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Numerical simulation of stress
wave propagation in joint rock
specimens with cavity defects

Qun Yu, Fang Yu*, Dali Yao and Sheng;ji Jin

School of Architecture and Civil Engineering, Shenyang University of Technology, Shenyang, China

The process of crack initiation, propagation, and coalescence is the essential
cause of rock failure. A three-dimensional numerical model based on
microscopic damage mechanics is adopted to simulate the failure
process and acoustic emissions (AEs) of a jointed rock mass containing a
pre-existing hole subjected to stress waves. The numerically simulated
results demonstrate that transmission energy plays an important role in
the failure process of specimens. The greater the energy of joint
transmission is, the greater the damage to the joint transmission area of
the rock mass is. Furthermore, the joint width could significantly influence
crack propagation patterns and the damage of the joint transmission area of
rock specimens. Moreover, the degree of damage to the local joint
transmission area of the rock mass is small but then becomes more
obvious when the joint angle grows larger. In addition, the wavelength of
the stress wave can also affect the failure modes of the rock when stress
waves are applied. As the wavelength of the stress wave reduces, the larger
the damage of the rock mass is and the smaller the effect of the joint on
crack propagation is. Finally, the numerical results demonstrate that the
width of the specimen has a significant effect on its dynamic failure mode
and degree, showing an obvious size effect. This finding could explain the
lateral growth of an existing flaw in its own plane, which is a phenomenon
that has not been observed in laboratory experiments.
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1 Introduction

Rock masses are complex geological bodies consisting of rock masses and various
macro-structural surfaces (joints, fissures, etc.) in their natural state (Cui et al., 2021). The
composition of the rock body shows strong discontinuity, inhomogeneity, and anisotropy
due to the long-term geological tectonics during the formation process. Therefore, the
stability support of the surrounding rock during blasting, excavation, and mining puts
forward higher requirements due to the complexity of the internal structure of natural
rock masses. How to ensure the stability of jointed rock chambers under dynamic loads
has become a hot issue for researchers. Many researchers have carried out a lot of research
work on the propagation law of stress waves in joints. Liu et al. (2013) studied the effects of
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the initial stiffness, spacing and the number of joints as well as
stress wave amplitude, frequency, and angle of incidence on the
longitudinal wave energy transfer and attenuation law based on
the stress wave propagation equation. Yi et al. (2017) used the
Hopkinson pressure bar (SHPB) experiment to investigate the
transformation process of the tensile damage mechanism and
shear damage mechanism of brittle granular materials under
different loading velocities and proposed a time-series failure
model with tensile-shear coupling, revealing the relationship
between loading velocity and damage zone, which is of good
significance for understanding the dynamic damage of granular
materials. Dong et al. (2018) studied the propagation law of
cylindrical stress wave in jointed rock mass under in situ stress by
establishing a theoretical model and blasting experiment and
deduced the propagation equation of cylindrical wave in jointed
rock mass under in situ stress based on the interaction
relationship between cylindrical wave and joint. Li et al.
(2013) analyzed the effect of stability of adjacent tunnels or
chambers under stress waves by establishing a theoretical model
and proposed a theoretical approach to tunnel deformation. Fan
and Wong (2013) studied the energy transmission law of stress
waves through filled joints under different waveforms based on
the B-B model. The development of various numerical
simulation methods, especially the finite element method
makes it possible to study the damage of rocks under
dynamic load comprehensively and accurately by numerical
simulation. Numerical simulations have advantages that
laboratory physical tests and field experiments do not have,
and can explore the damage properties of rocks under more
complex conditions with significant cost savings. Liao et al.
(2013, 2016) used RFPA simulation software based on FEM
and continuous damage mechanics to study the effects of joint

Physical test result(Li et al, 2015)

numerical simulation

FIGURE 1

Comparison of numerical and experimental results for rock specimen with a pre-existing hole. (A) Physical test result (Li et al, 2015). (B) Crack
propagation mode of numerical simulation (C)AE distribution of numerical simulation.
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inclination, joint spacing, joint mechanical properties, and high
ground stress on the damage and fracture process of the jointed
rock mass. Zhang et al. (2008) simulated the field explosion
experiment with the DDA program and found that the joint has
an obstacle to the propagation of stress waves, which makes the
stress wave decay rapidly. Wu and Liao, 2017 studied the
attenuation law of stress wave propagation in non-
homogeneous rock-like materials by using the finite element
method simulation and proposed an exponential stress wave
peak fitting formula that includes a constant term.

