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The vibration wave CT detection technology could be used for forecasting
dynamic disasters such as coal and gas outburst and rock burst in coal mines
as well as for dynamic monitoring and warning of impact risks. Based on the
positive correlation between stress and vibration wave velocity and the positive
abnormal distribution of vibration wave velocity, the impact danger area could be
determined. Two evaluation indexes on the impact risk were constructed: the
anomalous coefficient A, and abnormal value A,, of the gradient variation
coefficient (VG) of wave velocity. The critical values of the two indexes
corresponding to the impact risk degree were given. In addition, the field
engineering practice was carried out by using the inversion results of vibration
wave CT detection technology. Combined with the field engineering geological
conditions, the impact risk area of the F15-24080 working face was defined
comprehensively. The results showed high precision of this CT detection
technology. Vibration wave CT detection technology could make dynamic
prediction and evaluation of the impact risk on a site and provide guidance
and test for the formulation and implementation effect of pressure relief
measures in high-impact danger areas.

KEYWORDS

impact risk, vibration wave CT detection, anomalous coefficient of wave velocity, outliers
of wave velocity gradient change, dynamic prediction of shock hazard

1 Introduction

Rock burst is characterized by sudden, sharp, and violent destruction, which seriously
threatens the safety of coal mine production and causes huge economic losses and casualties
(Gong et al., 2012a). It may also induce coal and gas outburst, gas explosion, and other
serious and exceptionally serious accidents (GAO, 2019; Zhu et al,, 2019). For example, the
513 rock burst accident in the Luling Coal Mine of Huaibei Coalfield Group Co., Ltd., in
2003 occurred due to the roof impact, resulting in a gas rush in the goaf and even gas
explosion. A total of 84 people died in this accident. The 2014 rock burst and gas explosion
occurred in the Sunjiawan Coal Mine of the Fuxin Mining Bureau in Liaoning Province in
2005. The magnitude (M) of the mine earthquake reached as high as 2.5, and 214 people
died in this accident (Cai et al., 2014). The 11026 rock burst and coal dust burning accident
occurred in Liaoning Hengda Coal Industry Co., Ltd., in 2014. The magnitude of the mine
earthquake reached M; 1.6, and 26 people died in this accident. A stress-led coal and gas rush
accident occurred in the Sangshuping Coal Mine of Shaanxi Shanmei Hancheng Mining
Industry Co., Ltd., on 6 July 2015, even though the gas extraction was up to the standard,
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resulting in four deaths. The risk of rock burst is highly related to the
fracture behavior of rock mass (Cao et al., 2016; ZhaoWangWang
et al,, 2019; Zhao et al,, 2020). The monitoring and effective early
warning of its induced dynamic process is the key to preventing
disasters and a worldwide problem (Zuo et al,, 2019; Wang et al,,
2020; Tian and Yiliang, 2020; GAO, 2021; Zhu et al., 2022; Zhuoyue
etal,, 2022). The monitoring and early warning research is an urgent
scientific and technological problem to be solved (Dou et al., 2014).

At present, the monitoring methods of rock burst mainly
include (Lu 2010),
electromagnetic radiation monitoring (Wang et al, 2011),

microseismic ~ monitoring et al,
acoustic emission monitoring (Hu et al., 2011), drilling cuttings
monitoring (Gu et al., 2012), and stress monitoring (Wang et al.,
2010). In recent years, as a new geophysical method, seismic wave
CT technology has been widely used in engineering and geological
diagnosis. A large number of experiments show that CT
technology can reconstruct the three-dimensional structure of a
coal body when it is damaged (Du et al., 2022) and intelligently
identify cracks (Yu et al, 2022). At present, it has become a
powerful tool for exploring faults (ZHANG et al., 2020), loose
circles (ZHAO and Baojie, 2020), hidden cracks, and stress states
in underground mining (Wang et al., 2021). Particularly, the

combination of vibration wave CT detection technology and

10.3389/feart.2023.1126388

microseismic real-time monitoring is the latest development
direction of rock burst hazard-level assessment and prediction.
Pengetal. (2002) and Zhang and Liu (2006) applied vibration wave
The
comparative analysis of the exploration showed that this
technology had high detection accuracy and obvious structural

