GeoScienceWorld

Lithosphere

Volume 2022, Article ID 7349759, 15 pages
https://doi.org/10.2113/2022/7349759

Research Article

Lithosphere

Precursor Information Recognition of Rockburst in the
Coal-Rock Mass of Meizoseismal Area Based on Multiplex
Microseismic Information Fusion and Its Application: A Case

Study of Wudong Coal Mine

Huicong Xu (), Xingping Lai,"? Shuai Zhang ®," Pengfei Shan,"”> Zheng Wu,' Haidong Xu,'

Rui Bai,' and Qifeng Guo'”’

ISchool of Energy Resources, Xi'an University of Science and Technology, Xi’an 710054, China
“State Key Laboratory of Green low Carbon Development of Oil-Rich Coal in Western China, Xi'an 710054, China
?School of Civil and Resource Engineering, University of Science and Technology Beijing, Beijing 100089, China

Correspondence should be addressed to Huicong Xu; xhcxust@163.com and Shuai Zhang; zscsy1993@163.com

Received 7 May 2022; Accepted 7 July 2022; Published 20 July 2022
Academic Editor: Shaofeng Wang

Copyright © 2022 Huicong Xu et al. Exclusive Licensee GeoScienceWorld. Distributed under a Creative Commons Attribution
License (CC BY 4.0).

In recent years, the rockburst induced by steeply inclined coal seam mining in the Urumqi mining area has become serious. In this
paper, the evolution law of multiplex microseismic information before and after the rockburst is obtained through in-depth
mining of the field microseismic data. In addition, the evolution characteristics of microseismic activities before and after the
rockburst of steeply inclined coal-rock mass in the meizoseismal area are revealed from three important scales: time, space,
and strength. The results show the following: (1) The microseismic activity of the Wudong Coal Mine is mainly of stress
migration type. The sandwiched rock pillar is the primary inducement of rockburst, and the b value decreases greatly with the
mining progresses (by 23.9%). It indicates that the risk of rockburst induced by the local failure of rock mass in this area is
increasing. (2) From the time scale and strength index, the precursory indexes of rockburst are put forward, respectively: ®
the daily total energy and the frequency of microseisms suddenly rise and fall rapidly at the same time in the shock start-up
period (5 days before rockburst), and the daily total energy of microseisms decreases to the abnormal valley value within 30
days. @ The abnormal growth rate of microseismic events exceeded 60% in a certain stage, and “induced shock events”
appeared. (3) The shock risk is positively correlated with the decline rate of energy index, the growth rate of cumulative
apparent volume, and Schmidt. It is determined that the rockburst will occur within 19 days after entering the shock early
warning period. The results of prediction examples show that this method has a good prediction effect on rockburst in strong
meizoseismal areas, which can provide a reference for rockburst prevention in the mining process in strong meizoseismal areas.

1. Introduction

As one of the large coal bases constructed in China’s “The
New Silk Road” economic belt, Xinjiang has a large number
of steeply inclined extrathick coal seams [1]. With the con-
tinuous increase of mining scale and depth, rockburst has
become the primary problem restricting the safe develop-
ment in the Urumqi mining area of Xinjiang [2]. Xinjiang
is one of the provinces with the most frequent strong seis-
micities in China. Urumqi mining area is located in the

Tianshan seismic belt, a total of 359 earthquakes with M >
5 occurred from 1900 to 2007. There were 1 M8 earthquake,
9 M7 earthquakes, 62 M6 earthquakes, and 287 M5 earth-
quake [3]. Wudong Coal Mine, located in this meizoseismal
area, is a typical steeply inclined extrathick coal seam mine.
In recent years, several serious rockbursts have occurred
(Table 1). At present, the mechanism of rockburst has not
been unified [4-6]. It is even more unrealistic to realize the
early warning of rockburst in meizoseismal areas only through
theoretical analysis or numerical simulation. Therefore, the
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2 Lithosphere
TaBLE 1: Historical rockbursts in the south mining area of Wudong Coal Mine.

Number Date Released energy (J) Event location

1 2013.07 2.0 x 107 +500 level B, working face

2 2014.03 2.1x 107 +506 level sandwiched rock pillar

3 2015.03 49x10* +487 level sandwiched rock pillar

4 2015.07 9.0 x 10’ +470 level sandwiched rock pillar

5 2016.11 9.5x10° +460 level sandwiched rock pillar

6 2017.02 2.1x 10 +460 level B, roof

7 2017.04 2.2x10° +431 level sandwiched rock pillar

in-depth mining of field-measured data should be strength-
ened to realize the effective early warning of the rockburst
of the Wudong Coal mine in the meizoseismal area.

