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Te internal defects of rocks are the main cause of instability and failure in underground engineering. Terefore, using ultrasonic
monitoring technology to study the defect characteristics of rocks containing voids is of great signifcance. Te research results
indicate that with the increase in the pore size, the longitudinal wave velocity and frst wave amplitude of rocks containing voids
decrease, the attenuation coefcient increases, and the diference in ultrasonic parameters between rocks containing voids and
intact rocks increases, resulting in a signifcant decrease in the rock integrity.Te propagation of ultrasonic waves in porous rocks
can be divided into three stages, where obvious ultrasonic refection, difraction, and scattering occur. Te attenuation of sound
pressure is signifcant, and the ultrasonic sound pressure is negatively linearly correlated with the pore size. Based on the
amplitude, velocity, and pressure of ultrasonic waves, an ANN-based method for predicting the pore size of rocks is proposed,
which inverts and predicts the pore size of rock masses with high prediction accuracy.

1. Introduction

China’s economy has shifted from a stage of rapid growth to
a set of high-quality development. Infrastructure is the basis
for the high-quality development of the national economy. It
has also become an essential support for transforming new
and old driving forces in the new era. National strategies
such as the “Asian Investment Bank” and the “Belt and
Road” focus on infrastructure construction. Infrastructure
industries such as water conservancy, transportation, mu-
nicipal administration, and mining have entered un-
precedented development. As the buried depth of the tunnel
increases, the stress increases, and the environment in which
the rock mass is located becomes more complex [1]. Te
frequency and intensity of rock mass disasters signifcantly
increase, seriously afecting the safe construction of the
tunnel and threatening the safe operation of the tunnel [2, 3].

As the primary solid medium in tunnel engineering,
rock’s stability directly afects tunnel engineering’s safety.
During the excavation process of a tunnel, the excavation
unloading efect afects the rock. A large number of cracks
and holes are generated in the tunnel rock, resulting in
anisotropy and heterogeneity of the rock, causing damage to
the rock mass, and afecting the tunnel’s safety. However,
internal defects in the rock can cause changes in acoustic
parameters [4–7]. Ultrasonic monitoring is often used to
detect the integrity of the rock. Terefore, an in-depth re-
search is conducted on identifying and predicting rock hole
characteristics [8–15]. It is of great signifcance to guide the
construction of tunnel engineering and the prevention and
prognosis of geotechnical engineering geological disasters.

Many foreign scholars have conducted relevant research.
Liu et al. [16] used a self-developed dry-coupled rock
ultrasonic monitoring system to study the changes in P-wave
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and S-wave during the stress process of granite. Nie et al. [17]
used second harmonic generation technology to detect
mortar contact type defects, obtained the relationship be-
tween excitation voltage and c, and obtained the crack length.
Kurtulus et al. [18] conducted experiments on the infuence
of parallel and variable joints on ultrasonic pulse propagation
in two 60mm× 60mm× 360mm colourful marble blocks
with no joints, six similar joints, and six unstable joints. Te
relationship between the number of joints and ultrasonic
pulse velocity is analysed statistically. Te relationship be-
tween the number of joints and ultrasonic pulse velocity was
statistically analysed. Baechel [19] showed that the size and
porosity of pores in rock masses can afect the elastic
properties of carbonate rocks, indicating that the smaller the
pore size, the better the correlation with wave velocity.
Research by Mritunjay [20] shows that when the hole size is
smaller than the wavelength, the sensitivity of acoustic waves
to hole size changes is very low and can be ignored. Hevin
et al. [21] studied the efect of crack shape on surface wave
propagation. Tey established a corresponding relationship
between the synthesised surface wave signal and the change
in crack depth so the actual crack depth can be calculated
through the complementary relationship between the fun-
damental wave signals.

Te above research has analysed the ultrasonic param-
eter variation characteristics of internal fractures and joints
in rock, which has a signifcant reference value. However, it
has yet to explore the ultrasonic aspects of rock-containing
voids and use ultrasonic characteristics to predict rock voids.
Given this, this article takes red sandstone as the research
object, analyses the ultrasonic elements of rock under dif-
ferent pore diameters, and uses ultrasonic parameters to
predict rock pore diameters, providing a theoretical basis for
rock stability analysis.