CT technology for geological structure exploration.

traces and features. Lurka (2008) evaluated the impact hazard level
of Zabrze Bielszowice Coal Mine and other coal mines in Poland
using vibration wave CT technology and found that the impact or
strong mine earthquake often happened in the high wave velocity
and high wave-velocity gradient areas. Dou et al. (2011) studied the
relationship between the distribution of wave velocity and
distribution of strong mine earthquakes in the 16302C working
face of the Yanzhou Jisan Coal Mine by using the vibration wave
CT method and found that the accuracy of strong mine
earthquakes falling into the rock burst hazard-level warning
area was high, which proved the feasibility of vibration wave
CT technology in monitoring and warning of the distribution
of rock bursts or strong mine earthquake danger. Therefore, the
vibration wave CT technology is feasible for detecting a large range
of stress-led impact dynamic disasters or the hazard-level
distributions of strong mine earthquakes. It may become a
strong and favorable monitoring means in the study of stress-
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FIGURE 1

Positive correlation between stress and vibration wave velocity. (A) M1, (B) M2, (C) D1, and (D) D2.
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led impact dynamic disasters, which will be a general trend and
direction of development at home and abroad in the future.

In this paper, a positive correlation between vibration wave
velocity and stress was determined; then, the degree of stress
concentration in coal and rock could be reflected by measuring
wave velocity, and it can be used to analyze the bursting liability of
dynamic disasters of coal and rock. The vibration wave CT
technology was used to invert and solve the coal (rock) wave
velocity distribution map of the F;5-24080 working face. The
abnormal prediction index of the wave velocity gradient (VG)
was put forward based on the theory of rock burst, and then the
overall distribution of the rock bursting area of the Fis-
24080 working face was mastered, so as to effectively decrease
the rock bursting tendency.

2 Coupling relationship between
vibration wave velocity and stress

The stress—strain curves of coal samples from compression to
failure and ultrasonic tests were studied by the uniaxial compression
experiment. The results showed that the vibration wave velocity
(Wang et al,, 2020) of coal samples has a high gradient at the
beginning of stress action, with an increase in stress, and the rise in
vibration wave velocity slows down and tends to decrease gradually.
When the stress rises to a certain stage, the factors affecting the wave
velocity no longer changed with the increase in stress. This
phenomenon indicated that there is a certain power function
relationship between stress and wave velocity (Dou et al., 2014),
which indicates an obvious positive correlation.

Many coal samples at the F;5-24080 working face were
collected in site for test fitting analysis of stress and vibration
wave velocity. The test results of some coal samples are shown in
Figure 1. It showed that the calculated vibration wave changed
rapidly at the stage of low axial stress. With an increase in axial
stress, the curve flattened out gradually, which was consistent
with the actual monitoring results, indicating that the power
function relationship between stress and wave velocity can reflect
a change in the law of vibration wave velocity at the elastic and
plastic stages. By fitting the correlation coefficient between stress
and wave velocity, it appears that there is a strong correlation
between these two factors. The average correlation coefficient of a
large number of coal samples was above 0.75, indicating that the
vibration wave velocity increases with the increase in stress and
in the form of a power function. In addition, the test relation
model showed a good fit under uniaxial compression and could
accurately describe the positive power function correlation
between stress and vibration wave velocity before the failure
in the limit state.

3 Principle of vibration wave CT
technology

The wave velocity distribution in the “probe-rock burst” spatial
envelope region was retrieved according to the distance L between the
probe and the rock burst and the first arrival time T received by the
station. The rock burst was caused by manual blasting, hammering, or
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mining. The probe was placed downhole or above the ground
(geophone or station). The detection diagram is shown in Figure 2.

