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The control of mining-induced seismicity caused by hard and extremely thick
rock stratum (HETRS) has become an important topic in more and more coal
mines. This study investigates the mechanisms of mining-induced seismicity
through a discrete element numerical model (UDEC-Trigon) calibrated with field
data from the Dongtan Coal Mine, China. The failure process of HETRS was
categorized into three stages: deformation (Stage 1), initial fracture (Stage Il), and
periodic fracture (Stage Ill). In the initial fracture stage, the change of vertical
displacement is 4.33 m, the change of vertical stress is 26.21 MPa, and the
change of seismic energy is 1.91E8 J. The change values during the initial fracture
are the largest. A novel method was developed to dynamically track seismic
events, identifying tensile failures in central HETRS and shear failures along
interfaces. The total decrement of gravitational potential energy is 2.27E10J.
The total increment of shear dissipation energy, plastic strain energy and
mining-induced seismic energy are 1.16E9J, 1.49E9J and 2.84E10J. Therefore, in
addition to elastic energy, gravitational potential energy is also the main source
of mining-induced seismic energy and dissipation energy. The mining-induced
seismicity energy comes from the fractured strata as well as the surrounding
rock. The results provide a unique perspective to understand the mechanism of
mining-induced seismicity triggered by HETRS.

KEYWORDS

hard and extremely thick rock stratum, stress evolution, crack development, energy
transformation, mining-induced seismicity

1 Introduction

As one of the human-induced seismic events, the mining-induced seismicity has
gradually increased in underground coal mining (Foulger et al., 2018; Pan et al., 2024).
Seismic events caused potential risks to both underground structures (Keneti and Sainsbury,
2018; Lurka, 2024; Zhang et al., 2017; Khan et al., 2023a; Cao et al., 2023a) and buildings on
the ground (Li et al., 2007; Lednickd and Kalab, 2016; Kuzniar and Tatara, 2022). In China,
mining-induced seismicity have become a major factor in the decrease in coal production in
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some coal mines in Inner Mongolia, Shandong Province, Shaanxi
Province, and other areas. On 8 April 2018, a mining-induced
seismic event (M} = 2.5) occurred at Menkeqing Coal Mine, causing
a coal burst in the roadway. On 2 August 2019, a mining-induced
seismic event (M; = 2.0) occurred at Tangshan Coal Mine which
was felt in the ground. In 2021, three mining-induced seismicity
of M; = 2.0 or greater occurred within 5 months at the Shilawusu
Coal Mine. From May 2023 to February 2024, four mining-induced
seismicity occurred during the mining process of Hongqinghe Coal
Mine. On 12 January 2024, Longwanggou Coal Mine experienced a
mining-induced seismicity of My = 2.1.

The study of mechanisms is the basis for the prediction and
prevention of mining-induced seismicity. Stec (2007) studied the
mining-induced seismicity mechanisms occurring in the Upper
Silesian Coal Basin in Poland, the first type is related to geological
structures and the second type is related to mining activities.
Alber et al. (2009) classified the mining-induced seismicity in the
German Ruhr mining district into three types: fault activation
type, residual coal pillar instability type, and stratum rupture type.
On the one hand, geological structures have been confirmed as
a primary factor in the occurrence of mining-induced seismicity
(Lietal., 2024; Marcak and Mutke, 2013). The mechanisms by which
geological structures trigger seismic events include the reduction of
fault normal stress (Khan et al., 2022) and high horizontal stress
induced by synclinal structures (Wang et al., 2024). On the other
hand, fracturing of rock strata constitutes another major contributor
to mining-induced seismicity. Leake et al. (2017) analyzed the focal
mechanisms of 50 mining-induced seismic events, suggesting that
some mining-induced seismic events may be related to collapses
caused by sudden subsidence of strata. Cao et al. (2018) simulated
the evolution of microseismic events during coal mining, showing
that the energy of seismic events is directly proportional to the size
of fractures in the rock mass. Based on mining practices in Poland,
Wojtecki et al. (2021) found that the number and energy of mining-
induced seismicity significantly increase during the mining of the
second working face compared to the first working face. Banka et al.
(2017) presented a method for estimating changes in strata energy,
finding a quantitative relationship between energy changes and
mining-induced seismicity.

The regions prone to mining-induced seismicity exhibit
strong spatial consistency with stress concentration zones (Abdul-
Wahed et al., 2006; Khan et al., 2023b). Orlecka-Sikora (2010)
found that the static stress changes caused by coseismic slip play
an important role in the occurrence of mining-induced seismicity.
Orlecka-Sikora et al. (2012) found a strong correlation between
the occurrence of strong mining-induced seismicity and changes in
Coulomb stress caused by previous seismic events. Waveform-based
inversion has emerged as a critical tool for revealing the mechanisms
of mining-induced seismicity. Liu et al. (2024) used regional
full-waveform inversion to analyze mining-induced seismicity
with a local magnitude of 2.9, showing that the mechanism was
the fracture-sliding of a thick and hard roof. Song et al. (2024)
analyzed the focal mechanism of mining-induced seismicity
using the probabilistic Bayesian inversion method, indicating that
the mining-induced seismicity in the roof are mainly tensile or
shear failure.