2. Ultrasonic Testing Scheme for
Rock with Holes

Terock sample used for the test is red sandstone. Rock samples
with uniform texture are collected on-site.Te rock samples
collected are precisely cut and polished in the laboratory to
achieve a relatively fat surface for the creation of standard test
pieces, measuring 100mm× 100mm× 100mm. Defect-free
rock samples are chosen, and drill bits of varying diameters
including 10mm, 15mm, 20mm, 25mm, and 30mm are
selected to bore into the test pieces. Drill goes through the test
specimen to a depth of 100mm. Tere are fve groups of rock
samples with diferent hole sizes, and select 1 group of complete
samples as the control group, as shown in Figure 1.

Using rock mechanics test instruments, the mechanical
properties of red sandstone are tested on complete red
sandstone specimens, and the mechanical parameters of red
sandstone are obtained; they are given in Table 1.

Te test uses the HS-YS2A rock acoustic wave testing
system produced by Tianhong Electronics Research In-
stitute, which mainly includes the ultrasonic transmitting
device, receiving device, ultrasonic transducer, and data
collector. Te instrument comes with 250V and 1000V
transmission pulse voltages, with a transmission pulse width

of 0.2 to 100 μ adjustable, the gain range is 0.01–8000 times,
the bandwidth range is 10Hz–200 kHz, and the instrument
adopts the current advanced industrial control computer,
which can perform single acquisition and continuous
acquisitions.

Apply Vaseline to the centre of the left and right sides of
the sample, with an area larger than the cross-sectional area of
the transducer. Place the transducer on both sides of the
sample, and apply an appropriate amount of pressure to both
sides of the transducer to fully contact the rock sample with
the transducers on both sides. Click the acquisition button to
start collecting the waveform, and then, adjust the magnif-
cation to make the waveform clear and complete, collecting
the wave speed and amplitude as shown in Figure 2.

3. Test Results and Discussion

3.1. Variation Law of Ultrasonic Wave Velocity in Rock with
Holes. To quantitatively compare the integrity of rock-
containing voids, defne the integrity of rock-containing
holes, ξ, by

ξ �
vk

vw

􏼠 􏼡

2

. (1)

Table 2 and Figure 3 show that

(1) With the increase in the rock pore diameter, the
longitudinal wave velocity of rock-containing holes
presents a downward trend. When the rock pore
diameter increases from 10mm to 30mm, the ul-
trasonic wave velocity decreases from 2330m/s to
2243m/s, a decrease of 3%.Te rock pores reduce the
ultrasonic wave velocity.

(2) As the pore diameter of the rock increases, the
diference between the longitudinal wave velocities
of porous rock and intact rock tends to increase.
When the pore diameter is 10mm, 15mm, 20mm,
25mm, and 30mm, the longitudinal wave velocities
of porous rock decrease by 4%, 4.37%, 4.10%, 5.46%,
and 6.93%, respectively, and the rate of change of
longitudinal wave velocity before and after generally
presents an increasing trend. However, based on the
overall analysis, the attenuation of ultrasonic lon-
gitudinal wave velocities is small, and the size of the
hole has little impact on the frst wave velocities; the
main reason is that when there is a porous medium
in the rock mass, ultrasonic waves will difract
around the hole, cutting of the central propagation
path and increasing the course. However, the
propagation paths on both sides of the hole can be
reached normally, and the arrival time of the frst
wave is consistent with the complete rock sample.

(3) As the pore diameter of rock increases, the integrity
of rock-containing voids is negatively proportional
to the pore diameter. When the pore diameter in-
creases from 10mm to 30mm, the integrity of rock-
containing holes decreases from 0.92 to 0.89, sig-
nifcantly reducing the integrity of the rock.
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Figure 1: Rock sample specimen.

Table 1: Mechanical parameters of red sandstone.

UCS (MPa) Elastic (GPa) Deformation (GPa) μ Density (g/cm³)
85.43 6.79 3.45 0.325 2.51

Figure 2: Test process.

Table 2: Variation of the attenuation coefcient of rock samples with diferent pore sizes before and after drilling at 100 kHz.

