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The prevention of rockbursts is significant to ensure mining safety in deep coal mines. The multifactor analysis and a new
quantitative evaluation method for rockbursts in coal mines are proposed in this study. In the aspect of rockburst analysis, a
multifactor system of rockburst risk based on the material, stress, and large-scale geological structure is proposed. The factors
influencing rockbursts in coal mines are analyzed by numerical simulations. Based on a standard mining model, three
comparative models considering the rockburst tendency, high stress, and geological structure are established. The distribution
of maximum principal stress and plastic zone during the mining process is compared. The reasons why these three types of
factors are liable to trigger rockbursts lie in generating high-stress zones in surrounding rock masses. In the aspect of
quantitative evaluation, the monitored microseismic signal is selected as the key indicator, and the daily frequency of
microseisms is analyzed. A normal distribution function based on the daily frequency of microseisms is established. The
interval of daily frequency of microseisms is set to judge whether the microseismic frequency is abnormal and then determine
the rockburst risk of coal mines. Considering the results of multifactor analysis, it is proposed that the monitoring system
combining microseisms with stress is the direction to accurately and quantitatively evaluate the rockburst risk in the future.

This study makes specific explorations in the quantitative evaluation of rockburst risk in coal mines.

1. Introduction

The rockburst in coal mines is the dynamic phenomenon of
sudden and severe destruction of rock masses around road-
ways or working faces due to the instantaneous release of
elastic energy [1]. This dynamic phenomenon often accom-
panies coal and rock mass throwing, loud noises, and air-
waves, which has become one of the significant threats to
the safe mining of coal mines [2, 3]. On May 12, 2014, a
rockburst accident occurred while recovering coal pillars in
a mine in Boone County, West Virginia, USA, killing two
miners [4]. Coincidentally, another rockburst accident
occurred in Longyun Coal Company in Shandong Province
in China, causing 22 people to be trapped underground on
October 20, 2018 [5]. The longwall mining method is widely
used in deep coal mines in China, which results in hundreds
of thousands or even millions of cubic meters of mining
space. The scope of underground space excavation in coal

mines is beyond that of any other underground engineer-
ing. The longwall mining method with large space and
rapid excavation would cause strong mining disturbance
to surrounding rock, which easily leads to rockbursts in
coal mines. According to statistics, rockbursts have hap-
pened in many coal mines in China; whether the geologi-
cal structure is simple or complex, the coal seam is thin or
extra thick, the dip angle of coal strata is horizontal or
steep, and the roof is conglomerate, sandstone, limestone,
or shale. There are many factors affecting rockbursts, such
as the mechanical properties of rock strata, the influence
of mining activities, the stress environment, and geological
structure, and so on. Researchers have analyzed the mech-
anism of rockbursts from different aspects. Cai et al. [6]
supported that the rockburst was caused by coupled
static-dynamic stress, while the static stress was the abut-
ment pressure caused by mining, and dynamic stress
included the dynamic stress caused by vibration and
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impact. Rehbock-Sander and Jesel [7] deemed that it was
easy to cause sliding rockburst when the excavation passed
through the fault, and this viewpoint was confirmed by
tunnel construction engineering. Zhao et al. [3] believed
that the existence of coal pillars could cause strong stress
concentration when mining irregular-shaped coal seams,
which could lead to rockbursts in coal mines. Zhu et al.
[8] deemed that a large-scale rockburst could occur when
mining deep remnant island longwall panels, resulting in
a very violent energy release.

The current research on rockburst in coal mines mainly
focuses on risk evaluation and early warning and prevention
of rockburst [8-10]. The studies on early warning of rock-
burst are extended from the laboratory to engineering sites.
In the aspect of rock mechanics experiment, the precursor
information of rock specimen failure during the loading pro-
cess is mainly studied by employing acoustic emission, ther-
mal infrared, and electromagnetic radiation [11-14]. In
terms of rock engineering, early warning of rockbursts in
coal mines is mainly realized by microseismic monitoring,
rock noise, electromagnetic radiation, and drilling cutting
method [15-18]. The evaluation of rockburst risk is the pre-
requisite for early warning. The State Administration of
Work Safety of China stipulates that all mines with solid
vibration, instantaneous bottom drum, rock ejection, and
other dynamic phenomena must be subjected to rockburst
risk evaluation, which shows the significance of the rock-
burst risk evaluation. Plenty of efforts have been made in
terms of rockburst risk evaluation. In general, there are
two types of qualitative and quantitative evaluation methods.
Many complex calculations do not characterize qualitative
evaluation, but the elements and information are required
to be as comprehensive as possible [19]. The existing quali-
tative evaluation methods of rockburst risk mainly include
engineering analogy and multifactor superposition. The typ-
ical studies on the qualitative evaluation of rockburst risks
are as follows. Qi et al. [20] analyzed the deficiencies in eval-
uating the rockburst risk by dynamic failure time, rockburst
energy index, and elastic energy index, and suggested using
the uniaxial compressive strength of coal as a new index to
evaluate the rockburst risk of coal seams. Zhai et al. [21] pro-
posed a comprehensive classification method for rockburst
combining eight external force sources and ten typical sur-
rounding rock structures. The evaluation of rockbursts is
analyzed and optimized based on the classification. Konicek
and Schreiber [22] analyzed the microseismic activity
recorded during longwall mining and used these statistical
microseismic data to evaluate the risk of rockbursts in coal
mines roughly.

