-3 900 300 100
MG4-1-MG4-3 900 300 150
MG5-1-MG5-3 900 300 200
MG6-1-MG6-3 0 300 900

2.3.2. Test Piece Production

The anchor bolts used in the NDT experiments were Q335 left-hand threaded steel
anchors. The surrounding rock was simulated by mortar, the calculation ratio was water:
cement: sand = 1:2:4 for the medium stability rock layer commonly found in the roadway,
and the average compressive strength of the surrounding rock was 37.65 MPa after the
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standard compression test, which meets the requirements of the experiment. According
to the mixing ratio, 21 columnar mortar specimens were made, and 32 mm diameter drill
holes were reserved in the center of the specimens [26,27]. After the mortar had solidified,
they were placed vertically for 28 d. The anchoring was carried out after the maintenance
was completed according to the experimental plan. The completed specimens are shown
in Figure 6.

s
-}
A O OGO LR

]
:
i

o

(a) (b)
Figure 6. (a) Specimen production; (b) completed specimens.

2.3.3. Signal Acquisition

The wireless anchor quality tester used is shown in Figure 7. It was based on Wi-Fi
wireless data transmission, and the test host input pulsed high voltage into the roller shaker,
generating an alternating magnetic field, which drove the self-excited vibration of the rod
in the roller shaker. Stress wave method testing has the advantages of fast propagation
speed, long propagation distance, and simple operation. The following issues need to be
noted when using the anchor nondestructive testing instrument to collect signals:

Test Host

Mobile PC

Acceleration Sensor Roller Shaker

Figure 7. Wireless anchor quality tester.

(1) The leveling of the end of the measuring rod and the installation of the sensor:
First, we used a steel file to polish the top of the measuring rod flat, and then we used
an electric drill to drill an eye in the middle of the end of the measuring rod to install
the acceleration sensor. When installing the acceleration sensor, in order to ensure the
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objectivity of the test results, two factors should be considered:
The installation position and direction of the sensor. As the propagation law of elastic
stress wave was based on the one-dimensional longitudinal wave propagation theory,
the axis of the sensor had to be parallel to the axis of the measuring rod. Otherwise,
the angle between the incident wave and the reflected wave would be generated
(phase difference), and the two-dimensional effect was challenging to overcome.
The coupling between the sensor and the top of the measuring rod was critical. If the
installation was not careful, it would cause parasitic oscillations; if the bonding state
is not good, it will reduce the resonant frequency of the sensor installation, and in
severe cases, it will restrict the effective use of the acceleration sensor range so that the
test failed. Therefore, in the experiment, the effect of using a petroleum-jelly-coated
anchor rod head was good.

(2) Signal acquisition parameter setting:
The signal acquisition process needed to debug the parameters of nondestructive
testing; signal acquisition parameter settings mainly included the sampling rate,
the number of sampling points, channel gain, and emission energy adjustment to
collect the appropriate signal amplitude. In order to ensure the accuracy of signal
acquisition and the acquisition of multiple stress wave signal propagation cycles, we
needed to reduce the sampling time interval and increase the number of sampling
points per unit of time, and the sample frequency Fs had to be greater than the
highest frequency of the components of the signal under test Fm twice. According to
experience, the final sampling rate was set to the maximum sampling rate of 1 MHz,
the number of sampling time points was set to 6k, and the channel gain and launch
energy adjustment of the two were used in conjunction with each other; the greater
the gain, the greater the signal amplitude, and the greater the launch energy of the
signal amplitude. But if the launch energy was too large, the rod head would produce
aftershocks and interference with typical signal acquisition. In the signal acquisition
process for each group of specimens, to ensure the stability and reliability of the
detection signal, each specimen was acquired three times; each acquisition contained
three groups of signals, and a total of nine groups of data were acquired.