However, joints and other forms of structures such as
chambers and tunnels are often present in rock masses (He
and Kusiak, 2018; Zhou et al., 2021). The interaction of joints
with these structures has a significant impact on the stability of
the rock mass (Zhang et al., 2005; Guo et al., 2008; Wu et al,,
2019; Li et al., 2022; Wu et al., 2022). Wang et al. (2013) used the
dynamic finite element method based on damage mechanics to
simulate and analyze the crack propagation process and acoustic
emission characteristics of a rock mass with multiple circular
holes under the action of the stress wave. They discussed the
influence of the distribution of holes on the failure mode of the
rock mass. Acoustic emission is the elastic energy stored in the
sample after the failure of rock material, which is released in the
form of an elastic wave, also known as the acoustic emission
stress wave. Acoustic emission is produced during the stress and
deformation of rock. Its parameters, such as size, frequency, etc.,
can reflect the damage and failure degree of rock and rock-like
materials. It is a measure of the stability of mechanical rock
structures (Wan et al.,, 2011). Tang et al. (2014) studied the effect
of the spatial geometric distribution of the weak interlayer on the
mechanical response of the surrounding rock under the effect of
dynamic disturbance using the finite element method. It was

B e — —

AE distribution of numerical
simulation
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FIGURE 3
Stress waves applied on the rock specimen.

shown that the geometric distribution and mechanical properties
of the weak interlayer affect the attenuation of the stress wave,
which in turn affects the stability of the roadway surrounding
rock. However, the following problems still exist: (1) Most
studies of jointed chambers under dynamic loading are two-

TABLE 1 Mechanical parameters.

Elastic modulus/GPa  Density/Kg/m®>  Poisson ratio

37.5 2600 0.25
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Uniaxial tensile

dimensional models, ignoring the influence of three-
dimensional effects. The three-dimensional effect of rock
specimens greatly influences the experimental results of
rock dynamics, and researchers from many different fields
have carried out a large number of related studies. However,
current studies have focused on the relationship between
dynamic strength and specimen aspect ratio (Song and Hu,
2005; Li et al., 2011), and relatively little research has been
conducted on the effect of rock specimen thickness on its force
mechanism and damage mode. (2) The study of jointed
chambers is limited to the effect of impact on the vibration
velocity and deformation of the structure but does not
consider the effect on the stress state and damage form of
the structure. (3) The numerical simulation methods that have
been used have little research on the structural damage and
acoustic emission energy characteristics, and there are certain
limitations.

For the abovementioned problems, a three-dimensional
finite element model under impact loading is established in
this paper. The dynamic damage process of the jointed rock
mass under the stress waves is finely simulated by using the
OpenMP technique and setting a reasonable over-relaxation
factor. The dynamic damage process of the jointed rock
masses under different stress wave wavelengths, joint
mechanical properties, and spatial distribution is studied.

Uniaxial compressive =~ Homogeneity index

strength/MPa strength/MPa
260 20 4
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OpenMP fork-join parallel mode.
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numerical model of the jointed rock mass under different
working conditions are analyzed, and the transmission-
reflection law of stress waves at the joints is derived. In
addition, we have discussed the influence of mechanical
properties, geometric distribution, and stress wavelength on
the failure mode of the jointed rock mass. The research results
can provide a supplement and reference for theoretical
analysis and physical experiments. The RFPA dynamic
analysis system (Yang, 2013; Li et al, 2015) used in this
study can simulate the fracture process of heterogeneous
brittle materials such as rock under dynamic load.