Studies have shown that the failure of hard and extremely
thick rock stratum (HETRS) is one of the main driving factors
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of mining-induced seismicity. A large amount of research has
been conducted from the perspective of stress analysis and
source focal mechanisms. However, there are fewer analyses
of mining-induced seismicity energy. The process of mining-
induced seismicity caused by the failure of HETRS and the
triggering mechanisms of mining-induced seismicity still need to
be explored.

This study focuses on a typical coal mine in China characterized
by mining-induced seismicity caused by HETRS, the failure
process of HETRS was analyzed using discrete element numerical
simulation. The numerical model was established based on the
geological and mining conditions of the coal mine, and the
parameters were calibrated. Displacement changes and stress
evolution due to the fracture of HETRS were analyzed. Crack
development and failure types in HETRS were obtained. A new
method was developed in numerical simulation to capture the
distribution of mining-induced seismic events. Energy changes
and transformations during the mining were investigated. The
mechanism and energy source of mining-induced seismicity
were proposed. The results can provide insights into the
prevention and control of mining-induced seismicity caused by
the fracture of HETRS.

2 Geological setting
2.1 Geological and mining conditions

The Dongtan Coal Mine is located in Shandong Province, China.
The entire mining area is divided into seven mining districts,
and the main coal seam is the No. 3 coal seam with an average
thickness of 6 m. The burial depth of the coal seam at the Dongtan
Coal Mine reaches 700 m. The sixth mining district is located
in the south of the mining area, covering an area of about
6.9 km?. The sixth mining district is divided into four working
faces, namely 6303, 6304, 6305, and 6306 working faces, as shown
in Figure 1A. There is a hard and extremely thick rock stratum
(HETRS) above the coal seam, with a thickness exceeding 100 m,
as shown in Figure 1B. As the goaf area in the sixth mining
district increases, a large amount of elastic strain energy accumulates
in the HETRS.

2.2 Characteristics of mining-induced
seismicity

During the mining of the sixth mining district, mining-
induced seismicity with a magnitude greater than 2.0 frequently
occurred, causing vibrations in surface buildings. When mining
of the 6303 working face, 11 mining-induced seismicity were
recorded, with a maximum energy of 2.16E6]. When mining
of the 6304 working face, 35 mining-induced seismicity were
recorded, with a maximum energy of 8.8E6]. When mining
of the 6305 working face, 55 mining-induced seismicity were
recorded, with a maximum energy of 1.45E7]. Table 1 shows
partial mining-induced seismicity during the mining of the six
mining district.
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FIGURE 1

Overview of the sixth mining district: (A) Mining layout; (B) Geological profile.

TABLE 1 Statistics of mining-induced seismicity in the sixth mining
district (partial).

No. Date Magnitude (M,) ‘ Energy (J)
1 March 17 2020 2.0 1.29E6
2 March 23 2020 22 2.39E6
3 April 6 2020 1.9 6.23E5
4 April 92020 17 3.85E5
5 April 152020 2.0 2.70E6
6 April 17 2020 22 2.20E6
7 May 15 2020 22 6.81E6
8 June 6 2020 24 2.29E6
9 July 52020 1.9 1.24E6
10 Auguest 29 2020 23 1.99E6

According to the records of the micro-seismic monitoring
system, the locations of partial mining-induced seismicity are
shown in Figure 2. Figure 2A shows the distribution of mining-
induced seismicity in the horizontal direction and Figure 2B
shows the distribution of mining-induced seismicity in the vertical
direction. The mining-induced seismicity exhibits the following
characteristics: (1) The mining-induced seismicity are all distributed
within the goaf; (2) High-energy mining-induced seismicity with
an energy greater than 1E6] are mostly located in the HETRS
outside the 100 m range of the coal seam. The maximum
distance between the mining-induced seismicity and the coal
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seam is 177 m, the minimum distance is 54 m, and the average
distance is 106 m.

3 Discrete element numerical
simulation

3.1 Modelling method

The numerical simulations in this study are performed through
the Universal Distinct Element Code (UDEC). As shown in Figure 3,
the coal and rock mass in the simulation consists of blocks and joints,
and the blocks can slide or open along the joints. The deformation
and failure of the coal and rock mass are jointly controlled by the
blocks and joints. Under stress, the blocks may undergo elastic or
plastic deformation. When the stress exceeds the strength limit, the
joint surfaces may undergo shear or tensile failure, and the failure
criteria are as follows (Itasca Consulting Group Inc, 2014):

(1) Shear failure along the tangential direction of the joint surface:
When the shear stress on the joint surface is less than the
maximum shear stress, no shear failure occurs. When the shear
stress on the joint surface exceeds the maximum shear stress,
shear failure occurs. Maximum shear stress on the joint surface
is calculated as in Equation 1.

