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To promote the application of ultrasonic vibration rock crushing technology in underground rock-drilling engineering, it is
necessary to investigate the damage and fracture characteristics of hard rock under the excitation of ultrasonic vibration. In
this study, the brittle red sandstone was taken as the research object, the rock fracture experiments under the excitation of
ultrasonic vibration were carried out, and the macrodeformation of rock samples was monitored by strain gauges. The
experimental results show that the strain curve of rock samples under the excitation of ultrasonic vibration can be divided into
the compaction stage, elastic deformation stage, and damage stage; with the increase in static load, the maximum intrusion
depth and maximum failure depth of rock samples increase exponentially. To study the damage evolution and energy
dissipation mechanism of rock samples under the excitation of ultrasonic vibration, a numerical model was established by
using particle flow software PFC2D. The results show that the proposed model can effectively simulate the failure
characteristics of rock samples under the excitation of ultrasonic vibration. Through the analysis of the displacement field,
stress field, and dynamic fracture process of rock samples, the damage and fracture mechanism of rock samples under the
excitation of ultrasonic vibration were revealed. In addition, the ultrasonic vibration simulation tests on rock samples were
carried out under different static loads, and the number of rock cracks and energy dissipation process were monitored in real
time. The results show that static loads can accelerate the initiation and propagation of cracks and improve the utilization rate
of rock crushing energy.

1. Introduction

In underground mining, rock mass with high hardness is
widely distributed in the strata, which greatly affects the
mining efficiency. Traditional rock crushing methods have
the disadvantages of large energy consumption and high
cost. Therefore, an efficient and low-consumption method
for hard rock crushing is urgently needed. As a new rock
crushing technology, ultrasonic vibration rock crushing
technology has been first applied to the field of space sam-
pling and polar exploration, and its research focuses on the
development of ultrasonic samplers [1, 2]. Wiercigroch
et al. [3] developed a set of ultrasonic vibration rock crush-

ing test devices and established the corresponding dynamic
model. In this test, experimental research and theoretical
analysis were firstly combined, and the results show that
the failure speed of the rock sample under high-frequency
axial vibration impact is significantly improved. Zhao and
Sangesland [4] conducted a mechanical analysis of the rock
crushing process of ultrasonic vibration cutting. It was found
that the contact force between rock and drilling tool under
the ultrasonic vibration greatly reduces the wear of drill
bit. Therefore, compared with traditional rock crushing
methods, ultrasonic vibration rock crushing technology can
better meet the needs of efficient rock crushing in under-
ground engineering and has a high application prospect.
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In the ultrasonic vibration rock crushing technology, the
high-frequency cyclic load is applied to the rock mass by
drilling tools to induce the rapid fatigue damage of the rock
and realize the efficient fracture of the rock mass. Research
on the damage and failure characteristics of rock mass under
cyclic loading has been widely conducted. Li et al. [5] estab-
lished a fatigue damage model of the jointed rock mass
under cyclic compression load. Based on test data, it was
found that the deformation modulus of the rock mass
increased with the increase of impact frequency. Bagde and
Petros [6] studied the influence of cyclic load parameters
on dynamic mechanical parameters of the rock mass
through experiments. The results showed that the dynamic
axial stiffness and fatigue strength of the rock sample were
positively correlated with cyclic load amplitude and fre-
quency. Yang et al. [7] analyzed the influence of crack
parameters on mechanical behaviors of rock samples. It
was found that the change of crack density, inclination,
and spacing could affect the strength and failure mode of
rock samples. By using fractal theory, Li et al. [8] explored
the law of rock fragmentation under cyclic loading and found
that the greater the cyclic loading rate, the higher the degree of
rock fragmentation and the more uniform the fragmentation.
Liu and He [9] investigated the influence of confining pressure
on the mechanical properties of rock samples under cyclic
loading and analyzed the fatigue damage of sandstone under
the confining pressure by the residual strain method. It was
concluded that the shear fracture surface of rock could be
widened by the increase of confining pressure.