At present, many scholars have done a lot of research on
the evolution laws of microseismic data of coal-rock mass
instability failure. Zhang et al. [7], aiming at the problem
of low efficiency in artificial identification of stope instability
early warning period in Shaba Mine, realized the intelligent
prediction of the critical state of rock mass instability by
introducing the microseismic activity parameters of the
stope. Dong et al. [8] established a velocity-free MS/AE
source location method for three-dimensional structures
with holes by introducing an A* search algorithm based on
equidistant grid point search paths. This can effectively pre-
dict and prevent the structure of potential hazard sources. Li
et al. [9] comprehensively analyzed the critical conditions
for bending and fracturing the regenerated roof during min-
ing. Meanwhile, by applying continua FLAC-3D numerical
simulation, this research simulated changes in the stress
and strain on a regenerated roof during mining and pro-
posed prevention and control methods for dynamic disas-
ters. Zhang et al. [10] carried out a multidimensional
display and in-depth statistical analysis of microseismic data
of a mine in Shandong. The potential dangerous areas were
located, and the shock risk level was evaluated from the time
and space scales. Xue et al. [11] analyzed the evolution law of
microseismic activity parameters such as cumulative appar-
ent volume, energy index, and cumulative release energy
before and after rockburst in the Shuangjiangkou hydro-
power station tunnel. They achieved an accurate prediction
of the warning period and construction safety period
through the proposed IgN/b index. Wang et al. [12] analyzed
the frequency of microseismic events before and after each
rockburst, daily microseismic energy, energy index, cumula-
tive apparent volume, and E(/E, value. The microseismic

precursor characteristics of two intermittent rockbursts are
further revealed. Cheng et al. [13], based on the microseis-
mic data measured in the field, focused on the “time-
space” evolution law of the precursory index of the dynamic
instability of coal-rock mass based on the multivariate
indexes such as the location, frequency, and energy level of
the microseismic events in the field. Lai et al. [14, 15], based
on the ‘energy-frequency’ variation law of MS data of coal-
rock mass failure and instability during mining, predicted
the tendency area of pillar dynamic instability.

The above research mainly focuses on the analysis of
microseismic parameters of coal-rock mass in underground
engineering. However, there are few research results at home
and abroad on the “time-space-intensity” evolution law of
microseismic events and the precursory characteristics of
shock instability based on field data. In particular, the pre-
cursor identification and early warning of shock instability
of steeply inclined coal-rock mass in meizoseismal area
based on multivariate microseismic information fusion.
Therefore, by deeply mining the historical microseismic data
of the Wudong Coal Mine, this paper mastered the response
law of the precursor index of impact instability and the
shock risk of key areas (sandwiched rock pillar) based on
the fusion of multiplex microseismic information. The shock
warning period and shock disaster-causing time of key areas
were determined. This provides a scientific basis for safe and
efficient mining of steeply inclined extrathick coal seams
after entering deep mining.

2. Engineering Background

2.1. Mine Mining Conditions. The design production capac-
ity of the Wudong Coal Mine is 6.0 Mt/a. The main coal
seams of the Wudong Coal Mine are the B, ,, coal seam and
B, coal seam. They are steeply inclined extrathick coal seams
with medium hardness and weak outburst proneness. The
average thickness of the B,,, coal seam is 35m and that of
the B coal seam is 45 m. Their average angles are 87". There
is a hard rock pillar between the two seams with a thickness of
50 m-110 m. The horizontal section fully mechanized top-coal
caving mining method is used in Wudong Coal Mine. The
length of the working face is the thickness of the coal seam.
During mining operations, the B,,, coal seam usually lags
behind the B, coal seam by one subsection height. The
+425 level B, , working face is currently mined in the south-
ern mining area of the Wudong Coal Mine. Above the +425
level B, working face is the +450 level B,,, working face,
and below is the +400 level working face. The occurrence char-
acteristics and mining layout of the steeply inclined coal-rock
mass in the southern mining area are shown in Figure 1.