3. Analysis of Test Results
3.1. MG1 Series Specimen Detection Signal Analysis

The results of MG1-1 decomposition using VMD are shown in Figure 8. The original
detection signal is decomposed into eight modal function component signals. The former
seven modal components of the rod bottom reflection and periodicity are not prominent
and play little role in determining the rod bottom reflection time. Observation of the
IME8 component signal in Figure 9 reveals that the component waveform has an obvious
symmetry and periodic decay pattern. The waveform graph shows multiple peaks and
multiple reflections at the bottom of the pole, which is referred to as the eigenmode
component in this paper. The time interval between adjacent peaks is the time it takes for
the stress waves to make a round trip within a bolt, referred to here as bottom reflection
time. In order to reduce the calculation error of the bottom reflection time, this paper takes
the average value of the time difference between several adjacent peaks in the eigenmodal
component as the bottom reflection time. Finally, it determines that the bottom reflection
time of the specimen is 545.5 ps.

For the same three specimens without anchorage flaws, nine sets of data collected
from each specimen were processed as described above. The average value of the bottom
reflection time for each specimen was calculated, and the results of the calculations are
shown in Table 2.
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Table 2. Specimen MG1 series specimen rod bottom reflection time.
. Length of Exposed Section Actual Anchorage Average Rod Bottom
Specimen Number . .
of Bolt/mm Length/mm Reflection Time/us
MG1-1 301 899 546.1
MG1-2 303 897 543.7
MG1-3 300 900 545.8
40 IMF1 40 IMF5
~ 30 ~ 30
e 20 L 20
E E
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Figure 8. Specimen MG1-1 detection signal decomposition results.
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3.2. MG2 Series Specimen Detection Signal Analysis

The above VMD decomposition was performed on the detection signal of the specimen
with MG2-1, and the decomposition results are shown in Figure 10. When analyzing the
IME3 and IMF8 components in Figure 11, it can be found that these two modal component
signals have multiple reflections from the bottom of the rod, the time interval between
adjacent peaks is the same, and the periodicity and symmetry are apparent, which are
the characteristic modal components. After calculation, the average rod bottom reflection
time was 541.1 ps. For the three specimens with 5 cm flaws, 9 datasets collected from each
specimen were processed as above. The average value of the bottom reflection time for
each specimen was calculated, and the calculation results are shown in Table 3.

Table 3. Specimen MG2 series specimen rod bottom reflection time.

. Length of Exposed Section Actual Anchorage Average Rod Bottom
Specimen Number . .
of Bolt/mm Length/mm Reflection Time/us
MG2-1 305 895 540.2
MG2-2 303 897 540.7
MG2-3 299 901 541.3
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Figure 10. Specimen MG2-1 detection signal decomposition results.
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Figure 11. IMF3 and IMF8 modal components.

3.3. MG3 Series Specimen Detection Signal Analysis

The decomposition results of the MG3-1 specimen are shown in Figure 12. The rod
bottom reflection signals can be seen in both IMF5 and IMF7 modal component signals in
Figure 13. The signal in the IMF7 modal component is relatively smooth, with a symmetric
and periodic decay pattern. The time intervals between neighboring crests are essentially
the same. When observing the signal of the IMF5 modal component, it is found that a
signal with a smaller amplitude is superimposed between two adjacent wave peaks with
a larger amplitude, and it is inferred that the signal may be the reflection signal formed
by the reflection phenomenon of the stress wave propagating to the flaw location in the
bolt. Since the change in wave impedance at the flaw location is smaller than that at the
bottom of the bolt, only part of the propagation direction of the stress wave is changed,
the energy of the reflected wave is relatively weak, and the amplitude of the decomposed
modal component signal is relatively small.

The IMF5 modal component signal will inevitably affect the determination of the
reflection time T at the bottom of the rod due to the superposition of the reflection signal
at the location of the flaw. In order to remove the superposition of the reflection signal
at the flaw location, this paper carries out a secondary decomposition of the IMF5 modal
component signal, i.e., the IMF5 modal component signal is processed by the variational
modal decomposition (VMD), and the decomposition results are shown in Figure 14: the
secondary decomposition results of IMF1, IMF2, IMF3, IMF5, and IMF8 all show multiple
rod bottom reflections, with apparent symmetry and periodicity patterns, for the desired
eigenmode components. The time difference between adjacent wave peaks was taken as
a rod bottom reflection time, the average value of multiple rod bottom reflection times
was calculated, and the average value of rod bottom reflection time was finally obtained
as 536.3 us.