2 Numerical method and model
verification

2.1 Brief descriptions of RFPA3D

In this study, an FEM-based numerical tool, rock failure
process analysis code (RFPA), is used to simulate the failure
process of rock specimens. The rock is a heterogeneous material
filled with disordered microstructures, which play a significant
role in the mechanical properties of the rock. Therefore, rock
heterogeneity should be considered and implemented in the
numerical model. Rock heterogeneity can be
characterized using statistical methods. In RFPA3D, the
numerical testing sample is composed of elements with the

well

exact same shape and size. The distribution of elemental
mechanical parameters, including the strength, Poisson’s ratio,
elastic modulus, and density, is assumed to be depicted by the
Weibull distribution function as follows (Liang et al., 2012):

m-1 _| «
(P((x) = ﬂ(%) e ("‘D) 5

Xo

(1)

where ¢(a) is the statistical distribution density of a mechanical
property a; m defines the shape of the Weibull distribution
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function and is named the heterogeneity index; and a is the
mechanical parameter of the material, e.g., the strength, elastic
modulus, Poisson’s ratio, and weight. a, refers to the average of
the element parameters. According to the Weibull distribution,
with increasing m, the rocks tend to be homogeneous.

2.2 Model verification

The simulation results are compared with the physical tests
in the literature (Li et al, 2015) to verify the accuracy of the
numerical simulation results. The physical tests were conducted
using a 75 mm diameter split Hopkinson pressure bar (SHPB)
horizontal impact test platform, and the test material was a
marble rock specimen with the macroscopic modulus of
elasticity, uniaxial compressive strength, and Poisson’s ratio of
25.5 MPa, 8.5 GPa, and 0.24, respectively, and a hole diameter of
12 mm. The comparison between the results of the SHPB impact
test and numerical simulation is shown in Figure 1, and it can be
seen that the results of numerical simulation and the SHPB test
are in good agreement. Initial tensile cracks parallel to the loading
direction, “X" type initial shear cracks, and initial tensile cracks
appear around the hole under the stress wave. The results show
that RFPA has good accuracy and advantages in simulating the
dynamic failure of heterogeneous brittle materials.

2.3 Mode set

In this study, a three-dimensional jointed rock impact model
containing hole defects is used. The model size is 80 mm x
60 mm x 15 mm, the hole diameter is 10 mm, the joint is 15 mm
from the center of the hole, the stress wave is applied to the left
boundary of the model (Figure 2), and the element is a 0.5 mm
hexahedron. According to the simplified treatment in the
literature (Li et al., 2018), the triangular waveform is selected
as in Figure 3. In addition, the right side of the model is set as the
viscoelastic absorption boundary, and the rest is the free
reflection boundary for simulating the real force situation in
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the numerical model test. The model parameters are detailed in
Table 1.

In this study, we use RFPA numerical simulation software to
study the effects of factors such as mechanical properties of model
joints (joint stiffness E), geometric spatial distribution (joint width h
and joint inclination a), and stress wave wavelength A on the damage
model of jointed rock masses containing hole defects. We extract the

Frontiers in Earth Science
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curves of the maximum principal stresses with time at the
monitoring points to quantitatively describe the effects of the
geometric distribution and mechanical properties of the joints on
the transmission refraction of stress waves.

The specific numerical simulation scheme is as follows:

By keeping the stress wavelength A=36 mm constant and
changing the mechanical properties and geometric spatial

frontiersin.org
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FIGURE 6

Numerical simulated stress distributions at the monitoring
points with different joint stiffness.

distribution of the joints, the damage characteristics of the joint
chamber under the action of stress waves are calculated
separately.

@ The joint stiffness E is 1, 5, 10, and 20 GPa when the joint

inclination a=0° and the joint width h=3mm, respectively.

@ Joint width h is 0.5, 3, 5, and 10 mm when joint stiffness
E=20 GPa and joint inclination a=0°, respectively

® Joint inclination a is 0%, 15°, 30°, 45", and 60°when the joint

stiffness E=20 GPa and the joint width h=3mm, respectively.