In terms of quantitative evaluation, Chen et al. [23] stud-
ied the relationship between rockburst radiation energy and
intensity, chose energy as the evaluation index of rockburst
intensity classification, and proposed a new quantitative
classification method of rockburst intensity. Zhu et al. [24]
calculated the relationship between mining depth, ground
stress, active faults, other geological environmental factors,
and rockburst, and established a rockburst risk evaluation
method with the help of a fuzzy evaluation method and ana-
lytic hierarchy process. Wang et al. [25] established a con-
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ceptual model to explain the possibility of rockburst and
selected nine typical rockburst indicators to evaluate the
rockburst potential. Zhang [26] proposed a rockburst risk
evaluation method based on BP neural network, using a
PSO algorithm to optimize connection weights to evaluate
the problem of slow convergence of the BP network. Micro-
seismic monitoring is a good method to evaluate rockbursts.
Yu et al. [27] proposed a fractal dimension related to micro-
seisms for immediate rockburst warning and analyzed the
distribution range and evolution of energy fractal dimension
during rockbursts; the results were used to guide the rock-
burst prediction. Feng et al. [28] monitored the microseismic
characteristics of deep-buried tunnels in alternate soft and
hard strata and found six microseismic threshold values that
can be used to warn rockbursts in different lithology based
on 58 cases.

The above studies have promoted the development of
rockburst risk evaluation in coal mines. However, the exist-
ing evaluation methods have the following deficiencies. First,
the influencing factors are not fully classified, and the mech-
anism of these factors affecting rockburst has not been syste-
matically compared and analyzed. Second, the existing
quantitative evaluation methods of rockbursts in coal mines
are not simple enough. The relationship between monitoring
signals and rockburst risk is not elaborated, and the moni-
toring results of low microseismic frequency are often
ignored. In this study, the main control factors of rockbursts
in coal mines are systematically analyzed. How these factors
affect rockburst is simulated in a uniform model. It is
pointed out that the core of rockbursts is stress concentra-
tion and energy release. Accordingly, a normal distribution
model based on the daily frequency of microseisms is estab-
lished to evaluate the risk of rockburst quantitatively. Then
the role of the three factors in inducing rockbursts and the
expectation of rockbursts evaluation are discussed. This
study is helpful to promote the multifactor analysis and
quantitative evaluation of rockbursts in coal mines.

2. Multifactor Analysis of Rockbursts in
Coal Mines

The rockburst in coal mines is a physical process affected by
multiple factors. As a dynamic disaster, it should meet the
following primary conditions: (1) the mechanical properties
of rock materials can ensure that energy is stored as elastic
deformation energy; (2) there is a mechanical environment
with stress concentration and disturbance to ensure the con-
tinuous supply of energy; (3) there is a particular structure
that constrains a large amount of elastic energy in the rock
masses and causes a large amount of elastic energy to be
released suddenly after the rock mass is destroyed. There-
fore, the factors that induce rockbursts in coal mines are
divided into three categories: material, stress, and structure.
The three types of factors interact and form the fundamental
inducing factors of rockbursts in coal mines.

2.1. Material Factors of the Rock Medium. Material factors
refer to the related factors that bring differences in the basic
mechanical properties and are difficult to change, such as
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(a) Stress path of rock sample with
rockburst tendency
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Ficure 1: Different energy development modes of the two rock materials.

basic substance types, dislocation structures, and composi-
tion distribution. There are three most widely-used material
indicators to measure rockburst tendency: elastic energy
index, rockburst energy index, and dynamic failure time.
These three indicators define the nature of the material that
induces rockbursts in coal mines from the energy point of
view; that is, the material can store a large amount of elastic
energy and release energy in a relatively short time. That is,
rock materials are required to accumulate energy stably and
release energy sharply [29, 30].

The stress evolution process of different materials during
uniaxial compression is shown in Figure 1. The uniaxial
compression stress-strain curve of rock with rockburst ten-
dency is exhibited in Figure 1(a). The area enclosed by the
loading curve and the strain axis is the energy density input
to the specimen; the area enclosed by the unloading curve
and the strain axis is the elastic deformation energy density
released during the unloading process. It can be found that
for this type of rock sample, most input energy is stored in
the form of elastic deformation. As the specimen is continu-
ously loaded, the energy stored in the specimen continues to
increase steadily. The sample is severely damaged until it
reaches the peak strain o,,. The stress drops after the peak

is remarkable; the strain Ae experienced is very small, and
the stored elastic energy of the specimen can be violently
released. Figure 1(b) shows the loading process of a speci-
men with no rockburst tendency. The energy evolution pro-
cess can explain why this type of rock sample has no
rockburst tendency: the large gap between the loading and
unloading curves of the sample indicates that more energy
is dissipated during the loading process; there is a stress drop
before the peak, indicating that the energy accumulation is
not continuous; the occurrence of multiple stress drops after
the peak indicates that the energy release process takes a
long time.