In the above studies, the cyclic load frequency is lower
than 100Hz, while the previous research [10] has shown that
the mechanical response of rock varies with the change of
load frequency. At present, some researchers have summa-
rized the response and failure characteristics of rock mass
under high-frequency vibration. Through the finite element
method, Li et al. [11] analyzed the resonance characteristics
of rock samples under harmonic excitation. The results
showed that the resonance frequency of rock samples was
affected by rock size and mechanical parameters. Based on
the self-developed ultrasonic vibration excitation device,
Yin et al. [12] analyzed the influence of static load on the
mechanical strength of granite samples and obtained an
optimal static load to maximize the damage degree of the
rock sample. Zhou et al. [13] investigated the deformation
characteristics of granite during ultrasonic vibration excita-
tion through strain experiments and divided the deforma-
tion process of rock into three stages, elastic deformation,
plastic deformation, and damage stages. By using a scanning
electron microscope (SEM), Zhao et al. [14] observed the
microcrack propagation characteristics of granite under
ultrasonic vibration and concluded that the internal feldspar
particles has the largest effect on the damage of granite sam-
ples. It was found that the failure time of granite and the
maximum crack propagation length were the smallest.
Zhang et al. [15] obtained the evolution law of rock pores
under the ultrasonic vibration through the nuclear magnetic
resonance (NMR) test. The results showed that high-
frequency vibration could better promote the development
of rock pores.

However, the above experimental studies mostly use
granite samples as hard rocks and rarely analyze the crush-
ing law of rock samples under high-frequency vibration
from the perspective of energy. In this study, the brittle red
sandstone was taken as the research object. The ultrasonic
vibration rock crushing test was carried out to obtain the
progressive fracture characteristics of rock samples under
different static loads, and the influence of static loads on
the fracture range was studied. Besides, the ultrasonic vibra-
tion excitation experiments on rock samples were simulated
by the particle flow software PFC2D, and the microcrack
evolution and energy dissipation law of rock samples were
explored in this process.

2. Rock Crushing Experiment under the
Excitation of Ultrasonic Vibration

2.1. Specimen Preparation. The red sandstone used in the
experiment was a common hard brittle rock taken from
Sichuan Province, China. Firstly, the rock block was proc-
essed into a standard cylinder sample with a diameter of
50mm and a height of 100mm, as shown in Figure 1. Both
the size, flatness, parallelism, and perpendicularity of the
rock sample were in accordance with International Society
for Rock Mechanics (ISRM) standard [16]. Secondly, the
physical parameters of rock samples were calculated. The
average density of the red sandstone sample in a natural

Figure 1: Red sandstone specimens.
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Figure 2: Natural frequencies of red sandstone.
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state was 2.7 g/cm3, and the average longitudinal wave veloc-
ity was 4110m/s. Thirdly, the basic mechanical parameters
of rock samples were obtained through the uniaxial com-
pression test. The average uniaxial compressive strength
and elastic modulus were 92.5MPa and 5.4GPa. The average
porosity of rock obtained by NMR technology was 7.5%. To
reduce the influence of the difference in natural frequency
on the experimental results, the natural frequency of rock
samples was measured by the knocking method [17], and
the sample with the natural frequency of 11650 ± 50Hz
was selected. Figure 2 shows the natural frequency test
results of a rock sample.

2.2. Test System. The test system includes two parts, an ultra-
sonic high-frequency vibration excitation device and a signal
acquisition system. Figure 3 shows the ultrasonic high-
frequency vibration excitation device. The vibration loading
device mainly includes the ultrasonic generator, oscillator,

tool head, and piston air compressor. The oscillator converts
electrical signals into mechanical vibration signals, the
ultrasonic amplitude transformer amplifies the vibration
amplitude and acts on the rock through the tool head con-
nected with it, and the air compressor is used to apply
adjustable static load to the rock sample. The signal acquisi-
tion system includes the high-frequency signal acquisition
instrument, signal analysis software, and strain gauge, and
this system is used to monitor the axial strain of rock
samples during excitation.