7% =c+0,tan ¢ (1)

S

Where 7% is the Maximum shear stress, ¢ is the joint cohesion, g,
is the normal stress, ¢ is the friction angle of the joint surface.

(2) Tensile failure along the normal direction of the joint surface:
When the normal stress on the joint surface is less than the
tensile strength, no tensile failure occurs; in this case, the
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normal stress increment can be calculated as in Equation 2.
When the normal stress on the joint surface exceeds the tensile
strength, tensile failure occurs.

Ao, = —k,Au, ()

Where Ao, is the normal stress increment, k,, is the joint normal
stiffness, Au,, is the normal displacement increment.
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3.2 Model configuration

According to the geological conditions and mining design of the
sixth mining district, a large-scale numerical model was established
along the strike direction of the sixth mining district, as shown
in Figure 4. Considering the computational cost, only three work
faces are included in the numerical model of this study. The total
length of the model is 1,160 m, and the total height is 406 m. To
reduce the boundary effect on the simulation results, 200 m on the
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FIGURE 4
Large-scale numerical model.
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left and right sides of the model were set aside as the boundary
area. Three working faces were set in the coal seam from left to
right: 6304 working face, 6305 working face, and 6306 working
face. The length of each working face is 250 m. From bottom to
top, the model was divided into four parts: floor, coal seam, roof
in low position (RLP), and HETRS. In UDEC, rectangular blocks,
polygonal blocks, and triangular blocks are commonly used. Studies
have shown that compared to rectangular and polygonal blocks,
triangular blocks have advantages in simulating the brittle failure
of rocks and the extension of fractures (Gao and Stead, 2014;
Cao, et al., 2023a; Cao, et al., 2023b). Therefore, the coal and rock
mass were divided into triangular blocks using the built-in Trigon
command, and the model consists of 11,443 blocks, 30,400 elements,
and 52,306 nodes. For fine mudstone, siltstone, medium mudstone,
and coal, the size of the zone is different. The minimum size of
the zone is estimated to be half the size of the block. The block
material adopts the Mohr-Coulomb plastic constitutive model, and
the joint surface adopts the joint contact-Coulomb slip constitutive
model with residual strength. Based on the results of in-situ stress
measurements, the initial horizontal and vertical stresses at the
bottom of the model are 27 MPa and 18.5 MPa, respectively.

The top of the model is a stress boundary, and the other
three boundaries are displacement boundaries. The rock layer
properties and thicknesses were set according to the borehole
data shown in Figure 1B. Four different materials were included in
the numerical model, including fine mudstone, siltstone, medium
mudstone, and coal. To study the displacement and stress changes
at different positions during the entire failure process of the HETRS,
four groups of monitoring points were set in the key areas, namely,
Group A (upper part of the HETRS), Group B (upper-middle part of
the HETRS), Group C (lower-middle part of the HETRS), and Group
D (lower part of the HETRS). Each group includes nine monitoring
points, numbered from left to right as 1#, 2#, 3#, 4#, 5#, 64, 74,
8#, and 9#.

Four steps are included in the calculations, as follows: (1) Initial
equilibrium of the numerical model; (2) Excavate the 6304 working
face (Stage I), with the calculation divided into 10 steps, and 20,000
cycles are calculated and saved in each step; (3) Excavate the 6305
working face (Stage II), with the calculation divided into 10 steps,
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and 20,000 cycles are calculated and saved in each step; (4) Excavate
the 6306 working face (Stage III), with the calculation divided into
10 steps, and 20,000 cycles are calculated and saved in each step.

3.3 Model calibration

Before the numerical calculations start, some values called
micro-mechanical parameters should be assigned to the blocks
and joints in the model. According to the UDEC 6.0 manual,
the bulk and shear moduli of the block are calculated according
to Equation 3. The normal and shear stiffnesses of the joint
are calculated according to Equation 4. Therefore, some basic
mechanical parameters are required. The mechanical parameters
of the rock samples obtained from the laboratory are significantly
different from those of the in-situ rock mass. Since a large-scale
model was developed in this study, we used the following method to
convert the mechanical parameters of rock samples obtained from
experiments to the mechanical parameters of in-situ rock mass.