(2) The damage characteristics of the joint chamber are

calculated for a numerical model with thickness d=15mm,

joint stiffness E=20GPa, joint inclination a=0°, and joint

width h=3 mm for stress wave wavelengths \ of 12, 36, 72,

and 144mm, respectively.

E=10GMPa

FIGURE 7
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2.4 Efficient solution of the finite element
numerical model

2.4.1 Finite element parallel computing based on
OpenMP

The most time-consuming part of the whole finite element
analysis is the finite element calculation part. In order to
effectively improve the calculation efficiency and scale of the
system, this module is parallelized based on OpenMP. OpenMP
standard is a programming model for shared storage architecture
and a general system. It is based on serial programming language,
establishes parallel instructions by using embedded compilation
commands and some library functions, and then compiles them
into concurrent executable code by the compiler. The OpenMP-
based multithreaded shared storage architecture adopts the
standard fork join mode, as shown in Figure 4.

Fork in Figure 4 indicates enabling an existing thread or creating
a new thread in parallel computing; join represents the convergence
of multiple threads in parallel computing. At the beginning of the
program, a main thread executes. During the execution of the main
thread, if parallel compilation instructions are encountered, the
main thread will derive sub threads to execute parallel tasks. In
the process of parallel task execution, the main thread and its derived
sub thread cooperate to complete the parallel task. When the parallel
task ends, the derived sub thread will no longer participate in the task
execution, will be exited or suspended, and the program will
continue to execute on the main thread.

The total number of elements to be calculated in the model is
n, and the number of derived sub-threads is K. Since the time
consumed in assembling each element’s stiffness matrix to the
total stiffness matrix is the same, the elements of the model are
evenly divided into M = n/P parts and calculated in different sub
threads. In this way, parallel computing tasks on a single PC are
formed so as to improve the computing efficiency of the program.

i 33¢:§®o?/ =

£ -,
b e
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B

E=20GMPa

Failure patterns and AE distribution of jointed rocky with a pre-existing hole under different joint stiffness.

Frontiers in Earth Science

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.971172

Yu et al.

250000
A —=— E=1GPa
—— E=5GPa
200000  —*— E=10GPa
—v— E=20GPa
m
< 150000 |
o
2
=
=
£ 100000 -
=]
@)
50000
0 L 1 1 J
0 40 80 120 160 200
Time/us
Variation curve of acoustic emission number with time
B
4000
—=—E=1GPa
—e—E=5GPa
—+—E=10GPa
3000 | —+—E=20GPa
=
>
&0
B
Q
8
o 2000 -
=
=
=
g
3 1000 F
0 v . 1 )
0 50 100 150 200
Time/us
Curve of acoustic emission energy with time
FIGURE 8

Accumulative AE counts and energy of jointed rocky with a
pre-existing hole under different joint stiffness. (A) Variation curve
of acoustic emission number with time. (B) Curve of acoustic
emission energy with time.

At the same time, after the node displacement is calculated by the
equations and the node displacement is replaced back into the
equations, in the process of calculating the stress field, strain, and
principal stress of each element, the calculation of each element is
also independent of each other, and the above method can also be
used to perform parallel tasks. However, for the triangular
decomposition part of the total stiffness matrix, because the
data of the circular volume in the decomposition program are not
independent of each other but have a certain random correlation,
the decomposition program is not suitable for parallel tasks.
Figure 5 is a flowchart of the stage of forming a total stiffness
matrix by performing parallel tasks.
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Numerical simulated stress distributions at the monitoring
points with different joint width.