The above treatment was performed for all three specimens with all the flaw lengths of
150 mm, and the bottom reflection times obtained for each bolt are shown in Table 4 below.
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Figure 12. Specimen MG31 detection signal decomposition results.
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Figure 13. IMF5 and IMF7 modal components.
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Figure 14. IMF5 quadratic decomposition results.

Table 4. Specimen MG3 series specimen rod bottom reflection time.

Specimen Number Length of Exposed Section Actual Anchorage Average Rod Bottom
pectmen Rumbe of Bolt/mm Length/mm Reflection Time/us
MG3-1 302 898 536.0
MG3-2 300 900 535.8
MG3-3 299 901 536.2

3.4. MG4 Series Specimen Detection Signal Analysis

The decomposition of the time domain signal of the MG4-1 specimen yielded eight
modal components, as shown in Figure 15, and the denseness of the signal reflects the
frequencies of the different modal components, which are different from each other. From
Figure 16, it can be seen that the IMF8 component signal rod bottom reflection is clear, sym-
metry and periodicity are obvious, and there is basically no reflection signal superposition
for the characteristic modal component signal. By calculating the time difference between
adjacent peaks in the IMF8 edge component signal and calculating the average value, the
rod bottom reflection time was obtained as 531.8 us.

The nine sets of data collected from each of the three specimens with the same length
of anchorage flaws were processed according to the above procedure to find the bottom

reflection time for each specimen. The obtained bottom reflection times for each rod are
shown in Table 5 below.
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Table 5. Specimen MG4 series specimen rod bottom reflection time.
. Length of Exposed Section Actual Anchorage Average Rod Bottom
Specimen Number . .
of Bolt/mm Length/mm Reflection Time/us
MG4-1 300 900 532.6
MG4-2 302 898 531.3

MG4-3 301 899 531.0
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3.5. MGb5 Series Specimen Detection Signal Analysis

As shown in Figure 17, the time domain signal detected by specimen MG5-1 is decom-
posed into eight modal function component signals. Among them, IMF2, IMF5, and IMF6
in Figure 18 are the eigenmodal component signals. The eigenmodal components have
multiple symmetrical and periodic waveform decay features, and the reflection signals at
the bottom of the rod are apparent. Therefore, we calculated the time difference between
adjacent peaks of the three components and found the average value, which was taken as
the bottom reflection time for the bolt. We found the average bottom reflection time for the
bolt to be 528.7 us.

The nine datasets collected from each of the three specimens with the same flaw length
were processed as above. The time difference between the crest points in the eigenmode
function components was calculated to obtain the average bolt bottom reflection time.
Table 6 shows the bolt bottom reflection time for each rod of the MG5 model.

Table 6. Specimen MGS series specimen rod bottom reflection time.

. Length of Exposed Section Actual Anchorage Average Rod Bottom
Specimen Number . .
of Bolt/mm Length/mm Reflection Time/us
MG5-1 298 902 529.1
MG5-2 297 903 528.2
MG5-3 301 899 526.3
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Figure 17. Specimen MG51 detection signal decomposition results.
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Figure 18. IMF2, IMF5, and IMF6 modal components.

3.6. MG6 Series Specimen Detection Signal Analysis

As shown in Figure 19 for the test signal of specimen MG6-1 after VMD decomposition,
it can be clearly seen that there are symmetrical and periodic waveforms in each component,
and the reflection at the bottom of the rod is clear. The peak value of the waveform in each
component signal was selected, and the difference between adjacent peaks was taken as a
rod bottom reflection time; the average rod bottom time of each component was calculated,
and, finally, the average value of the rod bottom reflection time of eight components was
taken. The final rod bottom reflection time was 466.3 us.

Nine sets of data collected for each of the three specimens of the same length were
processed as described above, and the following Table 7 shows the bottom reflection time
for each specimen.