2.3. Test Process. In this test, three groups of ultrasonic
vibration excitation tests were designed, the vibration fre-
quency and amplitude were 20 kHz and 70μm, and the static
loads of each group were set to be 0.15MPa, 0.2MPa, and
0.25MPa, respectively. The excessive excitation time can
cause the rise of rock temperature, which affects the test
results of strain. To avoid this condition, the interval
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Figure 3: (a) Rock breaking device excited by ultrasonic vibration. (b) Strain monitoring system.
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vibration excitation method was adopted in this test, as
shown in Figure 4. The strain data was recorded and the
rock samples were observed every 40 s after excitation. After
a period of time, the next excitation was carried out until
rock failure occurred, and the cumulative time of rock sam-
ple failure was recorded.

3. Analysis of Test Results

3.1. Dynamic Damage Process of Rock Samples. The macro-
deformation of rock mass reflects the damage law of the rock
sample. The initiation and propagation of crack can increase
the macrodeformation [18]. When the rock is broken, the
failure of the strain gauge occurs and the strain value gradu-
ally returns to 0. The experiment shows that the fracture of
rock sample occurs within 40 s under a static load of
0.25MPa. Figure 5 shows the strain-time curve of the rock
sample during this process. The deformation process of rock
samples can be divided into three stages, compaction stage,
elastic deformation stage, and damage stage.

(1) Compaction stage: at this stage, natural cracks exist
in the rock and are rapidly compacted under the action of
ultrasonic vibration load, and the strain value of the rock
sample increases linearly

(2) Elastic deformation stage: as shown in Figure 5, after
3.4 s vibration excitation, the strain curve tends to be flat,
and the slope of the curve is close to 0. At this time, the rock
is equivalent to an elastic body, and slight elastic deforma-
tion occurs under the influence of vibration load

(3) Damage stage: after 7.1 s vibration excitation, new
microcracks are continuously generated in the rock sample.
Under the influence of compaction in the axial direction,
the deformation amount begins to grow nonlinearly, and
the cracks are developed and gradually penetrated to form
macrocracks. Finally, the rock fracture occurs at 13.3 s

3.2. Progressive Process of Rock Failure. By recording the
rock failure after each vibration excitation, the progressive
law of rock failure is obtained. It is found that the fracture
law of the rock sample under different static loads is similar.
Figure 6 shows the typical failure process of the rock sample
under a static load of 0.15MPa. The rock in the contact area
between the rock and the tool head is constantly broken into
powder, and a circular fracture zone is first formed on the

excitation surface. With the progress of the vibration
excitation, the area and depth of the fracture zone increase.
At the same time, macrocracks are constantly generated
from the edge of the area and spread in the radial and axial
directions. When two adjacent macrocracks are connected,
the broken block is generated and detached from the rock
sample. It can be seen that local failure of the rock sample
occurs under the excitation of ultrasonic vibration, and the
closer the rock is to the excitation surface, the greater the
damage. Besides, there is a maximum intrusion depth of
the rock sample. After reaching the maximum intrusion
depth, the macrocracks are quickly penetrated, and then
rock failure can be caused.

To further study the influence of static load on rock frac-
ture, the failure modes of rock samples under different static
loads are compared, as shown in Figure 7. It can be found
that the greater the static load, the shorter the time required
for rock failure. Compared with that under the static load of
0.15MPa, the time required for rock failure at the static load
of 0.2MPa and 0.25MPa is shortened by 73.48% and
85.43%, respectively. The increase of static load also
increases the maximum intrusion depth of the rock sample,
and the longitudinal propagation of macrocracks is deeper,
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resulting in larger fragments during failure. Figure 7(b)
shows the variation curve of the maximum intrusion depth
and the maximum crack propagation depth with the static
load. With the increase of static load, the final failure range
of the rock sample increases exponentially.

The process of rock deformation and failure is accompa-
nied by energy conversion and microcrack evolution. There-
fore, the law of energy dissipation and crack evolution in the
rock sample under the excitation of ultrasonic vibration can
be analyzed from a mesoscopic perspective, which is condu-
cive to illustrating the internal mechanism of rock failure
under high-frequency vibration.