2.4.2 Dynamic finite element solving system of
equations

The method of solving the global stiffness matrix has a
significant influence on the finite element numerical analysis.
When considering the multi-field coupling, the quantities of the
global stiffness equation to be solved also increase, which causes
great difficulties in the efficiency of the solution. Choosing a more
efficient solution method has become one of the most urgent
needs in the current finite element. In order to reduce the burden
of computing and storage, the preconditioned conjugate gradient
method (PCQG) is selected to solve the equations, which is based
on the conjugate gradient method (CG) to preprocess the
coefficient matrix, accelerating the convergence speed of
iterative calculation. The preconditioned conjugate gradient
method improves computational efficiency and speed by
introducing a preprocessing factor matrix M, which decreases
the number of conditions in the coefficient matrix. The equation
Ax = b turns into

(WTAW Y wx = Wb, )

where the preprocessing factor matrix M is expressed as
M=W"W and when the construction of matrix M is similar
to the matrix A, the equation converges would be faster. The
PCG solution for the equation Ax = b can be expressed in
detail below:

The first iterative calculation is assumed as follows:

{r°} = (b} - {Ax},
(P} = (2} = M), ©

where A is the total stiffness matrix, #° is the residual between two
iterations, and M is the inverse matrix of A (Smith et al., 2014).
The iterative calculation of k is
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Failure patterns and AE distribution of jointed rocky with a pre-existing hole under different joint width.

K = ) +afp'),
ot} = {1} - a{p°},
{Zk+1} - [M—l] {rk+1},
{Pk+1} — {Zk+1} +T[3{pk}, (4)
o= P12/ (P 14p),
B _ {rk“}{Zk“}/ ({rk} [A]{Zk}).

When the ||| < € occurs, the iterative calculation stops.

In the equation above, x* is the solution to each iterative
calculation, Z° is the residual of the first iteration x°., k is the
number of iterations, « and § are scalars and 7 is the residual
for each iterative calculation and the remaining variables
appearing in above equation are iterative calculation process
variables (Smith et al., 2014). The principle of selection of
coefficient matrix M as follows:

1) The construction of matrix M is similar to the matrix A.
2) The inverse matrix is easy to find.

The detailed description of over-relaxation iterative
preprocessing for matrix M is as follows:

M=C'C/(2 - w),

C=D"(D*+1), )

where D is a diagonal matrix, Dj; is one of element in D, C is an
upper corner matrix, and L is a strictly upper triangular matrix
for C, and 0 “ w “ 2 is a relaxation factor. When the elements are
diagonal (i = j), the value of Dy are set to (A;/w)”. When i # j, the
value of Dj; were set to 0 and the initial of value w is set to 1.5 (Lu,
1992) .
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3 Results and discussion
3.1 Influence of joint parameters

3.1.1 Influence of joint stiffness

Joint stiffness has an essential influence on the transmission
and reflection distribution of stress wave energy, which affects
the damage of the jointed rock mass. Figure 6 shows the variation
of the maximum principal stresses with time at the monitoring
points for different joint stiffness conditions. This shows that the
smaller the joint stiffness, the smaller the energy transmitted by
the stress wave to the transmitted wave, and the more energy
transmitted to the reflected wave according to energy
conservation. In this study, there is a circular hole in the
numerical model, and the stress wave will be reflected at the
boundary of the circular hole, thus causing the stress in the area
of the monitoring point to fluctuate with time.

Figure 7 shows the failure patterns and AE distribution of
jointed rocks with different joint stiffness at t=200 us. The red
sphere represents shear failure, and the blue sphere represents
tensile failure. The larger the radius of the sphere, the greater the
energy released by acoustic emission. The numerical simulation
results show that the joint stiffness has an important influence on
the failure patterns of the rock mass. When the joint stiffness is
relatively small, the incident wave is transmitted and reflected at
the joint, and the propagation energy of the reflected wave is
greater than that of the transmitted wave. The acoustic emission
in the left area of the joint is densely distributed and seriously
broken; In the right area of the joints, the acoustic emission is less
distributed, and only in the middle area between the holes and
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FIGURE 11

Accumulative AE counts and energy of jointed rocky with a
pre-existing hole under different joint width. (A) Variation curve of
acoustic emission number with time. (B) Curve of acoustic
emission energy with time.

the joints. As the joint stiffness increases, the energy propagated

by

the reflected wave decreases, the energy propagated by the

transmitted wave gradually increases, the number of acoustic

emissions in the left area of the joint gradually decreases, the

acoustic emission events in the right hole area concentrate, and

the crack extension length gradually grows. It is important to

note that the element damage to the joints is dominated by sheer

damage. This is mainly since the strength of the joints is relatively

low, and the damage has already occurred when the first contact

with the stress wave is made.