2.2. Geological Condition of Coal Mine. Affected by the col-
lision between the Indian plate and Eurasian plate, the crust
in the western region is strongly squeezed. This geo-
dynamic mechanism of plate collision causes unique crustal
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FIGURE 1: Stratum characteristics and mining layout of steeply inclined coal-rock mass.
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FI1GURE 2: Geologic structure diagram of Wudong Coal Mine.

deformation and tectonic stress systems in western China.
Wudong Coal Mine is located in the Urumgqi mining area
of Xinjiang. The Tianshan seismic belt is one of the 23 seis-
mic belts in China, and it is also the most active tectonic
belt in Xinjiang. Wudong Coal Mine is located in the cen-
tral area of the northern Tianshan fold belt, which is a typ-
ical compressional tectonic activity area (Figure 2). At
present, it is still under the influence of the Himalayan

movement, and there is a strong residual tectonic stress.
There are Badaowan syncline and Qidaowan anticline in
the mining area. Badaowan syncline is relatively complete,
and Qidaowan anticline is only the south wing. The lithol-
ogy of the coal seam roof and the floor is mainly siltstone,
fine sandstone, and mudstone, followed by carbonaceous
mudstone. Most of the structural planes are bedding planes,
which are prone to plastic deformation of bottom heave
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F1GURE 3: Characteristics of “energy-frequency” of microseismic events before two rockbursts. (a) “3.13” rockburst and (b) “7.2” rockburst.

and sidewall outburst, and may also cause a shear slip of block
collapse and sliding. The maximum horizontal principal stress
is consistent with the dip direction of the coal seam, and the
minimum principal stress is along the direction of the coal
seam. The field horizontal stress is 1.74-1.90 times vertical
stress, which is a typical tectonic stress field [16].

3. “Time-Space-Strength” Evolution Law of
Historical Rockbursts

Wudong Coal Mine adopts ARAMIS M/E microseismic
monitoring equipment produced in Poland to integrate a

digital DTSS transmission system. This system is composed
of a ground part (ARAMIS M/E data processing computer,
record server, and DTSS ground center station) and a field
part (seismograph, NSGA transmitter, and microseismic
probe). In recent years, seven rockburst accidents have
occurred in the southern mining area, and the affected areas
are all B, , working face areas. There were two rockbursts
(“3.137, “7.2”) when the energy was close to or more than
1 x 10%]. The disaster-causing factors of rockburst are com-
plex. Deep mining the dynamic evolution law of microseismic
data before rockburst is very important for disaster prevention
and control. Therefore, based on the microseismic data before
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the two typical rockbursts, this section analyzes the character-
istics of “time-space-strength” before and after the rockbursts
in the southern mining area of the Wudong Coal Mine and
realizes the multidimensional reflection of the precursor index
of rockburst.

3.1. Time Characteristics of Historical Rockburst. In this sec-
tion, the microseismic data of 30 days before the two rock-
bursts in the southern mining area are analyzed (Figure 3).
We found that the energy and frequency of microseismic
events showed an abnormal trend of the rapid rise and then
rapid decline within 5 days before the rockburst. The two
rockbursts occurred after the daily total energy of microseis-
mic decreased to “abnormal valley value” (the minimum

value of the energy before the rockburst). For example, (1)
The microseismic energy and frequency in the southern
mining area increased sharply during the mining process
from 9 March to 11 March 2015. On March 12, the total
energy and frequency of microseismic show a sharp down-
ward trend. The daily total energy decreased to 1.3 x 10°],
and the minimum is 30 days. Subsequently, the energy value
of 4.9 x10%] rockburst occurred on March 13. (2) From
June 27 to June 29, 2015, the total energy of microseismic
events increased sharply, while from June 30 to July 1,
2015, the total energy of microseismic events decreased
sharply. The daily total energy of July 1 is a minimum of
1.1x 10?] in 30 days. The variation trend of microseismic
frequency is consistent with that of microseismic energy.
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F1GURE 5: The response relationship between the stress-strain curve of typical rock failure process and impact instability in the Wudong

Coal Mine.

During the period from 29 June to 2 July, the phenomenon
of “rapid increase-rapid decrease” appeared, and then, the
“7.2” rockburst with an energy value of 9 x 107 ] occurred.
The variation trend of total daily energy of microseisms
in the 5 days (defined as the shock initiation period) before
the two rockbursts is the same as the total frequency, and
both are at the valley value in the previous 30 days. The main
reason is that with the continuous advancement of the work-
ing face, the surrounding rock produces a large number of
microcracks, producing a large number of low-energy
microseismic events. The energy and frequency in this stage
are in a small fluctuation stage. However, the energy stored
in the coal-rock mass is not enough to destroy the energy
field balance at this stage. Coal-rock mass enters a period
of “quiet energy storage period.” During this period, the
coal-rock mass is in a state of continuous energy accumula-
tion. After entering the shock initiation period (the first 5
days of the rockburst), the energy accumulated in the coal-
rock mass will reach the storage limit. At this time, the accel-
erated expansion of mining fractures release some energy,
and the frequency of microseismic events increases. After
that, the coal-rock mass entered a strong energy storage state
again. The coal-rock mass in the state of strong energy stor-
age is superimposed with the dynamic load caused by min-
ing on the day of rockburst, which causes the sudden
release of energy stored in the coal-rock mass and induces
rockburst. According to the above analysis, the daily total
energy and frequency of microseismic events suddenly show
a rapid increase and a rapid decrease trend within 5 days, and
the abnormal valley value of the total daily energy falling to 30
days can be used as one of the precursor indexes of rockburst.