Table 7. Specimen MG®6 series specimen rod bottom reflection time.

Specimen Number Length of Exposed Section Actual Anchorage Average Rod Bottom
P of Bolt/mm Length/mm Reflection Time/us
MGeé-1 299 0 466.2
MG6-2 301 0 465.7
MG6-3 300 0 466.1

By performing VMD decomposition of the detected stress wave signals of specimens
with different anchorage flaw lengths and in-depth analyses of the obtained eigenmode
signals, the rod bottom reflection time of each specimen was determined from them. The
results of the analyses show that the rod bottom reflection time gradually decreases with
the increase in the anchorage flaw length. This trend indicates that the propagation speed
of stress waves in the anchor rods decreases when the anchors are in the anchored state,
which may be because there is a holding force between the anchoring agent and the anchor
rods in the anchored state compared to the free anchors, resulting in a reduction in the
propagation speed of the stress waves in the anchored section of the anchor rods. Therefore,
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the longer the anchorage flaw in the anchorage system, the shorter the time for the stress
wave to propagate one cycle in the anchor.
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Figure 19. Specimen MG61 detection signal decomposition results.

4. Calculation Method and Validation of Anchorage Flaw Length Based
on the Propagation Characteristics of Excited Reflected Stress Wave

4.1. Calculation of the Length of an Anchorage Flaw

The above studies show that flaws in the anchoring system affect the bottom reflection
time of stress waves in anchors, as shown by the fact that the bottom reflection time becomes
shorter as the length of the flaw increases. This phenomenon is due to the difference in
the propagation speed of stress waves in different media. As a result, after a stress wave
is excited within the bolt end, the stress waves travel along the bolt to the bottom of the
bolt and then from the bottom of the bolt back to the head of the bolt. Due to the different
propagation speeds of the stress wave in different media, the time spent in the process
of propagating to the bottom of the rod and returning to the head of the rod from the
bottom of the rod is not the same. This time difference will change with the different
defects in the anchoring system. When the defect length is larger, the impact of the stress
wave propagation process is greater, which makes the bottom reflection time shorter, and
accordingly the whole propagation process will take a different time to the normal situation.
According to the principle of stress wave propagation, the time taken by the stress wave
in the anchorage system to propagate one round trip in the anchor is composed of the
following three parts: (1) stress wave propagation time T in the exposed section of the
anchor, (2) stress wave propagation time T; in the dense section of the anchor, and (3) stress
wave propagation time T3 in the defective section of the empty slurry of the anchor. The
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reflection time course of the bottom of the rod in the anchoring system can be expressed as

Formula (11):
21, 21y 2(1—1.—1y)
1+ T+ T3 c+vd+7v (11)

According to the above equation, it can be obtained that the length of the flawed
section in the anchoring system can be calculated by Equation (12):
Vy(TCV —2VI, —2Cl 4 2Cl,)

i = 2C(V =V, (12)

where [ is the length of the anchor rod, [, is the length of the exposed section of the anchor
rod, which can be directly measured in the experiment; /; is the length of the defective
section of the empty slurry, C is the propagation speed of the stress wave in the free rod, V
is the velocity of the consolidation wave, V; is the propagation speed of the stress wave
in the flawed section, and T is the time used for the propagation of the stress wave in the
anchor rod for one round trip. Therefore, to accurately calculate the length of the anchorage
trap section in the anchorage system, we first need to calculate the size of C, V, and T.