Figure 8 shows the accumulative AE counts and energy of

jointed rocks with time for different joint stiffness. It can be seen

that at the early stage of loading, no acoustic emission event

occurs because the peak stress wave does not reach the rock
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Numerical simulated stress distributions at the monitoring
points with different joint width.

strength. Both the acoustic emission energy and acoustic
emission counts increase with time as the loading continues.
At the same time, the acoustic emission energy and number
increase with the decrease in joint stiffness. That is mainly
because the smaller the stiffness is, the more reflected waves
are generated at the joints and transformed into tensile waves,
and the rock mass is subjected to tensile stress greater than its
strength, increasing acoustic emission events and energy.

3.1.2 Influence of joint width

By extracting the curves of the maximum principal stresses at
the monitoring points with time in different joint width models,
the effect of joint width on the energy attenuation of stress wave
propagation is investigated. Figure 9 shows the curves of the
maximum principal stresses at the monitoring points with time
for different joint widths. The results show that when the dip
angle and stiffness of the joints are certain, the maximum
principal stress at the monitoring point varies nonlinearly
with the increase in the joint width, and the principal peak
stress decreases with the increase in the joint width. This
indicates that under this condition, the energy of the stress
wave passing through the joints is significantly attenuated,
and the degree of attenuation increases with the increase in
the width of the joints. In other words, as the width of the joints
increases, the energy transmitted at the joints gradually
decreases.

Figure 10 shows the crack expansion patterns of rock masses
with different joint widths under the stress wave action. A
comparative observation shows that the joint width directly
affects the final damage pattern of the rock mass. When the
joint width is 0.5 mm, the “X" type crack around the hole is
formed, and the element forming the crack is mainly tensile
damage, while the element at the joint is mainly shear damage.
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Failure patterns and AE distribution of jointed rocky with a pre-existing hole under different joint.

The cracks around the hole can extend through the joint to the
top or bottom of the rock mass, causing shear damage to the
whole rock mass. As the width of the joints increases, the energy
attenuation of stress waves at the joints increases, and the energy
of stress waves through the joints decreases. As a result, the
number of cracks generated around the hole decreases and the
extension length becomes shorter, and the phenomenon of
lamina cracking in the jointed rock becomes less and less
obvious. For example, when the width is 10mm, two cracks
originating from the top of the hole are blocked by joints, and
only one crack occurs at the bottom of the hole and the
propagation distance is short. A small number of shorter
vertical tensile cracks appear at the boundary of the rock
specimen. As the element strength at the joint is relatively
small compared to the rock mass strength, when the stress
wave passes through it, a large number of damages are caused
to the joint, resulting in a large number of shear breaks in the
joint, which is the main reason for energy attenuation during the
propagation of the stress wave.

Figure 11 shows the variation of acoustic emission number and
acoustic emission energy with time under different joint widths. As
can be seen from Figure 11A, the number of acoustic emissions
decreases with the increase of joint width. This is because as the
width of the joints increases, the energy dissipation of the stress
wave increases as it passes through the joints. As a result, the
number of cracks produced at the holes and the length of cracks
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decrease. However, the acoustic emission energy increases with the
increase in joint width, and the larger the joint width, the more
significant the change. Due to the compressive but not tensile
properties of rock materials, the energy required for shear damage
of rock materials is much greater than the energy required for their
tensile strength. From the numerical simulation results in this
section, it is concluded that the damage of joints in the rock
mass is dominated by shear damage, which generates a large
amount of energy. Therefore, the acoustic emission events
decrease as the width of the joints increases, but the energy
released by acoustic emission is increasing.