Rock sample number Aperture size (mm) Longitudinal wave velocity
before drilling (m/s)

Longitudinal wave velocity
after drilling (m/s)

Wave velocity diference
(m/s)

A1 10 2427 2330 97
A2 15 2428 2322 106
A3 20 2414 2315 99
A4 25 2417 2285 132
A5 30 2410 2243 167

Porous rock
Intact rock

97 m/s 106 m/s 99 m/s
132 m/s

167 m/s
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Figure 3: Changes in the ultrasonic wave velocity of rocks with diferent apertures.
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3.2. Variation Law of Ultrasonic Wave Amplitude and
Attenuation in Rock with Holes. Te rock acoustic wave
testing system is used to conduct ultrasonic testing on rock
samples with circular holes with pore sizes of 10mm, 15mm,
20mm, 25mm, and 30mm, respectively, and collect the frst
wave amplitudes of diferent pore sizes at a testing frequency
of 100 kHz.

Table 3 and Figure 4 show that

(1) With the increase in the pore size, the amplitude of
the frst wave in rock-containing voids tends to
decrease, with the pore size increasing from 10mm
to 30mm and the amplitude of the ultrasonic frst
wave decreasing from 394mv to 295mv, a decrease
of 25%. Te diference between the amplitude of the
frst wave in porous and intact rock is positively
proportional to the aperture. Te attenuation
amount and rate of the frst wave amplitude increase
with the aperture increase. When the aperture is
10mm, 15mm, 20mm, 25mm, and 30mm, the
attenuation rates of the frst wave amplitude in
porous rock are 10.86%, 15.26%, 21.85%, 24.94%,
and 31.71%, respectively.

(2) When the hole size is between 10mm and 30mm,
there is a linear correlation between the hole size and
the amplitude of the frst wave. Based on the optimal
ftting curve of the aperture D-amplitude F, the
relationship between the amplitude of the frst wave
F and the aperture D is obtained as
F� −4.4786D+ 433.32. Terefore, it is possible to
predict whether there is a hole defect inside the rock
mass by increasing and decreasing the amplitude of
the frst wave.

Read the amplitude of the frst wave of the incident wave
and the transmitted wave. Use the signal comparison
method to calculate the ultrasonic attenuation coefcient of
rock samples with diferent aperture sizes, as given in
Table 4:

δ �
lnA0 − lnA( 􏼁

L
, (2)

where A0 is the frst wave amplitude of the incident
waveform, A is the frst wave amplitude of the transmitted
waveform, and L is the length of the sample.

Te relationship between the attenuation coefcient and
pore diameter of rocks with diferent holes is shown in
Figure 5. It can be seen that the attenuation coefcient
increases with the increase in the pore diameter and assumes
a linear relationship. When the pore diameter is small, the
diference in the attenuation coefcient between rocks with
holes and intact rocks is slight. When the pore diameter is
large, the attenuation coefcient between rocks with holes
and entire rocks becomes larger and larger. When the pore
diameter of rock increases from 10mm to 30mm, the at-
tenuation coefcient increases from 22.9 dB/m to 25.8m/s,
an increase of 12.7%. Te main reason is analysed: when
ultrasonic waves propagate through holes and defects in the
rock mass, at the boundary of the defect medium, due to

difraction, refection, and scattering phenomena, the
acoustic energy begins to attenuate. As the pore size in-
creases, the higher the internal porosity of rock mass, the
more severe the energy attenuation, and the higher the
attenuation coefcient.

4. Study on Ultrasonic Propagation
Characteristics in Rock with Holes

4.1. Establishment of Numerical Model. Te numerical cal-
culation uses the sound pressure transient module in
COMSOL Multiphysics software to simulate the propaga-
tion of ultrasonic waves in three-dimensional porous media.
Te numerical calculation is used to analyse the propagation
law and sound pressure distribution characteristics of ul-
trasonic waves in three-dimensional porous media and the
specifc analysis of the impact of hole size on the sound
pressure transmission coefcient and signal spectrum
characteristics.

Numerical calculation model width× high× thick is
100mm× 100mm× 100, taking the aperture size as a vari-
able, and seven models with an aperture of 0mm to 30mm
are established. Te model is divided into a freely dissected
tetrahedral mesh with good adaptability, using a 100-kHz
Gaussian pulse as an excitation signal and a generalised α
time step algorithm, as shown in Figure 6.