2.2. Stress Factors of Rock Masses in Mining Engineering.
Stress factors refer to a series of mechanical behaviors such
as deformation and failure of the rock masses, such as the
stress caused by the suspended roof of the rock layer acting
on the coal masses and the stress concentration after the

redistribution caused by mining [31-33]. Combined with
the remarkable engineering characteristics of underground
coal mining, it is revealed why rockbursts in coal mines are
easily induced during coal mining from stress factors.

Figure 2 is a schematic figure of the mechanism of rock-
bursts in coal mines occurring in a roadway under the com-
bined action of dynamic and static loads. In Figure 2, the
rock surrounding the roadway is subjected initially to the
static load o, imposed by the overlying rock layer. Mining
activities lead to a thick and hard rock layer on the roof sud-
denly fracturing, generating a dynamic load o, This
dynamic load is superimposed on the initial static load,
and the surrounding rock of the roadway bears a combined
dynamic and static load. In this process, the static load plays
the role of early energy accumulation, while the dynamic
load plays the role of the disturbance and contributes to
the massive release of energy. It is worth mentioning that
whether static load or dynamic load has a more significant
role in inducing rockbursts in coal mines has not yet been
explained clearly.

2.3. Large-Scale Geological Structure Factors. Structure fac-
tors refer to natural or man-made factors that can destroy
the uniformity and continuity of the media and their spa-
tial systems, such as the structure plane system in the coal
and rock media, geological structure, and coal pillars
formed by mining activities. The geological environment
of underground coal mining is complex. In addition to
the original natural geological structure of faults [34], col-
lapsed columns, and folds, the newly formed engineering
structures such as large-area suspended roofs and isolated
working faces formed during the mining process cannot
be ignored [35-37].

A case of a coal pillar rockburst is taken as an example.
As shown in Figure 3, the influence of large-scale structural
factors on the rockburst in a coal mine is analyzed. First, the
cutting of the reverse fault has a stress barrier effect, which
puts the top plate of the fault zone in a low-stress state and
the bottom plate in a state of stress concentration. When
the coal seam is mined near the fault, the mining process
triggers the fault activation. The bottom plate in a state of
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FIGURE 2: Mechanism of rockbursts in coal mines in the roadway induced by stress factors.
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F1GURE 3: Mechanism of coal pillar rockburst induced by fault structure.

stress concentration generates activation stress oy after fault
activation. Under the superposition of the mining stress o,
the overlying static load o, and the fault activation stress o,
high stresses are formed in the coal pillars between the fault
and the roadway, which can easily cause the coal pillar
rockburst.

3. Numerical Simulation of Multifactor
Analysis of Rockburst in Coal Mines

Four numerical models of engineering scales are established
in this section, and the simulation analysis of multifactors
affecting the rockbursts in coal mines in Section 2 is carried
out. The distribution of stress and plastic zone in the coal
seam mining process is compared under the action of differ-
ent factors.

3.1. Establishment and Simulation Analysis of the Standard
Mining Model

3.1.1. Establishment of the Standard Mining Model. A stan-
dard mining model should be established for comparative
analysis with the subsequent influence of the different

factors. In this standard model, the material of each rock
formation has no rockburst tendency, the model is in a
low-stress environment, and the model does not contain
geological structures. In this engineering model, it is worth
paying attention to the mechanical behavior around the
mining space, so the established model only includes
the coal seam and the area within 100m of the roof
and floor.

Figure 4 shows the established standard mining model.
The length, width, and height of the model size are 300,
300, and 100m, respectively. The coal mining method is
the long wall mining method. The length of the working face
is 200 m with coal pillars of 50 m around. There are 9 rock
formations in the model from bottom to top, namely, lime-
stone, sandy mudstone, quartz sandstone, sandstone, coal,
mudstone_2, marlstone, silty mudstone, and mudstone_1.
The overlying rock strata of the model are 300m, and the
density of the rock is taken as 2500 kg/m?, which is applied
to the top of the model by its weight. The simulation soft-
ware is FLAC3D 6.0, and the failure criterion is the M-C Cri-
terion. The mechanical parameters of the rock formations
are shown in Table 1 [38]. During the simulation process,
the distribution of stress and plastic zone around the mining
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FIGURE 4: Established standard mining model.

TaBLE 1: Rock formation parameters selected in the standard mining model.
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(a) Coal seam excavation for 100 m

(b) Coal seam excavation for 200 m
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FIGURE 5: Distribution of the maximum principal stress in the standard model.

space is calculated after excavation of 50, 100, 150, and
200 m, respectively.