Figure 12 shows the variation of the maximum principal
stress at the monitoring points with time for different joint
inclinations a (0° ~ 60°). It can be seen from the figure that
when the joint stiffness and width are constant, the peak value of
the maximum principal stress at the monitoring point decreases
with the increase of joint inclination. This result indicates that as
joint inclinations a increase, the stress wave attenuation effect is
obvious and the energy propagated by the transmitted waves
decreases. This result indicates that as the joint inclinations a
increase, the stress wave attenuation effect is obvious and the
energy propagated by the transmitted waves decreases. It can be
seen that the attenuation of stress wave is not obvious when the
joint inclination a is less than 15 when the joint inclination o is
greater than 45°, the attenuation of stress wave is significant. That
is the same as the conclusion of the literature (Guo et al., 2008).
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FIGURE 14

Accumulative AE counts and energy of jointed rocky with a
pre-existing hole under different joint angles. (A) Variation curve of
acoustic emission number with time. (B) Curve of acoustic
emission energy with time.

Due to the limitation of the specimen size of the jointed rock
mass, only five angle cases from 0° to 60° are considered in this
section for analyzing their effects on the damage model of the
jointed rock mass. Figure 13 shows the damage pattern and
acoustic emission distribution of rock mass containing hole
joints under different joint inclinations. The damage patterns
of the rock masses were similar for the joint inclinations of 0° and
15°, and the cracks generated around the holes extended through
the joints to the upper and lower boundaries of the specimens.
Lamination cracks are evident on the right side of the joints.
From the distribution of acoustic emission events, when the joint
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Numerical simulated stress distributions at the monitoring
points with different wavelength.

inclination is slight, the effect of the joint on the transmission of
stress waves is not apparent.

When the joint inclination is 30° and 45, the reflected waves
generated by the stress waves in the joints are concentrated below
the left side of the joints. The energy through the joints also
becomes smaller and is mainly concentrated above the right side
of the joints. Although the crack generated at the top of the hole
can penetrate the joint, the crack cannot extend to the top of the
specimen. The cracks produced at the bottom of the hole have a
short extension distance. It is only in the upper area to the right of
the joint where the laminar crack-like cracks appear.

When the angle is 60° degree, this stress wave changes more
significantly at the joints. At the upper and lower ends of the hole,
there is a horizontal crack with a short extension distance. At the
left end of the hole, due to the proximity of the joint, the stress
wave undergoes multiple transverse reflections and a crack that
extends into the joint appears. The lamellar cracks in the
specimen appear only in the region where the reflected and
transmitted waves of the stress wave are concentrated. In other
words, when the joint inclination changes, the reflection and
transmission of stress waves at the joints (such as energy
magnitude, distribution location, etc.) also change. The
damage occurring at the joints is still dominated by shear
damage, and the larger the joint inclination, the larger the
proportion of shear damaged elements.

Figure 14 shows the variation of acoustic emissions and acoustic
emission energy with time for joint inclination angle 0°~60°. The
results show that the number of acoustic emissions tends to increase
and then decrease with the joint inclination angle, while the acoustic
emission energy keeps increasing. Combined with the acoustic
emission distribution diagram, the shear damage of the unit
gradually increases as the angle of the joints increases. While the
number of acoustic emissions decreases, the overall acoustic
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Failure patterns and AE distribution of jointed rocky with a pre-existing hole under different wavelength.

emission energy gradually increases because the shear damage
releases more energy than the tensile damage. According to the
law of stress wave transmission reflection, the larger the dip angle of
the joint, the greater the energy reflected from the stress wave at the
joint, thus causing more shear damage.

3.2 Influence of stress wavelength

The impact force generated during the propagation of the
stress wave has a greater relationship with the wavelength. The
wavelength is different, and the incident wave energy is
different, which directly affects the damage pattern of the
rock mass. In this section, the damage modes of jointed rock
masses containing cavity defects are studied for stress
wavelengths of 12mm, 36 mm, 72mm, and 144 mm,
respectively. Figure 15 shows the variation of the maximum
principal stress at different wavelengths with time at the
monitoring point. It can be seen that the peak of the
maximum principal stress at the monitoring point decreases
with the increase of wavelength, and the time to achieve the
peak is gradually delayed. As the wavelength decreases,
although the total energy of the stress wave transmission
gradually decreases, the stress wave transmission at the
junction will also quickly reach a higher stress state.