The steps for obtaining in situ rock mass mechanical parameters
are as follows: (1) Obtain conventional mechanical parameters of
standard samples of coal rock, including modulus of elasticity,
compressive strength, tensile strength, Poisson’s ratio, cohesion, and
friction angle, through a series of experiments in the laboratory.
(2) Calculate the modulus of elasticity of the rock mass based
on the modulus of elasticity of the rock sample using the RQD
method. The RQD-E_/E, relation (see Equation 5) proposed by
Zhang and Einstein (2004) based on field monitoring, was applied
to estimate the deformation modulus of the rock mass. (3) Calculate
the compressive strength of the rock mass based on the compressive
strength of the rock sample (see Equation 6). (4) The tensile strength
of the rock mass is estimated to be one-tenth of the compressive
strength of the rock mass. (5) The Poissons ratio, cohesion and
friction angle of the rock mass are the same as those of the
rock sample.

E

E
K. = m ,G m
"o3(1-2u) "

“2(1+p)

(©)
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Calibration results of uniaxial compression tests and Brazilian splitting tests: (A) Uniaxial compression (simulated); (B) Brazilian splitting (simulated); (C)
Model failure pattern (simulated).

Where K, and G,, are bulk and shear moduli of the rock mass,
respectively, and y is Poisson’s ratio.

K, +(4/3)G,,
AZ

‘min

k,=n

} 1<n<10,k = (025-04)k,  (4)

Where AZ,_; is the smallest width of zone.

E
Zm _ 1(0-0186RQD-1.91

(5)

r

the rock samples, respectively.

Where, E, and E,, represent the elastic modulus of the rock mass and
acm Em

=-(z)

Where 0, and 0, indicate the compressive strength of the rock mass

(6)

and the rock samples, respectively; n is a coefficient corresponding
to different failure types.

The micro-mechanical parameters were validated using the
trial-and-error method. By comparing the simulation results of
uniaxial compression (Figure 5A) and Brazilian splitting (Figure 5B)
with the theoretical calculations, if the error is less than 10%,
the parameters used in the model are considered reasonable. The
simulation results of uniaxial compression and Brazilian splitting
are shown in Figure 5C. The detailed mechanical parameters of the
numerical model are shown in Table 2.
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4 Results and discussion
4.1 Changes in vertical displacement

Figure 6 shows the vertical displacement changes of the HETRS
during the mining process in the sixth mining district. The
monitoring points in Group A are set in the upper part of the
HETRS, with A-1# representing the 1# monitoring point in Group
A, as shown in Figure 6A. The monitoring points in Group D are
set in the lower part of the HETRS, with D-1# representing the 1#
monitoring point in Group D, as shown in Figure 6B. The locations
of the monitoring points are shown in Figure 4. The mining is
divided into three stages: Stage I - 6304 working face is mined;
Stage II - 6305 working face is mined; Stage III - 6306 working face
is mined. As shown in Figure 6, in Stage I, failure did not occur
on the HETRS, and the vertical displacement was relatively small,
mainly due to the bending and subsidence of the rock layer. In Stage
11, the HETRS experienced a large number of fractures, and after
the layer failure, it rapidly subsided into the goaf, resulting in a
sudden and significant increase in vertical displacement. This stage
had the largest displacement increment. In Stage III, as the goaf area
increased, the HETRS above the goaf continued to fail and subside,
and the displacement increased gradually. The vertical displacement
changes can be divided into three segments, representing the three
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TABLE 2 Mechanical parameters of UDEC-Trigon numerical model.

10.3389/feart.2025.1556612

Rock Strata Parameters
E,,(GPa) Poisson'’s k,(GPa/m) k.(GPa/m) Cohesion Friction Tensile
Ratio (MPa) Angle (°) strength
(MPa)
Fine mudstone 11.7 0.30 316 9.47 12.8/0° 37/31° 3.10/0°
Siltstone 8.91 0.27 223 5.57 15.3/0° 39/32* 3.72/0°
Medium mudstone 6.09 027 15.2 5.48 9.1/0* 37/31 2.79/0
Coal 112 0.21 2.53 091 2.2/0° 36/29* 0.48/0°
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Vertical displacement changes of the HETRS: (A) Displacement in the upper part of the HETRS; (B) Displacement in the lower part of the HETRS.
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stages of failure of the HETRS: the initial bending stage (Stage I);
the initial failure stage (Stage II); and the periodic failure stage
(Stage III). Furthermore, the maximum vertical displacements of the
monitoring points in the upper part of the HETRS during the three
stages mentioned above are 0.47 m, 4.64 m, and 5.57 m, respectively,
and the maximum vertical displacements of the monitoring points
in the lower part are 0.51 m, 4.72m, and 5.60 m, respectively,
indicating that the displacement of the upper part is less than the
lower part, demonstrating the “layered displacement” characteristic
of the HETRS failure.