Te specifc methods for numerical simulation are as
follows:

(1) Based on the physical experimental model, it selects
a physical feld in COMSOL Multiphysics software,
adds a physical feld interface, defnes the solution
type, and establishes a 3D model in the geometric
functional area.

(2) It defnes material properties in the solution domain,
divides grid elements, and sets sound feld bound-
aries and sound wave excitation sources.

(3) It solves the time-domain transient calculation of the
model and extracts and processes the acoustic signal.

4.2. Analysis of Ultrasonic PropagationCharacteristics of Rock
with Holes

4.2.1. Analysis of the Infuence of Transmitted Wave Signals
on Rocks with Holes. Ultrasonic signals are emitted from the
upper boundary of the model, and boundary probes are set
at the left and lower limits of the model. Te efect of dif-
ferent hole sizes on transmitted wave signals is studied by
extracting and analysing boundary probe data. As shown in
Figure 5, the transmission signal efect diagram of varying
hole size models is used to compare and analyse the
transmission signals of the 0mm hole model and diferent
hole size models.

As shown in Figure 7, the waveform signals received by
the 0mm to 30mm hole model at the boundary are all
a complete cycle, and the transmitted signals of diferent
models start to jump simultaneously. By zooming in, it can
be found that the time for each group of models to reach the
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peak is diferent, but the diference is negligible. Te time
point for getting the rise is delayed from the 0mm hole
model to the 30mm hole model. Te model with a hole size
of 0mm is approximately 54.2 μs, and the sound pressure
reaches its peak point; the model with a hole size of 30mm is
about 54.4 μs, and the sound pressure reaches its peak point.
Te sound time is delayed by 0.2 μs. Tis indicates that the
hole size gradually increases, and the acoustic velocity does
not signifcantly change. Te simulation results agree with
the experimental results, and the sensitivity of the wave
velocity to the change in the hole size is relatively low.

4.2.2. Analysis of the Infuence of Acoustic Pressure Atten-
uation Law on the Rock with Holes. As can be seen from
Figure 8, the transmission boundary acoustic pressure
amplitude has a negative linear correlation with the aperture.
In contrast, the acoustic pressure amplitude reduction rate
positively correlates with the aperture. Te maximum am-
plitude of the sound pressure wave for a 0mm complete
model is 669.20 Pa.Te acoustic pressure wave amplitudes of
the 5mm, 10mm, 15mm, 20mm, 25mm, and 30mm hole
models are 655.30 Pa, 620.20 Pa, 584.50 Pa, 549.20 Pa,
515.10 Pa, and 482.20 Pa, respectively, which are 2.08%,
7.32%, 12.66%, 17.93%, 23.03%, and 27.94% lower than
those of the complete model. When the hole size is 30mm,
the impact of acoustic wave propagation is most evident.Te
apparent reason for analysis is that the acoustic wave un-
dergoes various phenomena such as refection, scattering,
and difraction; this causes attenuation of acoustic energy at
the receiving boundary, resulting in a decrease in the wave

amplitude. It has also been verifed that using ultrasonic
waves to detect hole defects has a good efect.

Ultrasonic waves propagate in the form of energy. When
bearing in two diferent media, the energy of acoustic waves
will attenuate. In order to conduct a quantitative analysis of
the attenuation properties of ultrasonic waves in porous
rocks, this study introduces a key parameter: the amplitude
transmission coefcient, denoted as α. Te more signifcant
the transmission of ultrasonic waves in the model, the
smaller the attenuation of ultrasonic energy.

α �
Ai

Ao

, (3)

where α is the amplitude transmission coefcient, Ai means
diferent hole models receive signal amplitudes, Ao means
the complete model receives the signal amplitude.

As seen in Figure 9, the ultrasonic amplitude trans-
mission coefcient decreases linearly with the aperture in-
crease. Te transmission coefcient of the complete model is
1. When the aperture increases from 5mm to 30mm, the
transmission coefcient decreases from 0.98 to 0.72, with
a reduction rate of 26%. Tis indicates that the size of the
hole is crucial to the transmission of ultrasonic sound waves.
Te larger the hole size, the more signifcant the impact of
acoustic transmission ability and the more severe the at-
tenuation of acoustic energy. Due to the physical test results
of acoustic wave testing on rock samples with diferent hole
sizes, the amplitude of the frst wave gradually decreases as
the hole size increases, and the conclusions obtained from
numerical simulation are consistent with the test.
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Figure 4: Wave amplitude variation of rocks with diferent apertures.