3.1.2. Stress Distribution in the Standard Mining Model.
Mining activities would cause stress redistribution in the
surrounding rock near the working face, so analyzing the
stress distribution after mining is the basis for analyzing
the mechanical behavior of the surrounding rock. This study
shows the distribution of the maximum principal stress

around the mining space when the working face is excavated
for 100 and 200 m. It should be noted that in the FLAC3D
6.0 software, the maximum principal stress and the mini-
mum principal stress are distinguished by numerical values
(rather than absolute values). Although the stress contour
displayed in the figure is marked with the minimum princi-
pal stress, the absolute value of the principal stress is the
largest, so the stress in the graph should be the maximum
principal stress.
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(b) Coal seam excavation for 200 m

F1GURE 6: Distribution of the plastic zone in the standard model.

TaBLE 2: Mechanical parameters of the roof, coal seam, and floor in the model with rockburst tendency.

Thickness/  Bulk modulus/ Shear modulus/ Cohesive force/ Tensile strength/ Friction

Lithology m GPa GPa MPa MPa angle/’

Density
Kg/m’

Sandstone 19.0 2.23 1.74 8.2 1.86 48
Coal 5.0 1.41 0.45 2 1.6 35

Mudstone_

) 9.0 1.76 0.61 52 1.0 40

2839
1400

2762
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(a) Coal seam excavation for 100 m

(b) Coal seam excavation for 200 m
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F1GURE 7: Distribution of maximum principal stress when mining coal stratum with rockburst tendency.

Figure 5 shows the distribution of the maximum princi-
pal stress in the standard mining model. To reflect the distri-
bution of the maximum principal stress from multiple
perspectives, multiple slices are selected to display the distri-
bution of the stress contour. The bottom surface in Figure 5
is the coal seam, and the mining space is formed after exca-
vation. The other two slices are taken from the middle of the
excavation space and the model, respectively, to show the
stress distribution of the model along with the parallel and
vertical mining directions.

It can be seen from Figure 5 that after the coal seam is
mined for 100 m, low-stress zones are formed on the bottom
and the roof of the coal seam, while stress concentration
zones are formed around the excavation space. In the hori-
zontal direction, the stress concentration area is mainly dis-
tributed within 5-10m of the working face and the
surrounding coal pillars, and the maximum stress is about
27 MPa; in the vertical direction, the high-stress area is dis-
tributed in the middle of the mining space 40 m above the
working face with the maximum value of 35MPa. After
the coal seam is mined for 200 m, the mining space is further
expanded, and the degree of stress concentration and the
distribution range of high-stress areas are further increased.

In the horizontal direction, the high-stress area is still dis-
tributed within 5-10m of the working face and the sur-
rounding coal pillars, but the maximum value can reach
about 35MPa; in the vertical direction, the distribution
range of the high-stress area is further expanded, and the
maximum stress can reach more than 35MPa. Calculated
with the original rock stress of 9 MPa, the stress concentra-
tion coeflicient in the horizontal direction is increased from
the original 3 to 4 with the working face advancing. The
stress concentration degree is significantly improved.

3.1.3. Distribution of Plastic Zone in the Standard Mining
Model. Figure 6 shows the distribution of the plastic zone
in the standard mining model. Similar to the stress distribu-
tion, several slices are selected to show the distribution of the
plastic zone. After the coal seam is mined for 100 m, the ten-
sile stress plastic zone is formed in the coal seam floor after
excavation in the horizontal direction. In the vertical direc-
tion, the tensile-shear composite failure occurs in the middle
of the mining space, and the upper part of the excavation
boundary of the working face is dominated by the shear
plastic zone. The current distribution range of the plastic
zone is not large, and the range of these plastic zones reflects
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(a) Coal seam excavation for 100 m

(b) Coal seam excavation for 200 m
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FIGURE 8: Plastic zone distribution during mining of a coal seam with rockburst tendency.

the current distribution of the low-stress zone. After the coal
seam is mined for 200m, the mining space is further
expanded and the distribution range of the plastic zone is
further increased. In the horizontal direction, the bottom
of the coal seam is still dominated by the tensile plastic zone,
while in the vertical direction, the overlying strata of the
mining space have almost completely formed the plastic
zone. The increase of the mining space leads to the forma-
tion of an obvious plastic zone in the position where the roof
is suspended in a large area, and the load-bearing capacity of
this area is lost.

3.2. Simulation of Mining Coal and Rock Formations with
Rockburst Tendency. In the standard model in Section 3.1,
the coal and roof and floor rock formations in the model

have no rockburst tendency. In this section, the established
model takes into account the rockburst tendency of coal
and rock for comparison. There are four parameters to
describe the rockburst tendency, among which the uniaxial
compressive strength is the most critical indicator to
describe the rockburst tendency. In the Mohr-Coulomb cri-
terion, the shear strength of rock is determined by cohesion
and internal friction angle. Apart from the shear failure, ten-
sile failure is also a common failure mode of rock during the
rock fajlure process. Therefore, the parameter of tensile
strength cannot be ignored in addition to the above two
parameters. Then the rock strata whose rockburst tendency
should be increased are considered. Since the location of
rockburst is generally located in the coal seam, the adjacent
roof and floor, the three mechanical parameters of these
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FIGURE 9: Maximum principal stress distribution with a buried depth of 500 m.

three strata are increased. In this way, the rockburst ten-
dency of coal, roof, and floor strata is improved to study
the influence of rockburst tendency on the distribution of
the maximum principal stress and plastic zone during the
mining process. Table 2 shows the mechanical parameters
of the coal seam, the mudstone_2, and the sandstone used
in this model. The mechanical parameters of the remaining
rock formations are the same as those in Table 1.