4.2 Stress evolution

Figure 7 shows the distribution of the maximum principal stress
during the failure process of the HETRS. As shown in Figure 7A,
after the excavation of the 6304 working face, stress reduction areas
first appear in the RLP and floor above and below the goaf, while
stress concentration areas appear in the RLP and floor on both
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sides of the working face. As the 6305 working face is mined,
the goaf area increases, the depressurized area gradually expands
and develops into the HETRS, and the lower part of the HETRS
first shows stress reduction. At the same time, the peak value of
the maximum principal stress in the stress concentration area also
gradually increases, and the stress concentration area gradually
shifts outward, moving towards the solid coal on both sides of
the working face in the horizontal direction and upward in the
vertical direction, resulting in a stress concentration area at the
interface between the HETRS and RLP, as shown in Figure 7B,
indicating that after the failure of the RLP, the horizontal stress
and the normal stress at the interface are significantly reduced, the
interfacial frictional force is weakened, and a tendency of shear slip
occurs, leading to stress increases. As the calculation time increases,
the bending deformation of the top of the HETRS increases, and
the maximum principal stress also increases significantly, with the
maximum principal stress concentration area gradually developing
to the upper-middle and upper parts of the HETRS, as shown in
Figures 7C, D. After the failure of the HETRS, the goaf is filled and
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Distribution of the maximum principal stress: (A) 10000 steps, (B) 20000 steps, (C) 30000 steps, (D) 40000 steps, (E) 50000 steps, (F) 60000 steps.
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compacted by the fallen roof rock layers, resulting in irregular local
stress concentration areas, as shown in Figure 7E. The range of local
stress concentration areas in the goaf also gradually increases with
the calculation time increases, as shown in Figure 7F.

The changes in vertical stress in the upper, upper-middle, lower-
middle, and lower parts of the HETRS are shown in Figures 8A-D.
Based on the characteristics of stress changes, the vertical stress
change process can be divided into three stages: vertical stress
disturbance stage, vertical stress drastic adjustment stage, and
vertical stress gradual adjustment stage. After the excavation of the
6304 working face, the vertical stress in the HETRS above the goafis
released, and the stress value at the 3# monitoring point decreases.
The maximum vertical stresses in the upper, upper-middle, lower-
middle, and lower parts of the HETRS are 10.3 MPa, 10.1 MPa, 8.6
MPa, and 6.6 MPa, respectively, and the vertical stress reduction in
the lower part of the HETRS is much greater than the upper part.
After the excavation of the 6305 working face, the HETRS undergoes
the initial failure, and the vertical stress changes drastically, with the
vertical stresses of multiple monitoring points in the HETRS above
the goaf decreasing, such as the 3#, 4#, and 5# monitoring points,
and the vertical stress reduction and stress reduction range of the
lower part (Group D) of the HETRS are greater than the upper part
(Group A). In addition, the vertical stresses in the overlying rock
layers on both sides of the goaf increase, such as the 2# and 6#
monitoring points, and the vertical stress increase in the lower part
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of the HETRS is greater than the upper part, with a higher degree of
stress concentration. After the excavation of the 6306 working face,
the HETRS enters the periodic failure stage, and the vertical stress
changes are relatively stable, entering the gradual adjustment period.

In summary, during the mining in the sixth mining district,
the HETRS did not fail after the first working face was mined, and
the stress changes were the smallest. After the second working face
was mined, the HETRS underwent the initial failure, and the stress
changes were the largest. After the third working face was mined,
the HETRS underwent periodic failure, and the stress changes were
relatively small. The stress changes in the upper, upper-middle,
lower-middle, and lower parts of the HETRS are not synchronous,
and do not occur simultaneously in terms of increase or decrease,
indicating that the HETRS does not fail all at once, but rather show a
layered fracture characteristic. The “layered fracture characteristics”
refers to the progressive failure of the HETRS across its thickness due
to differential stress distribution, rather than instantaneous collapse.

4.3 Distribution of cracks

Figure 9 shows the distribution of cracks in the coal and rock
mass during the mining process, with blue representing tensile
cracks and red representing shear cracks. As shown in Figure 9A,
after the excavation of the 6304 working face, a small number
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Vertical stress changes in the HETRS: (A) the upper part, (B) the upper-midd

of cracks begin to appear in the coal and rock mass around the
goaf due to the failure of the immediate roof, immediate floor,
and surrounding coal. And the crack lengths are relatively small
and independently distributed. As shown in Figure 9B, after the
excavation of the 6305 working face, the number of cracks in the
RLP increases significantly. Inclined shear cracks appear in the RLP
on both sides of the goaf, and tensile failure cracks appear in the
middle of the RLP. Importantly, horizontal shear cracks are observed
between the RLP and the HETRS, indicating that interlayer shear slip
has occurred. As shown in Figure 9C, with the increase of calculation
time, the cracks on both sides of the goaf further develop upwards
the goaf, forming two crack bands in the RLP: the outer shear
fracture band and the inner tensile fracture band. The range of the
tensile fracture band is larger than the shear fracture band, but the
fracture angle is smaller than the shear fracture band. In addition,
some of the interlayer cracks between the RLP and the HETRS have
also changed from the original shear type to the tensile type. After
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le part, (C) the lower-middle part, (D) the lower part.