4. Particle Flow Simulation of Ultrasonic
Vibration Excitation Test

4.1. Establishment of Particle Flow Numerical Model. Based
on the discrete element analysis, the PFC2D software can
be used to study the damage and fracture mechanism of
rock-like materials from the perspective of mesomechanics.
The model in PFC2D software is composed of particles,
walls, contacts, bonds, and other units. The rock-like mate-
rials are constructed as a collection of particles of various
sizes, and the adjacent two particles are connected by the
contact model. When the particle flow program is used,
the constitutive relationship and material characteristics of
the material model do not need to be defined, but the macro-
and mesomechanical parameters of the material need to be
combined. The parallel bond model was proposed by
Potyondy [19], and the existing studies [20, 21] have proven
that this model can accurately simulate the microcrack prop-
agation of rock materials. Therefore, the parallel bond model
is used to simulate the brittle red sandstone in this study.

In the parallel bond model, both force and torque can be
transmitted. Figure 8 shows the parallel bond model. The
parallel bond contact is added between adjacent particles,
and the contact range is a square area. In the PFC2D
method, the stress on the parallel bond model can be calcu-
lated as follows:

σ = −Fi
n

A
, ð1Þ

τ = Fi
s�� ��

A
, ð2Þ

where σ and τ represent the normal force and tangential
force applied to the bonding key, and A represents the area
of the parallel bond area.

The mesomechanical parameters of the model directly
determine its macromechanical behavior, and the macrome-
chanical parameters can be obtained by the uniaxial com-
pression test. A red sandstone sample with a diameter of
50mm and a height of 100mm is established by the parallel
bond model, and the particle flow program [22] is compiled
to determine the mesoparameters of the model. The model
includes 6,965 particles, with a maximum particle radius of
0.35mm and a minimum particle radius of 0.25mm.
Table 1 shows the specific mesomechanical parameters.
Figure 9 shows the comparison between uniaxial compres-
sion simulation results and test results. It can be seen that
the rock model with these mesomechanical parameters can
accurately reflect the mechanical characteristics of red sand-
stone. Therefore, this model can be used to simulate rock
fracture under the excitation of ultrasonic vibration.

When using PFC2D to simulate ultrasonic vibration
rock crushing, the vibration excitation load can be simulated
by adding velocity boundary [23]. According to the applica-
tion principle of ultrasonic vibration load, the displacement
boundary of vibration load can be expressed as follows:

x = A ⋅ sin 2πf ⋅ tð Þ, ð3Þ

where x is the displacement of the excitation surface; A is the
amplitude; f is the ultrasonic vibration frequency; t is the
excitation time. By differentiating the displacement of the

Top view

Side view

Figure 6: Progressive process of rock failure.
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excitation surface, the velocity boundary can be obtained as
follows:

v = A ⋅ 2πf ⋅ cos 2πf ⋅ tð Þ: ð4Þ

4.2. Energy Theory in PFC2D. The process of rock deforma-
tion and failure is accompanied by energy conversion, and
energy dissipation reflects the development characteristics
of internal damage of the rock sample. When PFC2D is used
for numerical simulation, the changes of various energies
during the test can be tracked in real time [24], which can

facilitate the understanding of the simulation results. It is
assumed that there is no heat exchange between the rock
mass and the outside world in the process of rock deforma-
tion and failure. According to the law of energy conserva-
tion, the total work exerted by the external load on the
rock can be described as follows: [25]