3.2. Spatial Characteristics of Historical Rockburst. From the
spatial position of seven rockbursts (Figure 4(a)), five of
them occurred in the rock pillar near the B,,, coal seam
and one occurred in the B roof. The shock failure phenom-
enon is dominated by the side drum of the roadway, indicat-
ing that the shock force source of the B, coal seam is
mainly concentrated on the two sides of the roadway (sand-

wiched rock pillar B, roof). From the deformation of sur-
rounding rock, the south side of the roadway (sandwiched
rock pillar) is significantly greater than the north side (By roof
side). From the point of the failure phenomenon, the front and
rear columns of the working face near the B, roadway appear
bending, and the shrinkage of “U”-shaped steel reaches 30 cm,
which is far greater than that of the B, roadway.

By analyzing the microseismic events of 30 days before
the seven rockbursts (Figure 4(b)), it is found that the area
with the frequency of the highest event is the sandwiched
rock pillar, accounting for 43% of the total event. Next are
B roof (27%), B, ¢ coal seam (14%), B, floor (9%), and B,,,
coal seam (7%). In addition, a large number of field data show
that most rockbursts occurred before the “inducing shock
events” (energy greater than 10°%)) [17]. A total of 21 “inducing
shock events” were monitored five days before the seven rock-
bursts. The proportion of “inducing shock events” in the rock
pillar area was 55.6%, the proportion of B, roof is 33.3%, and
the proportion of B, ¢ coal seam is 11.1%. The above analysis
shows that the rockburst in the south mining area has obvious
spatial characteristics, and the rock pillar is the key disaster-
causing area, which should be focused on.

3.3. Strength Characteristics of Historical Rockburst. With the
gradual development of steeply inclined coal seam working
face to the deep, the sandwiched rock pillar with both sides
mined out and the isolated suspended B, roof shows a
movement trend towards the goaf. The resulting “squeeze-
prying” effect causes strong stress concentration in the
coal-rock mass at the junction, which is also mutually veri-
fied with the location of the historical rockbursts.

We approximately consider the instability and failure
phenomenon of steeply inclined coal-rock mass under the
mining influence as the time-space evolution process of rhe-
ology to mutation. This process includes the development,
expansion, and destruction of rock fracture, which also leads
to the occurrence of microseismic events at various levels.
The coal-rock mass with long-term high static load will pro-
duce different degrees of fractures affected by mining.
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and (b) “7.2” rockburst.

During the occurrence of fracture development and expan-
sion, the stored energy of coal-rock mass is released in the
form of a vibration wave, thus generating a dynamic load.
The steeply inclined coal-rock mass will undergo four
stages of deformation and failure during mining: fracture
closure (OA), elastic deformation (AB), fracture propagation
(BC), and shock failure (CD), as shown in Figure 5. Among
them, the OB stage is mainly characterized by fracture clo-

sure and elastic deformation of coal-rock mass. At this stage,
there is no damage and failure of coal-rock mass, and no new
fractures are generated. The BC stage is mainly characterized
by the gradual development, accelerated expansion, and rapid
penetration of coal-rock fractures. Therefore, microseismic
events mainly occur in the BD section. When the correspond-
ing stress levels are in the ranges of (6, 0}, ), (0415 04, )> (G5
0p3)»and (0,3, R), different energy levels and frequencies
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of mine earthquakes will occur. When the stress level exceeds
the compressive strength of rock mass, large-scale micro-
cracks are generated by fracture coalescence, and then, insta-
bility failure occurs [18, 19].

Frequent microseismic events indicate that the stress
concentration in this area is high, and the shock risk is also
higher than in other areas [20]. Based on the microseismic
data 15 days before two rockbursts, this paper studies the
evolution law of spatial distribution of seismic sources in
stress concentration areas undermining influence. As shown
in Figure 6, microseismic sources increased significantly and
accumulated abnormally 3-4 days before the occurrence of
rockburst. For the ‘3.13” rockburst, the daily average number
of microseismic events before the abnormal increase of
microseismic events was 3.5, while the daily average number
of microseismic events during the abnormal accumulation
period was 9, with a growth rate of 61.1%. For the 7.2’ rock-
burst, the average number of microseismic events per day
before the abnormal increase of microseismic events is 3.5,
while the average number of microseismic events per day
during the abnormal accumulation is 9.4, and the growth
rate is 62.7%. The abnormal growth rates before the two
rockbursts are all above 60%. This shows that the coal-rock
mass in this region is in a very unstable state during the
abnormal accumulation period before the rockburst, and a
large number of cracks appear in the surrounding rock
under the action of high concentrated stress. Microseismic
events suddenly decreased within a few days before the
occurrence of rockburst, the coal-rock in the ‘strong storage
period.” However, on the day of the rockburst, the source
accumulated again in the stress concentration area. Micro-
seismic events with an energy value of 1x 10%J-1x 10*]
increased significantly, and ‘induced shock events’ (energy