the failure of the RLP, the HETRS continues to bend, and when the
concentrated stress in the rock layer exceeds the ultimate strength,
cracks begin to appear in the HETRS, as shown in Figure 9D,
with cracks of varying lengths first appearing in the bottom and
middle parts of the HETRS, mainly concentrated above the goaf.
Subsequently, the existing cracks develop upwards, and cracks also
appear at the top of the HETRS. The final crack distribution pattern
in the roof presents “shear cracks on both sides as the main type, and
tensile cracks in the middle as the main type”, as shown in Figure 9E.
After the excavation of the 6306 working face, shear fracture bands
and tensile fracture bands will also form at the edges and above the
new goaf. In addition to the goaf, large-scale mining also leads to the
appearance of cracks dominated by tensile cracks in the overlying
rock layers of certain unexcavated areas due to the strata bending, as
shown in Figure 9F. After the separation of the RLP and the HETRS,
cracks began to appear in the HETRS. At the same time, horizontally
oriented cracks appeared in the middle-lower part of the HETRS,

frontiersin.org


https://doi.org/10.3389/feart.2025.1556612
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Cao et al.
400- .
—— Tensile cracks
—— Shear cracks
HETRS
= 200
RLP
_— Coal seam
0 " g
0 200 400 600 800 1000
L/m
A
400- [ !
Tensile cracks between Shear cracks between
rock layers rock layers
£
=200
0-
0 1000
400- [? g
g
= 200-
0- "
0 200 400 600 800 1000
L/m
E
FIGURE 9

E
= 200-

10.3389/feart.2025.1556612

400-

Shear cracks between
rock layers

200

400 600 800 1000
L/m
B
0- . i ;
0 200 400 600 800 1000
L/m
D

Shear cracks

E
= 200-

Cracks in ;. $
unmined zones

860

200 400

Distribution of cracks in the coal and rock mass during the mining process: (A) 10000 steps, (B) 20000 steps, (C) 30000 steps, (D) 40000 steps, (E)

50000 steps, (F) 60000 steps.

as shown in Figures 9D, E. The horizontally oriented cracks split the
thick rock strata into two parts, and then the failure of the HETRS
showed the characteristics of layered and progressive fracture.

4.4 Evolution of mining-induced seismic
events

A new approach to capturing seismic events during the
fracturing of rock has been developed in UDEC. Mining-induced
seismic events are caused by plastic failure of the rock accompanied
by energy release. Therefore, a plastic failure is defined as a seismic
event and the type of plastic failure is the type of seismic event.
Failure of the block in UDEC was recorded as a mining-induced
seismicity. In this study, the state of all blocks in the model is
traversed. The coordinates of the block and the type of failure are
recorded if the block is in a plastic failure state. As the calculation
time increases, we can get the set of mining-induced seismic events.

Figure 10 shows the distribution of mining-induced seismic
events simulated during mining. As can be seen from Figure 10,
in the RLP, tensile-type mining-induced seismic events are mainly
distributed above the goaf, while shear-type mining-induced seismic
events are mainly distributed in the rock on both sides of the goaf,
because the rock strata above the goaf are prone to tensile failure
due to downward bending deformation, while the rock strata on
both sides of the goaf undergo compression-shear failure due to the

Frontiers in Earth Science

10

squeezing of the floor and HETRS. During the failure process of the
HETRS, the seismic events are mainly of the tensile type, with a small
number of shear-type seismic events, and the tensile-type seismic
events are mainly distributed in the middle part of the HETRS,
while the shear-type seismic events are mainly distributed on both
sides and the top of the HETRS. As shown in Figure 10A, after the
excavation of the 6304 working face, only a small number of mining-
induced seismic events occur in the coal and rock mass, and the
seismic events are mostly at a relatively low level, basically around
the goaf. After the excavation of the 6305 working face, the number
of mining-induced seismic events increases significantly, and the
location of the seismic events also gradually develops upwards. First,
as shown in Figure 10B, alarge number of tensile-type seismic events
occur in the middle of the RLP, indicating that the low-position roof
first undergoes tensile failure in the middle; then, a large number of
shear-type seismic events occur in the RLP on both sides of the goaf,
as shown in Figure 10C, because the RLP is under the squeeze of the
floor and the HETRS, and the superimposition of the original stress
and the mining stress causes shear failure on both sides; finally, as
the mining time increases, the bottom, middle, and upper parts of
the HETRS also undergo successive failure, forming seismic events.
As shown in Figures 10D, E, tensile-type seismic events appear first
in the HETRS, and most of the seismic events in the HETRS are of
the tensile type. In addition, the seismic events in the HETRS are
distributed in an inverted “V” shape, which is consistent with the
location of the fracture lines formed by the natural caving of the
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rock layers. After the excavation of the 6306 working face, shear-
type seismic events occur along the edge of the 6306 goaf, while a
large number of tensile-type seismic events occur above the goaf, as
shown in Figure 10F. The distribution of mining-induced seismicity
is in the same region as that of the stress changes, in agreement with
the results of the study (Orlecka-Sikora, 2010).