3.2.1. Stress Distribution when Mining the Coal Seam with
Rockburst Tendency. Figure 7 shows the distribution of the
maximum principal stress when mining a coal seam with
rockburst tendency. The situation of the maximum principal
stress contour in Figure 7 is very similar to that in Figure 5.
But some differences should be noted. One point is that the
high stress in the horizontal direction tends to transfer to the
deep zone. After the coal seam is excavated for 100 m, the
high stress in the coal seam is concentrated in the range of
10-15m in front of the coal seam. This trend is more obvi-
ous after the coal seam is mined for 200 m, and it can be seen
that the stress concentration occurs in the range of 15-20m
in front of the coal seam. The second point is the reduction
in the extent of the low-stress zone in the vertical direction.

It can be seen that after the working face is mined for 200 m,
the low-stress area in Figure 7(b) is significantly smaller than
that in Figure 5(b), and the high-stress areas in the horizon-
tal and vertical directions are connected. It can be found that
although the value of the maximum principal stress and the
stress concentration coefficient does not change much, the
stress distribution in this model is significantly different
from the standard model. This is because the energy storage
capacity of the rock strata with high bearing capacity is
improved, and stress concentration has already formed in
the shallow part of the excavation. Therefore, rockbursts
often occur when mining the coal seam with rockburst
tendency.

3.2.2. Plastic Zone Distribution when Mining the Coal Seam
with Rockburst Tendency. Figure 8 shows the plastic zone
distribution during mining of a coal seam with rockburst
tendency. The differences in the distribution of the plastic
zone in Figure 6 are as follows. The first is that the scope
of the plastic zone of the roof near the mining space is
decreasing. This can be seen by comparing Figures 6(a)
and 8(a). In Figure 6(a), most of the surrounding rock above
the working face has become a plastic zone. However, in
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F1gure 10: Distribution of plastic zone when buried depth is 500 m.

Figure 8(a), only some elements above the working surface
are still in the elastic state. The second is that the model
shows the characteristics of partition damage. It can be seen
in Figure 8(b) that a plastic zone appears around the work-
ing face in the horizontal direction separated by elastic ele-
ments. The interlacing of the elastic and plastic zone cuts
off the integrity of the rock formation, which is not condu-
cive to the development of the overall bearing capacity of
the rock formation and easily leads to the dynamic failure
of the rock formations.

3.3. Simulation of Coal Mining under High Stress. In Section
3.3, the established model focuses on considering the influ-
ence of high stress. In the model established in this section,
the thickness of the overburden strata is increased from
300 to 500 m. In this way, the distribution of the maximum
principal stress and the plastic zone in the coal seam mining
process is simulated under a high-stress environment.

3.3.1. Stress Distribution of Coal Seam Mining after
Increasing Burial Model Depth. Figure 9 shows the maxi-
mum principal stress distribution during coal mining with
increased burial model depth. Compared with the maximum
principal stress distribution in the standard mining model,
the maximum principal stress distribution after the burial

depth increases to 500 m presents the following new charac-
teristics. First, the overall stress level in the space affected by
mining activities has increased significantly. It can be seen
that the original rock stress in this model is close to
15MPa. Except for the tensile stress area, there is almost
no 0-9 MPa compressive stress in the coal seam plane. Sec-
ond, the range of high-stress distribution also increases sig-
nificantly. It can be seen from Figure 9 that after the coal
seam is excavated for 100 m, the area with the maximum
principal stress exceeding 35 MPa almost exceeds the range
of the standard model with an excavation length of 200 m.
Under the condition that the strength of the coal and rock
strata remains unchanged, the increase in the stress level
would cause the coal and rock masses to be more easily dam-
aged, and the damage process would become more severe.

3.3.2. Plastic Zone Distribution of Coal Seam Mining after
Increasing Burial Model Depth. Figure 10 shows the distribu-
tion of the plastic zone when the model is buried at a depth
of 500 m. With the large increase in the stress level, the
extent of the plastic zone of the model increases significantly
in both the horizontal and vertical directions. After the coal
seam is mined for 100 m, plastic elements have appeared in
the coal pillar area in the horizontal direction, and a large-
scale shear plastic zone has appeared in the overlying rock
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in the horizontal direction. After the coal seam is excavated
for 200 m, the expansion trend of the plastic zone is more
obvious. Under the high-stress environment, the rock ele-
ments change from elastic to a plastic state earlier, and the
bearing capacity of coal pillars and roofs is greatly weakened.