The vibration wave propagated in the medium inside the
detection area in the form of radiation (as seen in Figure 2).
Before inversion, the rock burst location should be specified first,
and then the rock burst event and the first arrival time marked on
the probe in the corresponding detection target area (the first arrival
of the P-wave or the first arrival of the S-wave) were collected as the
original inversion data. Then, the “probe-rock burst” spatial
envelope region was divided into a series of small rectangular
grids. Finally, the high approximation method for inversion was
used, and its formula was as follows (ZHANG et al., 2020; GAO,
2021):

L
V:T’ (1)
that is,
VT =1, (2)
dL

T=J—=JS , ¥, 2)dL, 3
' LIV(X,)/,Z) L (xy ) ®

M
T,= Y dyS; (i=1,-N), (4)

j=1

where T; is the travel time of the vibration wave, s; L; is the ray
path of the ith vibration wave; V (x, y, z) is the vibration wave
propagation velocity, m/s; S (x, y, z) = 1/V (x, y, z) is the slowness, s/
m; dj; is the jth grid length through which the ith vibration wave ray
passed; N is the total number of rays; and M is the number of grids. It
was further expressed in the matrix form as follows:

T =DS, (5)
that is,

S=D"T, (6)

where T is the column vector of the vibration wave travel time
(N x 1); S is the column vector of slowness (M x 1); and D is the
length matrix of the ray (N x M). In general, Eq. 6 was an
underdetermined or overdetermined system of equations, and the
effective algorithm for solving this kind of an equation was generally
iterative algorithm. At present, most of the referenced iterative
algorithms included ART algorithm and SIRT
(Luxbacher et al., 2008).

algorithm

4 The establishment of evaluation
indexes

The occurrence of rock burst needs to satisfy the strength, energy,
and bursting tendency conditions at the same time, namely, the three
criteria theory. When the stress exceeded the strength limit of coal
(rock) itself, that is, as the strength condition was met, the rock burst
might occur. This relationship was shown as follows:

Is1, (7)
O

where ¢ and o, are the stress and strength of coal (rock),
respectively.
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FIGURE 2

Schematic diagram of vibration wave CT detection (Cao et al.,
2015). A, P-wave; B, S-wave; C, vibration waveform; D, shock wave
rays; E, vibration station; F, epicenter.

The strength condition can be reflected by the relation between o
and the vibration wave velocity. For rocks of the same nature, the
higher the vibration wave velocity, the greater the stress, the greater
the possibility of exceeding the strength of coal (rock), and the
higher the rock bursting liability.

10.3389/feart.2023.1126388

The required spatial conditions of stress and deformation for a
rock fracture are shown in Figure 3. Due to the goaf, the overburden
strata weight was loaded onto its adjacent support area C, forming a
stress reduction area on one side and a high-stress concentration
area on the other side, and the two areas always complemented each
other in the absence of an additional force.

According to the experimental relationship model between
vibration wave velocity and stress, the crack area A corresponded
to a low wave velocity area, while the stress concentration area
corresponded to the high wave velocity area. The area between these
two areas was a transition from high wave velocity to low wave
velocity, that is, the larger gradient change in wave velocity in area B.
It was shown that (Gilbert, 1972; Qi et al., 2006; Wulin et al., 2007;
Lurka, 2008; Li et al., 2009; Dou et al., 2014) strong mine earthquakes
occur not only in areas with high wave velocity but also in areas with
an obvious gradient change in wave velocity. Therefore, areas with
large gradient change were also the high rock burst areas.

As shown in Figure 3, region C corresponded to the high-stress
concentration area, and there would be a positive anomaly in the
vibration wave velocity in other relative areas; while region A was the
stress reduction area, there would be a negative anomaly in the
vibration wave velocity. Therefore, the abnormal coefficient A,, of
the vibration wave was constructed as follows (Gong, 2010):

_Ve-Vs

Vi

Ay , (8)

where Vp is the vibration wave velocity value at a point in the
inversion region and Vp® is the average wave velocity value of the
model. Table 1 shows the relationship between the positive
abnormal changes in wave velocity and the stress concentration
degree determined according to the experimental results, and
Table 2 shows the relationship between the negative abnormal
changes in wave velocity and the coal (rock) weakening degree.