4.5 Mechanism of mining-induced
seismicity

Figure 11 shows the changes in elastic strain energy,
gravitational potential energy, shear dissipation energy, and plastic
dissipation energy during the working face mining process, with
positive values representing the accumulated energy in the coal and
rock mass and negative values representing the dissipated energy in
the coal and rock mass. As shown in the figure, after the working
face is excavated, the elastic strain energy experiences a sudden
decrease, which is due to the release of elastic energy caused by the
excavation. During the mining process in the sixth mining district,
the elastic strain energy shows an upward trend, indicating that
although the elastic strain energy will be transformed into other
forms of energy when the coal and rock mass is damaged, resulting
in a decrease in the strain energy; but under the effect of mining,
large-scale stress and energy concentration areas are also formed in
the coal and rock mass, and these areas will transform other forms
of energy (boundary force work, potential energy, etc.) into elastic
strain energy. The increase in elastic strain energy is greater than the
dissipation of elastic strain energy, resulting in a continuous increase
in the total elastic strain energy.
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As shown in Figure 11, the increments of elastic strain energy
during the mining of the 6304 working face, 6305 working face, and
6306 working face are 2.20E9 J, 1.45E10 J, and 8.40E9 J, respectively.
Therefore, the increment of strain energy during the mining of the
first working face is the smallest, and the increment during the
mining of the second working face is the largest. After the working
face is excavated, the gravitational potential energy decreases due
to the deformation and subsidence of the strata. The decrements
of gravitational potential energy during the mining of the 6304
working face, 6305 working face, and 6306 working face are 1.64E9 J,
1.28E10 J, and 8.21E9J, respectively. Therefore, the decrement of
gravitational potential energy during the mining of the first working
face is the smallest, and the decrement during the mining of the
second working face is the largest. The shear dissipation energy
refers to the energy dissipated during the shear slip process of the
coal and rock mass. The increments of shear dissipation energy
during the mining of the 6304 working face, 6305 working face, and
6306 working face are 2.26E6 ], 4.61E8 ], and 6.98E8 J, respectively.
Therefore, the increment of shear dissipation energy during the
mining of the first working face is the smallest, and the increment
during the mining of the second working face is the largest. The
plastic dissipation energy refers to the energy dissipated during the
plastic failure process of the coal and rock mass. The increments of
plastic strain energy during the mining of the 6304 working face,
6305 working face, and 6306 working face are 1.52E7 J, 2.35E8],
and 1.24E9 J, respectively. Therefore, the increment of plastic strain
energy during the mining of the first working face is the smallest,
and the increment during the mining of the second working face is
the largest.
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The total mining-induced seismic energy obtained from the
simulation is shown in Figure 11. With the increase in the goaf area
and the calculation time, the total mining-induced seismic energy
gradually increases, but each stage has different characteristics. It can
be seen that before mining, the coal and rock mass is in an initial
stable state, and the total mining-induced seismic energy is 0. After
the excavation of the 6304 working face (Stage I, local failure occurs in
the low-position roof, accompanied by the release of some energy, and
the total mining-induced seismic energy increases from 0 to 1.89E9 J.
However, due to the small goaf area, the overlying strata quickly enter a
re-stabilization stage, and correspondingly, the total mining-induced
seismic energy remains unchanged in the second half of this stage.
In Stage I, the increment of mining-induced seismic energy is the
smallest. After the excavation of the 6305 working face (Stage II),
the HETRS undergoes the initial failure, and the large-scale failure
causes the mining-induced seismic energy to increase rapidly, with
the total mining-induced seismic energy increasing from 1.89E9 J to
1.62E10 J. In Stage II, the increment of mining-induced seismic energy
is the largest. After the excavation of the 6306 working face (Stage III),
the HETRS undergoes periodic failure, and the number of fractures
continues to increase, with the total mining-induced seismic energy
increasing from 1.62E107] to 2.84E10J. The increments of mining-
induced seismic energy during the mining of the 6304 working face,
6305 working face, and 6306 working face are 1.89E9 ], 1.43E10],
and 1.22E10 J, respectively. It can be seen that the increment of total
mining-induced seismic energy during the mining of the first working
face is the smallest, and the increment during the mining of the
second working face is the largest, indicating that the mining-induced
seismic energy is mainly from the failure of the HETRS. This is in
agreement with the results of mining-induced seismicity monitoring
by Wojtecki et al. (2021). The increment of total mining-induced
seismic energy during the mining of the third working face is smaller
than the second working face, indicating that the mining-induced
seismic energy during the initial failure of the HETRS is greater than
the periodic failure stage. The characteristics of the variation of the
total mining-induced seismicity energy derived from the simulations
in this paper are consistent with the conclusions of Lu et al. (2016)
based on field observations.
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It has been demonstrated that many mining-induced seismicity
are associated with roof failures (Alber et al., 2009; Zhang et al.,
2024; Liu et al,, 2024). As shown in Figure 12A, as the goaf area
increases, the RLP first fails, and mining-induced seismicity occur
during this process. Then, after the failure of the RLP, the separation
between the RLP and the HETRS increases. Deformation of HETRS
leads to increased stress. When the maximum stress exceeds the
limit strength of the strata, mining-induced seismicity occur in the
HETRS, as shown in Figure 12B. In addition to the fracturing of the
strata, the slip of interlayers and within the HETRS is also one of
the main factors leading to mining-induced seismicity. This result
is consistent with the findings of (Stec, 2007; Song et al.,, 2024).
The energy transformation behavior during the failure process of
the HETRS is studied. After the coal seam is mined, part of the
elastic strain energy and gravitational potential energy in the coal
and rock mass will be transformed into dissipated energy, including
plastic dissipation energy, shear dissipation energy, and mining-
induced seismic energy. The mining-induced seismicity energy
comes from the fractured strata as well as the surrounding rock,
as shown in Figure 13.