(1) Determination of free rod wave velocity (C):
The velocity C of the stress wave propagating in the free rod can be determined from
Equation (13).
21

=% (13)

where 1 is the length of the anchor rod (1200 mm), and T is the reflection time at
the bottom of the rod for the MG6 specimen. The wave speeds C of the three free
rods were obtained as 5148 m/s, 5153 m/s, and 5149 m/s, respectively, and these
calculations were averaged to finally determine the size of C as 5150 m/s.
(2) Determination of consolidation wave velocity V:

Regarding the determination of consolidation wave velocity V, the study object is
mainly for specimens without anchorage flaws. The bottom reflection time consists
of two parts: the propagation time of the stress wave in the exposed section of the
anchor Ty, as well as the propagation time of the anchorage section T;,;, which can be
expressed as follows:

- 20 2(1-1)
T=TotTn=—"+=7" (14)
Then the consolidation wave velocity V can be expressed as
_2C(I—1.)
V= CT —2I, (15)

where, for the bottom reflection time of the above MG1 specimen, the consolidation
wave velocity V in the three flawless anchorage specimens was calculated to be
4189 m/s, 4211 m/s, and 4193 m/s, respectively, and the average value was taken to
determine V as 4198 m/s.
(3) Determination of stress wave propagation velocity V; in anchorage flaw section

In the experiment of making specimens with anchorage flaws, to determine the
existence of anchorage flaws inside the bolt solid, the made specimens were crushed.
Figure 20 below shows the remaining anchor rods stained with an anchoring agent
after crushing the specimens with anchorage flaws.

From the figure, it can be seen that there are anchorage flaws inside the red frame line.
After careful observation, it was found that a thin layer of anchoring agent was attached
to the surface of the defective section of anchor rods. Therefore, in order to determine the
transmission speed of the stress waves in the flawed section of the anchorage system, three
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anchor rods with a length of 1200 mm and an anchoring agent attached to the surface were
fabricated and labeled as M1, M2, and M3, respectively, and the fabricated rods are shown
in Figure 21.

Figure 20. Bolts containing anchorage flaws.

Figure 21. Bolts with anchoring agent attached.

The anchor quality tester detected the bolt excitation stress wave on three anchor
rods, as shown in Figure 22. The signal maps were obtained after denoising the detected
signals. The comparison found that the time domain signal plots of the attached anchored
anchor rods and the free rods were nearly the same. We calculated the bottom reflection
time for the detection signals of M1, M2, and M3 anchor rods. The bottom reflection time
was 466.4 s, 466.1 ps, and 465.6 ps, respectively. The transmission speeds of the stress
waves within M1, M2, and M3 bolts were obtained to be 5146 m/s, 5149 m/s, and 5155 m/s
according to the formulae, and in order to obtain more representative data, we took the
wave speeds of the three specimens as the average value to obtain V; = C = 5150 m/s.
Therefore, Equation (12) can be simplified as follows:

~ 2Cl +2VI, — CV —2Cl,

= 2(C—V) 16)

4.2. Experimental Verification of the Length of Anchorage Flaws

To confirm the accuracy and feasibility, we calculated the anchorage flaw length.
Strictly following the content of Section 2.3.2., three new anchor anchorage specimens,
labeled YZ1, YZ2, and YZ3, were prepared, and the location and length of flaws in these
three specimens were randomly set. Then, the specimens were subjected to stress wave
nondestructive testing, as shown in Figure 23; the three specimens were inspected in the
field during the verification test.

After the signal acquisition was completed, the acquired stress wave signals were
decomposed by the VMD signal processing method, and the characteristic modal signals
with obvious reflection signals at the bottom end were searched for in each modal signal
after decomposition. If the reflection signal of the flaw location was superimposed in the
eigenmode signal, the secondary decomposition was carried out. The components with
apparent symmetry and periodicity in the secondary decomposition were extracted as
the characteristic modal signals, and the average bottom reflection time of the specimen
was calculated sequentially. The length of the anchorage flaw segment in the anchored
specimen was then calculated according to the formula established above. Finally, the
specimen was broken, and the actual anchorage flaw segment length inside the specimen
was measured to calculate the error in the stress wave detection results. Figure 24 shows
the flow chart of the validation experiment.
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Figure 22. Time domain diagrams of M1, M2, and M3 specimens.

Figure 23. Verification of experimental specimen signal acquisition.



Symmetry 2025, 17, 221 24 of 27

Stress wave testing
of bolt solids set
with random flaws

Signal processing

analysis

bottom reflection time
A

Substituting the
formula

Stress wave pole w

Calculation of the
length of the
flawed section

Comparison of detected
and actual lengths

Verification errorw
r

Figure 24. Validation test flow chart.