For area B, in order to evaluate the rock burst hazard level by
using the gradient outliers of wave velocity variation, the following

IO T I T TC TN S SIS R Ao

A: Low-velocity zone in the fissure zone; B: The wave velocity gradient changes obviously in the transition zone; C:
High-speed wave zone in stress concentration zone

FIGURE 3

Distribution of wave velocity in overburden strata after excavation. A, low-velocity zone in the fissure zone; B, the wave velocity gradient changes
obviously in the transition zone; C, high-speed wave zone in the stress concentration zone.
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TABLE 1 Relationship between positive anomalies of the wave velocity and stress concentration degree (Dou et al., 2012).

Rock burst hazard index Stress concentration

Positive abnormal wave velocity

Probability of stress

feature (A,/%) concentration
0 None <5 <0.2
1 Weak 5-15 0.2-0.6
2 Intermediate 15-25 0.6-1.4
3 Strong >25 >1.4

TABLE 2 Relationship between negative abnormal changes in the wave velocity and weakening degree (Dou et al., 2012).

Degree of weakening Feature of weakening

Negative abnormal wave velocity (A,,/%)

Probability of stress reduction

0 None 0~-7.5 <0.25
-1 Weak -7.5~-15 0.25-0.6
-2 Intermediate -15~-25 0.6-0.8
-3 Strong <-25 >0.8

TABLE 3 Relationship between the abnormal change value of the VG value and rock burst hazard level (Wu et al., 2016).

Rock burst hazard index

Hazard feature corresponding to abnormal change

Abnormal change of VG (A,,/%)

0 None <5
1 Weak 5-15
2 Intermediate 15-25
3 Strong >25

wave velocity gradient variation coefficient VG (unit: m/s”) was
constructed (Gong, 2010):

VG = V,Grad, 9)

where Grad is the wave velocity vibration gradient at a point in the
inversion region (unit: 1/s). For the abnormal change in VG, Eq. 10
similar to Eq. 8 was used to describe the rock burst hazard level (Dou
and He, 2002; Gong, 2010; Dou et al., 2012):

VG- VG

m , 10
T (10)

where VG® is the average of VG constructed in the model.
The rock burst hazard level corresponding to A,, calculated
according to the abnormal change in VG is shown in Table 3.
When A,,<0, the abnormal change was not obvious, and it was
considered that there is no danger feature, and the
corresponding outlier degree is 0.

The strength condition indicated that the failure of coal
(rock) would occur when the stress exceeded its ultimate
strength, which may cause the dynamic instability of coal
(rock). The stress value at a certain point of the model could
be estimated by the relationship between stress and vibration
wave velocity obtained from the experiment. Based on the two
parameters constructed previously, the vibration wave CT
technology could be used for monitoring and warning about

the stress-led impact dynamic disaster.

Frontiers in Earth Science 05

5 Field application
5.1 Geological situation

The No. 10 Ping Coal Mine has witnessed more than 50 coal and
gas outburst accidents. With the increase in mining depth, rock burst
disasters had begun to appear obviously. In addition, a dynamic disaster
occurred in the F;5-24110 working face of the Jisi mining area with a
huge sound of coal firing and 21,760 m® of gas and 385 t of coal rushing
out, without holes in the coal body. This complex dynamic disaster had
seriously threatened the mine safety production. The Fs5-
24080 working face of the Jisi mining area was at an elevation
of -460.8~-629.5m, the strike length of the working face was
1,579 m, and the inclined width was 215 m. The average thickness
of the F;5 coal seam mined in the working face was 2.2 m, and the roof
was 18 m thick with medium fine sandstone. In order to ensure safe
mining of this working face, the vibration wave CT technology was used
to detect the high-stress concentration rock burst area before mining.