FISH in UDEC was called in this study. Compared with previous
studies using UDEC, the simulations in this study have two different
aspects: (1) the location and type of vibration events in the process
of rock failure are captured, as shown in Figure 10. A plastic failure
is defined as a seismic event and the type of plastic failure is the type
of seismic event. The state of all blocks in the model is traversed. The
coordinates of the block and the type of failure are recorded if the
blockis in a plastic failure state. (2) In this study, the energy evolution
in the process of rock failure is analyzed. The changes in elastic strain
energy, gravitational potential energy, shear dissipation energy, and
plastic dissipation energy are analyzed. The proposed method for
capturing the location and type of seismic events can be used to study
the processes of dynamic failure of coal in tectonic regions, such
as mining-induced seismicity, rockbursts, and coalbursts. By using
this method, the location and energy evolution of seismic events
during slip on faults can be analyzed, additionally, the energy release
induced by fracture of rock strata in tectonic regions can be well
reproduced.
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The capture of seismic events in the numerical model provides
the basis for the development of a predictive model for mining-
induced seismicity. In future studies, more complex numerical
models incorporating geological structures will be developed.
The location and type of seismic events during mining of the
working face will be collected using the method proposed in
this study. Then, a database including geological descriptions,
mining records, and simulated seismic events is created. Based on
methods such as deep learning or big data mining, data analysis
will be carried out on the database with the aim of obtaining
a prediction model. However, numerical models require input
parameters like elastic modulus, compressive strength, Poisson’s
ratio, cohesion, and friction angle, etc. If these parameters are not
well-acquired in a new geological setting, the simulation results
could be inaccurate. In addition, the heterogeneity of coal and rock
needs to be considered in future numerical models. Heterogeneity
and anisotropy are common in geology. The numerical model in
this study was adopted homogeneous and isotropic materials for
simplicity.

5 Conclusion

In this study, UDEC numerical simulations were employed to
analyze the stress evolution and crack development induced by the
fracture of HETRS. A new method was developed in the numerical
simulation to study the failure type and distribution of mining-
induced seismic events. The energy changes and transformations
during mining were investigated. The main conclusions are
as follows.

(1) The fracture of HETRS in the six mining districts can
be divided into three stages: deformation (stage I), initial
breakage (stage II), and cyclic breakage (stage III). In
Stage I, fracturing occurs only in the roof below the
HETRS, with the lowest mining-induced seismicity energy.
In Stage II, the change of vertical displacement is 4.33 m,
the change of vertical stress is 26.21 MPa, and the change
of seismic energy is 1.91E8]. There is a “layered fracture”
characteristic of the HETRS.

(2) The crack distribution pattern in the roof presents “shear cracks
on both sides as the main type, and tensile cracks in the middle
as the main type” The majority of mining-induced seismicity
in HETRS is of the tensile type. The seismic events in the
HETRS are distributed in an inverted “V” shape. On the one
hand, fracture of HETRS leads to mining-induced seismicity,
and on the other hand, “shear-slip” in the horizontal direction
along the interfaces between the strata and within the HETRS
induces mining-induced seismicity.
(3) The energy shows different changes characteristic during coal
seam mining at different stages. Elastic energy decreases then
increases. The gravitational potential energy decreases. Shear
dissipative energy and plastic dissipative energy increase. In
addition to elastic energy, gravitational potential energy is
also the main source of mining-induced seismic energy and
dissipation energy. The energy supply sources of mining-
induced seismicity include not only the strata in the failure area
but also the surrounding rock.
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