Table 3: Amplitude of the frst wave before and after drilling of rock samples with diferent pore sizes at 100 kHz.

Rock sample number Aperture size (mm) Head wave amplitude
before drilling (mv)

Head wave amplitude
after drilling (mv) Amplitude diference (mv)

A1 10 442 394 48
A2 15 426 361 65
A3 20 444 347 97
A4 25 433 325 108
A5 30 432 295 137
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4.2.3. Acoustic Pressure Distribution Characteristics of Rock
with Holes. To investigate the acoustic pressure distribution
characteristics within rocks, this research initiates a 100 kHz
ultrasonic signal at the model's upper boundary. Tis study
aims to examine the variations in acoustic pressure over dif-
ferent time intervals and aperture sizes. Figure 10 shows the
acoustic pressure distribution characteristics of the 20mmhole
model at other times, and Figure 11 shows the sound pressure
contour surface of diferent hole models at the same time
(70μs). According to the distribution of sound pressure and
the size of sound pressure, the sound pressure in the process of
ultrasonic propagation in diferent hole sizemodels is analysed.

As can be seen from Figure 10, the propagation of ul-
trasonic waves in porous rocks is divided into three stages:
the frst homogeneous propagation stage: this stage starts
from the upper boundary to the time when the acoustic
waves reach the edge of the hole, propagating downward at
a certain sound pressure, and the sound pressure decreases.
Te second hole propagation stage: In this stage, ultrasonic
waves pass through the hole, and apparent emission and
transmission phenomena occur in the hole. Te sound
pressure at the edge of the hole fuctuates, forming a sound
pressure rising region. Te third stage is the propagation
stage after the hole. In this stage, after the ultrasonic wave

passes through the hole, apparent ultrasonic difraction and
scattering phenomena occur, and the sound pressure at-
tenuates signifcantly.

Given the model’s variations in hole sizes, the equivalent
surface for sound pressure is correspondingly diferent. At
70 μs, the propagation of ultrasonic waves in the rock is in
the third stage. When the ultrasonic waves reach the lower
boundary, due to the infuence of the pores, phenomena
such as difraction, refection, and scattering occur. Te
change in sound pressure at this time can better refect the
infuence of the pore size. Terefore, when the sound wave
reaches 70 μs, the sound pressure equivalent surface of
varying hole size models is extracted. At the same time, due
to the diferent hole sizes, the distribution of the acoustic
pressure isosurface of this group of models is also not the
same. With the increase in the hole size in the model, the
larger the cross-sectional area of the hole defect, the lower
the acoustic pressure gradually.

5. Prediction of Hole Size Based on
Acoustic Parameters

5.1. Data Enhancement. According to the results of indoor
experiments and numerical calculations, there is a negative
linear correlation between the ultrasonic amplitude and
sound pressure and aperture, with a correlation coefcient of
0.95–0.99, which has a good correlation. To more accurately
refect the regularity and correlation between the rock pore
size and sound pressure, amplitude, and wave velocity,
adding more samples and enhancing the dataset are nec-
essary. According to the correlation function, the
100mm× 100mm× 100mm rock sample pore size is in-
creased to 80mm. Te test amplitude and simulated sound
pressure are obtained under diferent pore size conditions, as
shown in Figure 12.

Te relationship between the wave velocity and aperture
is relatively complex and does not have clear rules. Tere-
fore, an SVR-based wave velocity prediction model is
established [22]. Te dataset includes amplitude and sound
pressure data for three model sizes, with model size, am-
plitude, and sound pressure as input values and wave ve-
locity as output values. Te predicted wave velocity value is
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(a) (b)

(c) (d)

Figure 10: Sound pressure snapshot of 20mm hole model at diferent times. (a) 12 μs, (b) 23 μs, (c) 33 μs, and (d) 48 μs.