5.2 Rock burst hazard evaluation by vibration
wave CT inversion
5.2.1 Field implementation plan

In order to conduct a fine and comprehensive detection of the
stress distribution state in the F15-24080 working face as far as

frontiersin.org
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FIGURE 5
Wave velocity distribution of the coal seam and its roof in the F;5-24080 working face. (A) Wave velocity distribution of the coal seam determined by
vibration wave CT inversion. (B) Wave velocity distribution of the roof determined by vibration wave CT inversion.

possible, the implementation plan layout of vibration wave CT was
designed as shown in Figure 4. The receiving points were arranged in
the transport groove of the working face. The total construction
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length was 1,650 m, the distance between the receiving points was
7 m, and the receiving points were 236, numbered from left to right
as 2001-2236. The excitation points were arranged along the track
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A, distribution of the coal seam and its roof in the F15-24080 working face. (A) A, distribution of the coal seam determined by vibration wave CT
inversion. (B) A, distribution of the roof determined by vibration wave CT inversion.
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FIGURE 7

Rock burst hazard area delineation of the F;5-24080 working face.

groove. The total construction length was 1584 m, the distance
between the shooting points was 16 m, and the shooting points
were 100 in total, numbered from left to right as 1001-1100.

5.2.2 Analysis of the inversion results

The distribution of stress and A,, on the F5-24080 working face
were calculated using the aforementioned two indexes with the
vibration wave CT inversion technology. Figure 5 shows the contour
map of wave velocity distribution of the coal seam and its roof of the
F;5-24080 working face obtained through vibration-wave CT inversion.
According to the distribution of coal wave velocity, two main stress
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concentration regions could be identified. One was located in the region
extending from the cutting head of a mechanical roadway to the middle
part of a wind alley. The other was located on the side of the wind alley
near the stop mining line. In the middle of the working face, there was
an obvious negative anomaly, which was determined by the inversion,
and stress on the roof and coal was relatively lower, which indicates that
the roof and coal were relatively broken and the pressure release
measures were more effective.

As shown in Figure 6, A,, of the coal seam and its roof also had
two main rock burst hazard areas, which corresponded to the stress
concentration area in Figure 4. It indicated that there is an obvious

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1126388

Yi et al.

10.3389/feart.2023.1126388

§8a 43482002382 88898 RBREEB3A4 2

RRYNRNEL 88

200

5
D

€

500

All

1000

A: The location of the disaster on July 3; B: The location of the disaster on July 8; C:The location of the disaster on

July 19

FIGURE 8

High wave velocity abnormal location where dynamic disasters have occurred in the F15-24080 working face. A, location of the disaster that
occurred on 3 July 2013; B, location of the disaster that occurred on 8 July 2013; C, location of the disaster that occurred on 19 July 2013.
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low wave velocity area in the middle of the working face. Compared =~ showed that there is a rock burst
with the wave velocity on both sides of the roadway, there was an

obvious gradient change. Therefore, the A,, distribution map
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hazard area near the two

grooves in the middle of the working face, and the distribution
of the air lane is wider than that of the mechanical lane.
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5.3 Rock burst hazard area delineation of the
F15-24080 working face

As shown in Figure 7, five rock burst hazard areas were
determined by comprehensive analysis based on the retrieved
stress of the coal seam and its roof of the F,5-24080 working
face, distribution of A,, and actual production conditions. It
included area A near the open cutter side, area E at 400 m from
the air tunnel, area D near the machine-lane side in the middle of the
working face, area B near the air-return tunnel side in the middle of
the working face, and area C on the air-return tunnel side near the
stop mining line. Combined with A,, and the stress distribution, A,
B, and C were determined as the high rock burst hazard areas, but D
and E were identified as the middle rock burst hazard areas.

Area A was in the range of 60-178 m away from the eye cutter of
the air tunnel and extended to 58 m along the working face
tendency. Area B was in the range of 728-838 m away from the
eye cutter of the air tunnel and extended to 55 m along the working
face tendency. Area C was in the range of 1,378-1636 m away from
the eye cutter of the air tunnel and extended to 15 m along the
working face tendency. In addition, area E was in the range of
387-514 m away from the open cutter of the air tunnel and extended
to 45 m along the working face tendency.