The characteristic modal signals after the decomposition of each detection signal were
analyzed, and the reflection times at the bottom of the rod corresponding to specimens YZ1,
YZ2, and YZ3 were determined to be 529.7 us, 534.9 us, and 539.1 ps, respectively. Accord-
ing to equation, the lengths of anchorage flaws in the three specimens were calculated to be
174.9 mm, 118.9 mm, and 70.1 mm. Subsequently, the three specimens were then crushed,
and the results after crushing are shown in Figure 25.

(a) (b)

Figure 25. Specimen anchorage length verification: (a) Verification of specimen crushing results;

(b) measurement of bolt flaw lengths.
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Observation of the figure reveals that after the resin anchorage had been set, the
material brittleness increased significantly due to the material’s brittleness. When the
specimen was broken, the integrity of the anchorage itself suffered a certain degree of
damage. This is manifested by the fact that part of the anchoring agent was attached to
the anchor rods while the other was attached to the surrounding rock. In areas where the
anchorage was flawed, the integrity of the anchorage remained intact, with a relatively
thin layer of anchorage attached to the anchor rods. A rigid ruler was used to measure the
anchorage flaws, as shown in the figure for the field measurement; the lengths of the flaws
inside the three specimens were about 178.2 mm, 117.0 mm, and 67.1 mm. The validation
experimental test results and the actual test results and errors are shown in Table 8.

Table 8. Verification of experimental test results and errors.

Specimen  Exposed Length Anchorage Flaw Actual Difference Detection
Number of Bolt (mm) Detection Results (mm) Measurement (mm) (mm) Error (%)
YZ1 302 174.9 178.2 3.3 1.85%
YZ2 299 118.9 117.0 1.9 1.62%
YZ3 300 70.1 67.1 3.0 4.47%

Table 8 shows the detection results of the maximum and minimum differences of
3.3 mm and 1.9 mm, respectively, with an average difference of 2.7 mm. The detection error
of the maximum and minimum values of 4.47% and 1.62%, respectively, was the average
error of 2.65%. Overall, the stress wave detection results are consistent with the actual
measurement results, and the detection error is small and stable. The results show that
using the bottom reflection time of the stress waves detection signal to judge the length of
the anchorage flaw is feasible.

5. Conclusions

Based on the propagation law of stress waves in defective bolt solids, this paper
proposed a stress wave anchorage defect detection method centered on analyzing the
reflection at the bottom of the stress wave rod and the reflection phenomenon at the bottom
of the bolt solid with different defect lengths. This was accomplished by building an
experimental system of nondestructive testing of anchorage defects in a stress wave, and
employing the VMD signal decomposition method. VMD is a powerful signal processing
technique that decomposes a signal into a finite number of modes, each with a specific
frequency range and amplitude. The key research findings are the following:

VMD decomposed the stress wave signals of specimens with different anchorage flaw
lengths, and the characteristic modal signals obtained were analyzed in depth, from which
the reflection time of the bottom of the rod of each specimen was determined. The analysis
results show that the rod bottom reflection time is gradually shortened with the increase in
the anchorage flaw length.

The rod bottom reflection time of specimens in different anchorage states was ana-
lyzed, and the propagation velocities of the excitation reflected stress wave in the free rod,
anchorage section, and anchorage flaw section were 5150 m/s, 4198 m/s, and 5150 m/s,
respectively. By taking the rod bottom reflection time as the key parameter for calculating
the length of the anchorage flaws, the formula of the length of the anchorage flaws was
proposed; it can provide a reference for the detection of the quality of the anchorage.

The calculation method of anchorage flaw length was used to verify the anchorage
quality of several unknown flaws in the bolt solids. The results show that the proposed
method can effectively detect anchorage flaws, with an average difference of 2.7 mm and
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an average error of 2.65%. This practical application of the method confirms its potential to
be a valuable tool in the field of nondestructive testing.
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