(a) (b)
Figure 11: Continued.
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verifed with the actual wave velocity value. As can be seen
from Figure 13 and Table 5, the expected trend of the wave
velocity value obtained through the SVR prediction model is
consistent with the actual wave velocity value, and the
training set of the model and the correlation coefcient of
the testing machine are both above 0.99, which can be used
as a wave velocity dataset to supplement more aperture size
test block models.

5.2. Prediction of Rock Pore Size. ANN is a mathematical
model for simulating the activity of artifcial neurons
[23–25]. It is an information processing system established
based on imitating the structure and function of brain neural
networks. ANN consists of an input layer, a hidden layer,
and an output layer. Each layer is composed of several
neurons. According to the available information data, re-
peated training is conducted to gradually adjust the

(c) (d)

(e) (f )

Figure 11: Schematic diagram of the acoustic pressure isosurface at 70 μs for diferent hole size models. (a) 5mm, (b) 10mm, (c) 15mm,
(d) 20mm, (e) 25mm, and (f) 30mm.
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connection weight method between neurons to simulate the
relationship between the output layer and the input layer.
Te number of hidden layers in a network structure and the
number of neurons in each hidden layer impact the model’s

prediction performance. In this paper, the ANN model
adopts two layers of hidden layers and takes the amplitude,
wave velocity, and pressure as the input layer of the structure
and the pore size contained in the rock as the output layer.
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Table 5: Acoustic parameter enhancement dataset for diferent model sizes.

Rock specimen
dimension (mm)

Aperture dimension
(mm)

Experiment amplitude
(mv)

Simulation sound
pressure value

(Pa)

Wave velocity
(m/s)

SVR-predicted wave
velocity (m/s)

100 0 429 669 2365 2359
100 5 413 655 2343 2346
100 10 394 620 2330 2338
100 15 361 585 2322 2314
100 20 347 549 2315 2311
100 25 324 515 2285 2298
100 30 295 485 2243 2278
100 35 277 453 — 2269
100 40 254 421 — 2256
100 45 232 389 — 2244
100 50 209 357 — 2230
100 55 187 324 — 2218
100 60 165 292 — 2206
100 65 142 260 — 2193
100 70 120 227 — 2180
100 75 97 195 — 2168
100 80 75 163 — 2155
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Figure 14: Diagram of the neural network model.
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Te structural units in the middle layer are 12 and 8 units,
respectively, as shown in Figure 14.

As can be seen from Figure 15, using the ANN prediction
model to predict the aperture size has a small error, which is
consistent with the actual value, and the prediction curve
almost coincides with the solid angle. Terefore, the model
can predict the aperture size, and the prediction results are
promising.

6. Conclusions

In this paper, ultrasonic testing was conducted on rocks with
diferent apertures, and the infuence of other gaps on ul-
trasonic parameters was analysed. Te characteristics of
ultrasonic pressure changes under diferent apertures were
studied using numerical calculation methods. A method
based on ANN to predict the rock pore size was proposed.
Te following are the conclusions drawn from the results:

(1) With the increase in the pore diameter, the longi-
tudinal wave velocity of the rock with holes presents
a downward trend, the amplitude of the frst wave
presents a negative linear correlation, and the at-
tenuation coefcient presents a positive correlation.
Te diference in the longitudinal wave velocity,
amplitude, and attenuation coefcient between the
rock with holes and intact rock shows an increasing
trend. Te ultrasonic attenuation increases, and the
rock integrity signifcantly decreases.

(2) To analyze the propagation patterns and acoustic
feld distribution characteristics of ultrasonic waves
in porous rocks, the article constructs ultrasonic
simulation models featuring a range of pore sizes.
Tese models can systematically study the efects of
diferent pore dimensions on wave behavior and feld
distribution. Te transmission boundary acoustic
pressure is negatively correlated with the pore size,
and the reduction rate of the acoustic pressure
amplitude is positively linearly correlated with the
pore size. Te propagation of ultrasonic waves in

porous rocks is divided into three stages, with sig-
nifcant ultrasonic refection, difraction, and scat-
tering phenomena occurring and considerable
attenuation of acoustic pressure

(3) Based on the ultrasonic amplitude, wave velocity,
and sound pressure, experimental and numerical
results are analysed, and the SVR algorithm is used to
enhance the prediction samples. A method for
predicting rock pore size based on ANN is proposed,
which inversely predicts the rock pore size with high
prediction accuracy.
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