3.4. Simulation of the Mining Model Containing Fault
Structures. In this section, the mining model contains a fault
plane to simulate the distribution of stress and plastic zones
under the influence of geological structure. The established
model with a fault is shown in Figure 11. The fault is located
in the middle of the model and runs through 7 rock forma-
tions (except the mudstone at the top and the limestone at
the bottom). The dip angle of the fault is 60° with a vertical
height difference of 10 m. The mechanical parameters of all
rock formations are the same as in Table 1.

3.4.1. Stress Distribution in the Mining Model with a Fault.
Figure 12 shows the maximum principal stress distribution
during the coal mining process of the model containing a
fault. Compared with Figure 5, three points are worth not-
ing. First, the magnitude of the maximum principal stress
in the horizontal direction is slightly reduced, and the range
of high-stress distribution is somewhat reduced, especially
when the working face is excavated for 100 m. Second, the
stress concentration degree directly above the mining face
is reduced. It can be seen from Figure 12(b) that a small local

high-stress area directly above the working face becomes a
larger local subhigh stress area. Third, stress concentration
occurs on the fault plane. As shown in Figure 12(c), stress
concentration is formed on both sides of the fault plane
and the lower-middle position, while an obvious tensile
stress concentration zone is formed in the middle position
of the fault plane. This indicates that the fault may cut oft
the transmission of mining stress, resulting in the stress
reduction of surrounding rock around the working face.
However, new stress concentration areas could be formed
near the fault plane, and the existence of these areas makes
the fault very easy to slip under the influence of mining.
Therefore, the stability of the structure around the fault
caused by mining should be more concerned for a mining
model with a fault.

3.4.2. Distribution of the Plastic Zones in the Mining Model
with a Fault. Figure 13 shows the distribution of plastic
zones when mining the model with a fault. Under the influ-
ence of the fault plane, the extent of the plastic zone, espe-
cially the shear plastic zone, is greatly increased. After
excavation for 100m, a certain range of shear plastic zone
appears in the coal pillar area on the horizontal plane; in
the vertical direction, the range of the shear plastic zone is
greatly increased above the rock layer near the fault plane.
After the coal seam is excavated for 200 m, the expansion
trend of the shear plastic zone near the fault plane is more
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FIGURE 12: Maximum principal stress distribution of the mining model with a fault.

obvious, and the area of the plastic zone located above the  two quantitative evaluation methods for rockburst risk. One
coal pillar expands more significantly. The presence of the = method is based on the geological structure, mining factors,

fault reduces the overall stability of surrounding formations, ~ and other geological information, using multivariate statistical
and shear-slip failure is becoming the dominant mode of  analysis to complete the comprehensive analysis of rockburst
failure type of the elements near the fault. risk. This method mainly evaluates the rockburst risk before
mining; one of the typical methods is the comprehensive index

4. Quantitative Evaluation Method of Coal method. However, the geological information of coal mines
Rockburst Risk cannot be fully obtained before mining, which leads to the

mechanical effect under the influence of geological factors that
Quantitative evaluation of rockburst risk has always been the ~ could not be reasonably described. Therefore this method is
focus of dynamic disaster research in coal mines. There are  still subjective in the quantitative evaluation of rockbursts.
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(b) Coal seam excavation for 200 m
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FiGure 13: Distribution of plastic zone of the mining model with a fault.

The other method relies on digital information such as micro-
seismic and in situ stress and carries out early warning based
on the evolution characteristics of monitoring data, which is
mainly for the evaluation of rockburst risk in coal mining. Dif-
ferent types of monitoring data are indirect descriptions of
specific stress states, which have the same essence. Hence, this
method is the main direction of quantitative evaluation of
rockburst risk at present. Quantitative evaluation of rockburst
risk has always been the focus of dynamic disaster research in
coal mines. A suitable evaluation method should reflect the
contribution of material, stress, and structural factors to
rockbursts. The physical quantity that best reflects the risk of
rockbursts is energy. The locations with high energy accumu-
lation generally have a higher rockburst tendency and are
generally accompanied by high-stress concentrations. Micro-
seismic monitoring is a good tool to obtain energy release
[39]. In this section, the microseisms are classified into a sep-
arate category as a regional coverage method. Daily microseis-
mic frequency is regarded as the most reliable indicator of
rockburst risk.

4.1. Proposal for a Quantitative Evaluation Method. The
release of microseismic signals in the mining process reflects

the energy release of rock materials, the appearance of stress
superimposition effects, and the activation of large geological
structures. Microseismic signals can be considered as the
parameters that comprehensively reflect the risk of rock-
burst. Although microseismic monitoring is an effective
means to evaluate rockbursts, the absence of microseismic
signals does not mean that there are no rockbursts. This
point of view can be supported by a rockburst case. A rock-
burst accident occurred in a coal mine in Shandong Province
in 2012, resulting in two deaths. The excavation of the
nearby working face had been stopped one day before the
rockburst accident, and no microseismic signal was moni-
tored before the accident [19]. According to the data analysis
of the daily frequency of microseisms, statistical methods
classify the risk levels. The primary basis is that, for a specific
system, the time it is in a normal state would account for the
vast majority of its total running time, and the numerical
frequency of a specific index that has a causal relationship
with the system operation is counted. The numerical range
with the most significant proportion is the standard range
describing the normal state of the system.