The damage pattern and acoustic emission distribution of the
jointed rock mass containing cavities under different stress
wavelengths are shown in Figure 16. It can be seen that the
stress wave wavelength has a significant effect on the damage

pattern of the jointed rock mass containing cavities. When the
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wavelength A=12mm, the cracks generated around the hole
penetrate the joints and extend to the left and right boundaries
of the rock specimen, forming a macroscopic “X"-shaped crack
pattern, and the lamellar cracking of the rock specimen is obvious. It
indicates that the effect of joints on rock crack extension under this
stress wave is not apparent. With the increase of wavelength, the
damage pattern of rock specimens appears to change significantly.
When the wavelength A=180mm, no cracks appear around the
cavities, and the specimens only produce apparent damage at the
joints and no obvious lamellar cracks. It indicates that at longer
wavelengths, the joints play a significant role in the damage pattern
of the rock mass. What is different from the results of the previous
study is that when the stress wave wavelength is 72 mm and
144 mm, the
accompanied by a small amount of shear damage.

joints are dominated by tensile damage,

Figure 17 shows the relationship between acoustic emissions
and the acoustic emission energy with time for jointed rock
containing cavities at different wavelengths. From the figure it
can be concluded that the number of acoustic emissions and
acoustic emission energy decrease as the wavelength increases.
When the wavelength is short, the stress wave quickly reaches its
peak, making the local area achieve higher stress in a short time.
The rock mass is severely broken locally, releasing a large amount
of acoustic emission and more energy. At this time, the impact of
joints on rock mass failure is negligible. As the wavelength
increases, the energy inside the rock mass has sufficient time
to be transferred, and at this time, the rock mass is only damaged
at the weak joints, while the other locations are relatively stable.
This shows that weak joints have a greater influence on the

stability of the rock mass.
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FIGURE 17

Accumulative AE counts and energy of jointed rocky with a
pre-existing hole under different wavelength. (A) Variation curve of
acoustic emission number with time. (B) Curve of acoustic
emission energy with time.

4 Conclusion

Using the RFPA simulation method based on OpenMP, this
study has investigated the influences of stress wave wavelength and
different joint parameters on the failure mode of rock mass. The
initiation and propagation of flaws are affected by many factors, such
as weak interlayer inclination, weak interlayer width, specimen
thickness, and loading style. The present numerical simulation
only focused on the joint parameters and loading wave energy.
Although the role of these parameters needs further experimental
and theoretical analysis and the propagation processes of cracks
under complex dynamic loading cases should be further
investigated, the numerical results of this study demonstrate
many phenomena that have already been shown in laboratory
experiments. However, many of these fracture phenomena results
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direct the necessity of additional experiments. This study highlights
some interesting phenomena for improving the understanding of
the mechanism of dynamic rock fracturing. Some of the key results
are summarized as follows:

(1) The crack expansion pattern of the jointed rock mass
containing the chamber is related to the wavelength of the
stress wave. As the wavelength of the stress wave increases,
the number of cracks initially around the hole decreases, and
the crack extension length decreases.

(2) The effect of joints on the damage mode of rock masses is
related to the stress wavelength. When the stress wavelength
is short, the influence of the joints on the damage modes of
the rock mass is not obvious; the longer the wavelength of the
stress wave , the more obvious the influence of the joints on
the damage modes of the rock mass.
(3) The mechanical properties (such as joint stiffness) and spatial
distribution (such as joint width and inclination) of the joints
directly influence the damage pattern of the jointed rock masses
containing cavities. They determine the distribution of the
transmission reflection energy of the stress waves at the joint
surface affecting the acoustic emission energy and the damage
pattern of the jointed rock masses.
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