Wb =We +Wd , ð5Þ

whereWe is the total elastic strain energy and Wd is the dis-
sipation energy. In the simulation, the following energies are
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Figure 7: Failure characteristics of rock under different static loads. (a) Rock failure mode. (b) Relationship between static load and
maximum penetration depth and maximum destruction depth.
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involved: parallel bond strain energy (Wpb), particle strain
energy (Wc), friction energy (Wf ), plastic deformation
energy ðWβÞ, and kinetic energy (Wk). Among them, the
parallel bond strain energy (Wpb) is the strain energy gener-
ated by all the parallel bonds in the model; the particle strain
energy (Wc) refers to the sum of the strain energy stored in
the contact spring; the friction energy (Wf ) refers to the
energy consumed by the staggered friction of the particles
in the model; the plastic deformation energy (Wβ) refers to
the energy consumed by the plastic deformation, and the
kinetic energy (Wk) refers to the energy generated by the
particle movement, including rotation and translation of
the particles. The total strain energy can be calculated as
follows: [26]

We =Wpb +Wc,

Wpb =
1
2〠Npb

Fi
n�� ��2

Akn
� � + Fi

s�� ��2
Aks
� �

+M3
2/Ikn

0
@

1
A,

Wc =
1
2〠Nc

Fi
n�� ��2
kn

+ Fi
s�� ��2
ks

 !
:

8>>>>>>>>>><
>>>>>>>>>>:

ð6Þ

The dissipation energy and kinetic energy can be calcu-
lated by the following equations: [27]

Wd =Wf +Wβ,

Wf ⟵Wf −〠
Nc

Fi
s ΔUi

sð Þslip
� �

,

8><
>: ð7Þ

Wk =
1
2〠Np

〠
i=1

ς ið Þυ
2
ið Þ, ð8Þ

where Npb represents the number of parallel bond keys; �Fi
n

represents the normal stress of parallel bond; �Fi
s represents

the tangential stress of parallel bond; kn and ks are the normal
stiffness and tangential stiffness; I and A are the inertia
moment and cross-sectional area of the parallel bond; �M3 is
the torque; Nc is the number of contacts; Np is the number
of particles; Fi

s is the tangential contact force; ςðiÞ and υðiÞ
represent particle mass and velocity, respectively; ðΔUi

sÞslip
represents the slip amount, and it can be calculated as follows:

ΔUi
sð Þslip =

ΔUi
s + Fi

sð Þ t+Δtð Þ − Fi
sð Þt

� �� �
ks

: ð9Þ

According to Equation (5), the dissipation energy can be
deduced and expressed below:

Wd =Wb −We −Wk: ð10Þ

The calculation equation of total energy Wb is

Wb =〠
Nw

FiΔUi +M3Δθ3
À Á

, ð11Þ

where Fi is contact force, △Ui is the particle displacement,
Δθ3 is the particle angle, and Nw is the number of walls.

5. Simulation Results and Analysis

The simulation results and experimental results of rock fail-
ure under the excitation of ultrasonic vibration are com-
pared, as shown in Figure 10. The failure mode of rock
samples obtained from numerical simulation is highly simi-
lar to that of indoor experimental results. It indicates that
the numerical model with these mesoparameters can also
reflect the mechanical properties of the rock mass under
high-frequency vibration excitation, which further verifies
the accuracy of the proposed model.

5.1. Displacement Field and Damage Evolution. Figure 11
shows the distribution of the internal displacement field of
rock samples under the excitation of ultrasonic vibration.
With the increase of calculation steps, the displacement field
gradually diffuses from the fan-shaped small area below the
top excitation surface to the whole rock, and gradually tends
to be stable. The displacement field shows an obvious layer-
ing effect and can be divided into three main layers. The first
layer is the fan-shaped high-level displacement field formed
under the excitation surface, while the third low-level dis-
placement field is distributed in the bottom area, and the
particle displacement in this area is little affected by the
vibration load. Besides, there is a large displacement differ-
ence at the junction of the first layer and the second layer,
and the particle bond at the junction of the two layers is
more prone to fracture, leading to the generation of
microcracks.

Figure 12 shows the crack initiation and propagation
process of rock samples under the excitation of ultrasonic
vibration. In this figure, shear cracks are marked in blue
and tensile cracks in red. Under the excitation of ultrasonic
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Table 1: Mesomechanical parameters of red sandstone.