According to the central limit theorem, the distribution
of the random variable sequence is asymptotically normal.
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FiGure 14: Classification of rockburst risk.

The central limit theorem is the most important theorem
in the probability theory, with a wide range of practical
application backgrounds. Some phenomena are affected
by many independent random factors. If the influence of
each factor is minimal, the total influence can be regarded
as obeying a normal distribution. Under this concept, the
normal distribution function in statistics describes the
probability density of different daily occurrences of micro-
seisms. The probability density function of the normal dis-
tribution is shown.

1 (x—a)
_ , 1
Vb P T M

flx)=

where b represents the expectation of this set of variables
and a represents the standard deviation of this set of
variables.

When using this method for risk evaluation, the proba-
bility density function and curve must first be fitted accord-
ing to the statistical data of the microseismic signal.
According to the probability density curve, the closer to
the central axis of the curve, the higher the frequency of data
occurrence and the more regular the data is. The farther
away from the central axis of the curve, the lower the fre-
quency of data occurrence and the more abnormal the data
is. According to the fitted curve, the abnormal conditions
with more and fewer microseisms are determined, and these
two types of conditions are used as an important basis for
predicting the risk of rockburst. Finally, four levels are
divided: normal, medium normal, medium risky, and risky.
Figure 4 shows the classification of rockburst risks.

According to Figure 14, the rockburst risk classification
is established in Table 3. The rockburst risk level is classified

TABLE 3: Criteria for classification of risk levels.

Range Risk level
(a-A ~a+A4) Normal
(a-A,~a-A)U(a+A4 ~a+4,) Medium normal
(a-As;~a-A)U(a+A,~a+Ay) Medium risky
(a-Ay~a-A)U(a+A;~a+Ay) Risky

by the expectation of the microseismic frequency a, and the
degree of deviation of the microseismic frequency from the
expectation, A, A,, A;, and A,. The degree to which the fre-
quency of microseisms deviates from the expectation reflects
the probability of the number of microseisms with that fre-
quency. Therefore, it is also possible to replace the interval
of the microseismic frequency with a probability interval.
For different mines, the corresponding A,, A,, A;, and A,
can be set to classify the rockburst risk level considering
the conditions of the mine.

What needs to be emphasized are the application condi-
tions of this model. The normal distribution model is a dis-
tribution model for random variables. The premise of this
model is that many factors affecting the daily microseismic
frequency are independent of each other. Under normal
mining conditions, the frequency of daily microseisms meets
the requirements of randomness, but this random variable is
affected by artificial mining activities. For instance, in the
case where a working face is stopped, the microseismic sig-
nals of this coal mine are likely to be absent; then, the micro-
seismic frequency during this time is low and may deviate
too far from the average value, but it is unreasonable to
judge that this coal mine has the risk of rockbursts.
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Therefore, when using this evaluation model, it is necessary
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to ensure that the mining process is carried out in a normal, 18
ordered state. The collection of data in this model should be
that the artificial mining conditions are consistent within a 15 —
certain period. o
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4.2. Division of Rockburst Risk Area. For local monitoring %
methods such as stress and electromagnetic radiation, the E 94
main features of local coverage are used to support the spe- 3
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cific division of rockburst risk areas and not forcibly inte-
grated into the overall risk evaluation of the working face. 5
This method is mainly based on long-term on-site obser-
vation: most coal mines are equipped with multiple mon- 0L L :
itoring methods, and multiple sensors are usually installed 510

in local areas. For a local area, although the data volume
of a single sensor is limited, the increase in data types
can make up for the lack of a single data volume to achieve
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a reliable evaluation of the local area. Based on the specific
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T
15

T T
20 25 30 35

Microseisms frequency

[] Medium risky

[] Medium normal I Risky

contains more than 3 data sources (different types of data FIGURE 16: Rockburst evaluation by statistics of daily microseismic

sources are recommended), the working surface is divided frequency.
according to the location of the measuring points, as shown
in Figure 15.