5.4 Reliability analysis of rock burst hazard
areas in the F15-24080 working face

In order to verify the accuracy of the inversion results and the
reliability of the five divided hazard areas, tracking investigation was
carried out during the mining process of the working face, and
acoustic emission sensors were installed in the leading abatement

Frontiers in Earth Science

pressure area in front of the working face and the high stress
concentration area obtained from the inversion for tracking and
warning.

In the process of excavation at the working face advancing to
400-450 m, three large gas over-load accidents led by ground stress
occurred in the high-wave velocity abnormal area obtained by
inversion (i.e., high stress concentration area) on 3 July, 8 July,
and 19 July 2013. The location of the occurrences is shown in
Figure 8. In addition, in the subsequent mining process, different
degrees of stress-led rock burst dynamic disasters occurred in the
high-stress concentration areas.

(1) On 3 July 2013, a gas over-load occurred when the excavation
in the working face area advanced to about 400 m from the
eye cutter area. The gas volume concentration of the working
face was detected by the probe to reach a maximum of 3.34%
and reached 4.7% of the upper corner. A large number of
oblique cutting longitudinal cracks from the top to the
bottom appeared in the coal wall, and the width of the
cracks was about 2~5mm. Specular joints caused by
tectonic stress could be observed at the coal wall collapse
area. The floor heave with a length of 6-9 m and a height of
0.1-0.2 m appeared in the roadway floor. In addition, at the
same time, the acoustic emission probes had also detected the
disaster warning information, as shown in Figure 9.

(2) On 8]July 2013, the gas over-load occurred when the excavation
in the working face area advanced to about 414 m from the eye
cutter area. The maximum depth of coal rib spalling was about
1.1 m, the height was 1.2-1.4 m, and the length was 7~9 m. A
large area of coal rib spalled by the high rock burst caused a large
amount of gas to rush out instantly, leading to a gas over-load
accident.

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1126388

Yi et al.

(3) On 19 July 2013, the gas over-load occurred when the
excavation in the working face area advanced to about 421 m
from the eye cutter area. The gas volume concentration of the
eye cutter area was detected to reach a maximum of 4.8% and
reached 1.05% of the upper corner. Cracks appeared in the coal
wall and developed in a wedge-shaped pattern. Its width was
0.02-0.27 m, and its depth was about 0.5-1.1 m. When the rink
was raised, the floor heave was about 0.4 m and the rib spalling
appeared with a height of 0.1-1.2 m and a depth of 0.4-0.6 m.
Furthermore, at the same time, the acoustic emission probes had
also detected the disaster warning information, as shown in
Figure 10.

It was found that the vibration wave CT technology had better
applicability to predict the stress-led rock burst dynamic disaster. In
addition, the rock burst areas presented high accuracies, which were
determined based on the anomalous distribution of the retrieved wave
velocity of the coal seam and its roof in the F15-24080 working face
and distribution of stress and A,,. It could also provide guidance and
test whether the formulation and implementation effect of the
pressure relief measures at the in-site specific location was valid or not.

5 Conclusion

1) In the process of uniaxial compression, the wave velocity of coal
samples showed a large gradient variation at the elastic stage but
flattened out gradually at the plastic stage, which indicates that
there is a power function relationship between stress and vibration
wave velocity that can also be established. The results show that the
measured values have a high degree of fit to the calculated results
of the model, which can describe the relationship between stress
and vibration wave velocity and be used for the CT inversion
calculation of the field rock burst hazard.

By analyzing the relationship model between vibration wave
velocity and stress, the anomalous A,, and A,, values of the wave
velocity gradient variation were constructed. Furthermore, the
contour cloud maps of distributions of stress and the anomalous
A, in the roof and coal seam were drawn, respectively. It could
give a dynamic evaluation of the in-site rock bursting liability and
provide guidance the
implementation effect of the pressure relief measures.

and test for formulation and

3) Five rock burst areas were determined comprehensively,
combining the abnormal stress of the coal seam and its roof
of the F;5-24080 working face, the anomalous 4,,, and the actual
production conditions. Among them, A, B, and C were
determined as the high rock burst hazard areas, but D and E
were identified as the middle rock burst hazard areas. It was
proved by practice that these partition results show high
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