Particle density/(kg/m3) Particle stiffness ratio Parallel bond modulus (GPa) Parallel bond stiffness ratio Parallel bond radius factor

2700 1.5 4.5 2.5 1

Particle contact modulus Normal bond strength Tangential bond strength Friction coefficient
Particle
Size ratio

4.8 37 45 0.5 1
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Figure 9: Comparison between simulation results and test results: (a) uniaxial failure mode (b) stress-strain curve.

8 Geofluids



vibration, the shear failure first occurs in the area of the
maximum shear stress below the excitation surface of the
rock sample. Under the action of stress concentration, the
edge area of the excitation surface is fractured, and a group
of cracks is generated and expands toward the direction of
the maximum shear stress. As a result, an X-shaped macro-
fracture zone is gradually formed in the rock mass. When
the fracture zone develops to the free surface at both ends,
the broken block is formed and peels off from the rock sur-
face. The failure mode of the rock mass is consistent with
that in the laboratory experimental results.

Figure 13 shows the proportion of shear cracks and
tensile cracks under the excitation of ultrasonic vibration.
The tensile cracks are mainly produced in the whole process.
The fracture of particle bonds in the rock is caused by the
shear failure at the initial excitation stage. With the
continuous development and expansion of cracks, the
proportion of tensile cracks increases rapidly and tends to
be stable gradually. When the rock fracture occurs, the
cumulative proportion of tensile cracks reaches 74.2%. The
change of acoustic emission count under the excitation of
ultrasonic vibration is shown in Figure 14. The damage
degree of the rock mass during vibration can be expressed
by the following equation: [28]

n = ∑m
i=1rili

∑M
i=1rili

, ð12Þ

where n represents the damage coefficient; m and M repre-
sent the current calculation steps and the total number of
cracks accumulated during rock fracture; ri and li represent
the radius and length of the i-th crack. As shown in
Figure 14, the damage process of the rock mass can be

divided into four stages, initial vibration excitation stage,
crack initiation stage, rapid crack propagation stage, and
slow crack growth stage. In the initial vibration excitation
stage, no acoustic emission signal is generated. In the crack
initiation stage (a, b), the number of cracks increases slowly,
and the cumulative shear cracks in this stage account for
81.8%. In the rapid crack propagation stage (b, c), the num-
ber of cracks increases rapidly, and the damage curve gener-
ally shows a linear increasing trend. Besides, the proportion
of tensile cracks increases from 18.2% to 73.4%, with an
increase of 303.3%. When the damage coefficient increases
to 0.88, the slow crack growth stage (c, d) is reached, and
the damage rate of the rock mass slows down.

Since the force and velocity loads cannot be applied to
wall boundary simultaneously in PFC2D software,
researchers have found that the increase of static load can
increase the vibration amplitude of the system [29]. There-
fore, different static loads can be characterized by changing
the vibration amplitude. To further study the influence of
static load on the evolution of microcracks in the rock mass,
four ultrasonic vibration excitation experiments (U1-U4) on
rock samples were designed, and the amplitudes of ultra-
sonic vibration were set as 70mm, 75mm, 80mm, and
85mm, respectively. Figure 15(a) shows the evolution com-
parison of microcracks in rock samples under four working
conditions. It can be found that the static load accelerates
crack initiation and promotes crack propagation, and the
cumulative number of cracks in rock increases with the
increase of static load. Figure 15(b) shows the proportion
curve of the number of tensile cracks under different static
loads. It can be seen that the proportion of tensile cracks
generated by the excitation process is less affected by static
loads, and the proportion of tensile cracks is always main-
tained at about 75%.

Figure 10: Comparison of failure modes between simulation and test.
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5.2. Stress Field Distribution. Figure 16 shows the internal
stress distribution of the rock sample under different cycle
numbers. Under the ultrasonic vibration load, the internal
stress of the rock sample increases continuously; there is
always an obvious high-stress concentration area near the
excitation surface, while the stress variation in the rock
region far from the excitation surface is little affected by
the vibration load. In addition, a small range of high-stress
areas can be observed in other local areas. This is because
the microcracks expand and converge to form macroscopic
cracks, and stress concentration also occurs at the crack tip
under the action of vibration load. Under the action of
vibration load, the crack tip will also produce stress
concentration. At the same time, the intersection of
compressive stress and tensile stress occurs in the fracture
of the rock mass.