For the integration of monitoring means, the principle  4.3. Engineering Example of Quantitative Evaluation of
of “one hole for multiple uses” should be adopted, and  Rockburst. Da’anshan Coal Mine is located in the mountain-
the space occupied by the monitoring means should be  ous area in western Beijing, and its geological structure and
minimized on the premise of ensuring the effectiveness of  stress environment are highly complex. The mine attaches
each monitoring means. The data fusion algorithm can be  great importance to rockburst prevention and control and
implemented using mature algorithms such as hierarchical  is equipped with comprehensive monitoring equipment,
analysis, neural networks, and Bayesian estimation. It needs  including microseismic, borehole stress gauge, and electro-
to be emphasized that the quantitative evaluation of rock-  magnetic radiation. The daily frequency of microseismic
burst risk does not mean the complexity of methods or = monitoring with regional coverage capability is statistically
indicators. Appropriate operating thresholds should also  analyzed for microseismic events from September 1 to Octo-
be included in the quantitative evaluation considerations.  ber 31, 2018. The statistical results are shown in Figure 16.
If the authenticity and validity of the data are met, it can It can be seen from Figure 16 that 5 to 10 microseismic
be considered in the quantitative evaluation category. The  events occur most frequently in this period. The probability
above methods rely on raw data and are still applicable  density curve of the normal distribution is established. Local
when breakthroughs are made in fundamental theories or  area division is completed based on sensor distribution for
detection methods. stress and electromagnetic radiation monitoring with local
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coverage capabilities. As data fusion involves many calcula-
tions, the data is fused by the analytic hierarchy process,
and the results of the fusion of different local area normali-
zation complete the division of relative risk levels in each
local area of the working face. With the support of the
abovementioned quantitative evaluation method of rock-
burst risk, mining activities in Da’anshan Coal Mine were
kept safe.

5. Discussion

The role of the three factors in inducing rockbursts and the
expectation of rockbursts evaluation are discussed in this
section. The essence of rockbursts is the phenomenon that
mining activities lead to stress concentration, which triggers
large-scale energy release. The studies of many scholars have
shown that rockbursts could occur when mining coal seams
are with or without rockburst tendency. The same goes for
geological structures. The rockburst tendency of the material
and the existence and distribution trend of faults all play a
role through stress in the final analysis. This can be seen
from the current rockburst prevention technology in coal
mines. Figure 17 shows the principle of large-diameter bore-
hole pressure relief and coal seam pressure relief blasting
technology. Coal seam pressure relief technology is a local
prevention and control method of rockbursts based on stress
control theory. Its essence is to implement pressure relief
measures on the current or potential stress concentration
area in the coal seam to release the high stress and transfer
stress to the deep part of the coal seam, thereby reducing
the rockburst risk of the coal seam. Commonly-used coal
seam pressure relief technologies include large-diameter
borehole pressure relief technology and coal seam pressure
relief blasting technology. In the former method, a crushing
zone is formed around the drilling hole by constructing
large-diameter drilling holes, and the crushing zones adja-
cent to the drilling hole penetrate each other. The brittleness
and elastic energy accumulation capacity of the coal seam
are greatly weakened, thereby reducing the stress concentra-
tion of the coal seam in the construction area. The latter
method uses deep-hole blasting to relieve the internal pres-
sure of the coal body in the gang to reduce the rockburst risk
of the coal seam. After blasting, the stress concentration of
the shallow coal on both sides decreases, and the stress peak

shifts to the deep coal seam. The gravity of the overlying
strata is carried by the deep coal bearing three-dimensional
stress. Therefore, the core factor among the three factors
should be the stress factors. Controlling the stress is the
key to controlling the rockbursts in coal mines, and moni-
toring the stress is the key to early warning and prevention
of rockbursts.

According to the above analysis, the most direct and
effective method for the evaluation and early warning of
rockburst should be stress monitoring. However, stress
monitoring technology has not made a remarkable break-
through in recent years. At present, stress monitoring
methods mainly include the stress recovery method, stress
relief method, and hydraulic fracturing method, but the data
obtained by any method is the stress at a certain position
and time. How to obtain continuous stress data in time
and space is the development direction of stress monitoring.
Given the deficiency in stress monitoring, using microseis-
mic monitoring to quantitatively evaluate the risk of rock-
bursts is a compromise solution. Although the effect of
microseismic on rockburst prediction and prevention is lim-
ited, however, the microseismic signal reflects the release of
energy, the factor most related to stress, so the role of micro-
seismic monitoring in the short term cannot be replaced. In
the future, the monitoring system combining microseisms
with stress is the direction to accurately and quantitatively
evaluate the rockburst risk.

6. Conclusions

A multifactor analysis and quantitative evaluation method
for rockburst risk in coal mines is proposed in this study.
Theoretical analysis, multifactor numerical simulation, and
establishment of the rockburst evaluation model are carried
out. The following conclusions are obtained.

(1) The mechanism of rockbursts in coal mines under
the action of rock material, stress environment, and
large geological structure is described in detail,
including energy evolution characteristics during
the loading process of different rock media, the
destruction mechanism of the surrounding under-
ground rock under the combined action of dynamic
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and static loads, and pillar rockburst triggered by the
activation of large-scale geological structures

(2) Based on a standard mining model, three compara-
tive models considering the rockburst tendency of
coal and rock formations, high stress, and fault
planes are established. The distribution of maximum
principal stress and plastic zone during the mining
process is compared. Under the same model stan-
dard, the reasons why the above three types of fac-
tors are easy to cause rockbursts in coal mines are
revealed

(3) A normal distribution function based on the fre-
quency of daily microseisms is established. This
function is used to judge whether the number of
microseisms is abnormal, and then to judge the
rockburst risk of coal mines, making a new explora-
tion for the quantitative evaluation of rockbursts in
coal mines
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