To reflect the macroscopic mechanical properties of
rocks under load, the transfer process of the contact forces
between particles can be visualized to form force chains in
the PFC2D model. Figure 17 shows the distribution of the
contact force chain inside the rock under the excitation of
ultrasonic vibration, in which compressive force is marked

as black and tensile stress as red. The thicker the force chain,
the stronger the contact force. After the rock is loaded by
ultrasonic vibration, a strong stress chain concentration area
is formed on the excitation surface, and the strong stress
chain diffuses to the lower part in a fan shape. The rest of
the rock mass is less affected by the vibration load, and the
force chain is evenly distributed. The macrocrack propagates
to the deep along the transmission path of the strong stress
chain and reaches the free surface, then the failure of the
rock mass is caused.

5.3. Energy Dissipation. Figure 18(a) shows the energy evolu-
tion curve under the excitation of ultrasonic vibration. Since
the kinetic energy generated in the whole process is
extremely small, it can be ignored in this study. At the initial
stage of vibration excitation, almost all the input energy is
converted into strain energy, and the strain energy increases
exponentially. When the internal stress of rock increases
continuously and exceeds the elastic limit, the fracture of
particle bond occurs, and the mesocracks are gradually
formed, leading to the continuous generation and increase
of dissipated energy. More input energy is transformed into

Cycle num 1 × 106 Cycle num 2 × 106 Cycle num 3 × 106

Cycle num 4 × 106 Cycle num 5 × 106 Cycle num 6 × 106

Layer 1

Layer 2

Layer 3

4.4616E-05
4.2500E-05

1.1977E-04 2.0353E-04

2.0000E-04

1.8000E-04

1.6000E-04

1.4000E-04

1.2000E-04

1.0000E-04

8.0000E-05

6.0000E-05

4.0000E-05

2.0000E-05

0.0000E+00

1.1000E-04

1.0000E-04

9.0000E-05

8.0000E-05

7.0000E-05

6.0000E-05

5.0000E-05

4.0000E-05

3.0000E-05

2.0000E-05

1.0000E-05

0.0000E+00

4.0000E-05
3.7500E-05
3.5000E-05
3.2500E-05
3.0000E-05
2.7500E-05
2.5000E-05
2.2500E-05
2.0000E-05
1.7500E-05
1.5000E-05
1.2500E-05
1.0000E-05
7.5000E-06
5.0000E-06
2.5000E-06
0.0000E+00

3.0054E-04 5.0636E-04 6.0625E-04

6.0000E-04

5.5000E-04

5.0000E-04

4.5000E-04

4.0000E-04

3.5000E-04

3.0000E-04

2.5000E-04

2.0000E-04

1.5000E-04

1.0000E-04

5.0000E-05

0.0000E+00

5.0000E-04

4.5000E-04

4.0000E-04

3.5000E-04

3.0000E-04

2.5000E-04

2.0000E-04

1.5000E-04

1.0000E-04

5.0000E-05

0.0000E+00

3.0000E-04

2.7500E-04

2.5000E-04

2.2500E-04

2.0000E-04

1.7500E-04

1.5000E-04

1.2500E-04

1.0000E-04

7.5000E-05

5.0000E-05

2.5000E-05

0.0000E+00

Figure 11: Distribution of displacement field in rock under ultrasonic vibration excitation.
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friction energy and plastic deformation energy, and the
increase of strain energy is gradually lower than that of input
energy.When the strain energy reaches the peak value, the rock
failure occurs, and the strain energy is released rapidly in the
form of friction energy and plastic deformation energy, while

the dissipated energy rises rapidly. The increase of plastic
deformation energy indicates the continuous development of
microcracks in the rock, while the increase of friction energy
indicates that the more frequent staggered friction between
particles causes the increase of internal energy in the rockmass.
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Figure 12: Crack evolution in rock under ultrasonic vibration excitation.
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Figure 15: Variation of the number of cracks in rock under different static loads. (a) Total number of cracks. (b) Tensile crack proportion.
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Figure 16: Distribution of stress field in rock under ultrasonic vibration excitation.
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Figure 17: Distribution of force chain in rock under ultrasonic vibration excitation.
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The energy dissipation coefficient is defined as:

η =
Wβ

Wb
: ð13Þ

The energy dissipation coefficient curve reflects the
change of energy utilization rate in the process of rock frac-
ture. As shown in Figure 18(b), at the initial stage of vibra-
tion excitation, the energy dissipation ratio increases
rapidly. In this process, the elastic deformation of the rock
continuously occurs under the vibration load, and the input
energy is partially converted into the strain energy of the

sample, and the rest energy is dissipated in the form of
friction energy generated by particle friction. When the
dissipation coefficient reaches 50% of the peak value, this
coefficient begins to decline until the rock failure occurs.
This is because the proportion of dissipated energy decreases
with the significant increase of strain energy; subsequently,
with the rapid release of strain energy and the cumulative
expansion of mesocracks, the energy dissipation coefficient
curve rises again until the rock is completely destroyed and
the curve tends to be stable.

Figure 19 compares the evolution curves of the energy
dissipation coefficient under four static loads. In the initial
stage, the four curves basically coincide, indicating that the
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Figure 18: Energy evolution in rock breaking stimulated by ultrasonic vibration. (a) Energy evolution curve. (b) Energy dissipation
coefficient evolution curve.
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static load has little effect on strain energy and friction
energy. With the increase of static load, the failure time of
the rock sample is advanced and the energy dissipation ratio
at failure also increases. It suggests that static load promotes
plastic deformation in the rock sample and accelerates the
speed of rock damage and fracture.

6. Conclusions

In this study, the laboratory test and discrete element simu-
lation test of rock fracture under the excitation of ultrasonic
vibration were conducted, and the failure characteristics and
damage mechanism of brittle red sandstone under the exci-
tation of ultrasonic vibration were analyzed from the macro-
and mesoperspectives. The conclusions are drawn as follows:

(1) According to the strain curve obtained from the test,
the deformation process of the rock sample can be
divided into three stages, compaction stage, elastic
deformation stage, and damage stage. Under the
excitation of ultrasonic vibration, the rock has the
maximum intrusion depth; after reaching this depth,
the macrocracks are quickly penetrated, and the rock
failure can be caused. The static load accelerates the
failure rate of the rock mass, and has a good expo-
nential relationship with the maximum intrusion
depth and the maximum failure depth of rock

(2) The particle flow software PFC2D is used to simulate
rock fracture under the excitation of ultrasonic
vibration, and the simulated failure mode of the rock
sample is completely consistent with the test results.
Based on the simulated rock fracture distribution,
the failure mechanism of rock under the excitation
of ultrasonic vibration is revealed. Specifically, shear
failure first occurs at the point of maximum shear

stress of the rock sample, and the stress concentra-
tion makes the edge area of the excitation surface
crack and expand towards the maximum shear stress
direction; an X-shaped macrofracture zone is gradu-
ally formed inside the rock and develops to the free
surface at both ends, and rock failure is caused finally

(3) The simulation results of the stress field and dis-
placement field show that the obvious layering effect
of the internal displacement field of rock under the
excitation of ultrasonic vibration is significant, and
the particle bond of particles in rock at the junction
of high and low displacement fields is more likely
to fracture and produce microcracks. There are
high-stress and strong chain concentration areas in
the area of excitation surface, and the intersection
of compressive stress and tensile stress occurs at
the fracture of the rock mass

(4) In the process of ultrasonic vibration excitation, the
input energy is mainly dissipated in the generation
of new cracks and the staggered friction between
particles. The static load can effectively improve the
utilization rate of rock fracture energy, and then
shorten the failure time of the rock mass
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