greater than 10°7) occurred before the rockburst. These phe-
nomena show that the energy stored in coal and rock mass
in this area has been enough to destroy the existing balance,
and the microcracks of coal-rock mass gradually penetrate
and rupture. The accumulated energy of coal and rock mass
is released instantly, inducing rockburst. Therefore, the
abnormal growth rate of microseismic events in a certain
stage is usually more than 60% and the ‘induced shock event’
can be seen as the spatial precursor index of rockburst in
Wudong Coal Mine.

4. Analysis of Microseismic Activity
Parameters in Different Space Regions

The large-scale regional monitoring function of the micro-
seismic monitoring system has a good effect on the instabil-
ity and early warning of surrounding rock [21]. The “time-
space-strength” evolution laws of microseismic data before
the two rockburst are analyzed, and it is found that there is
a large risk of shock instability in the “sandwiched rock pil-
lar-B roof.” Therefore, by analyzing the activity parameters
such as the b value, energy index, cumulative apparent vol-
ume, and Schmidt of microseismic events before and after
rockbursts, this section reveals the characteristics of micro-
seismic activity parameters in different areas of the Wudong
Coal Mine. Determine the shock time of “sandwiched rock
pillar-B, roof” suitable for the south mining area, to provide
theoretical support for the precursor early warning of coal-
rock mass instability in the subsequent mining process.

4.1. Shock Risk Analysis of Different Space Areas. Relevant
results show that microseismic events caused by mine exca-
vation also follow Gutenberg Richter’s law [22]. Therefore,
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of B, coal seam in the first half-year, and (f) b value of B, 4 coal seam in the whole year.

the b value describing the distribution relationship of
“magnitude-frequency” is also one of the important evalua-

tion indexes of rockburst early warning. As shown in

Ign=a-bM,

(1)

where M is moment magnitude, n refers to the number of
microseismic events greater than or equal to moment mag-
nitude M, a represents the measurement of microseismic
activity level, and b represents the relative proportional
relationship between high-magnitude events and low-
magnitude events in a certain period. When the mining coal
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and rock mass is in the stable stage, the b value is large and
relatively stable. When the rock mass fractures rapidly
expand and penetrate and instability failure is about to
occur, the b value decreases sharply. At the same time, the
range of b values in different mines is different, which is
determined by the source mechanism of the mine. The b
value of fault slip microseismic event is small (less than
0.8), while the b value of mining stress migration microseis-
mic activity is usually between 1.2 and 1.5 [23, 24].

Wudong Coal Mine is located in Tianshan seismic belt.
Based on the evolution laws of the b value of onsite micro-
seismic data, this section makes a quantitative study on the
response characteristics of microseismic activity in the
southern mining area. The microseismic event data of
the southern mining area from January 1, 2016, to Decem-
ber 31, 2016 (no rock burst accident occurred at this
stage) were extracted, and the b value at this stage was
1.45 (Figure 7). Therefore, we believe that the microseis-
mic activity in the southern mining area is mainly of stress
migration type. Mining stress migration plays a leading
role in microseismic events, and faults and other geologi-
cal structures have little influence.

In addition, to explore the b value evolution law of coal-
rock mass in different areas of the south mining area, all
microseismic data from January 1, 2016, to December 31,
2016, are selected for comparative analysis. The b value
curves of microseismic events in different regions are shown
in Figure 8. It can be seen that from January 1 to June 30,
2016, there were 2621 microseismic events in the rock pillars
(Figure 8(a)), and the corresponding b value was 1.13. As of
December 31, 2016, there were 4768 microseismic events in
this area (Figure 8(b)), and the b value was 0.86. From
January 1 to June 30, 2016, 1524 microseismic events
occurred in the B roof (Figure 8(c)), and the corresponding
b value is 1.29. As of December 31, 2016, there were 2717
microseismic events in this area (Figure 8(d)), and the b
value was 1.17. From January 1 to June 30, 2016, 676 micro-
seismic events occurred in the B, coal seam (Figure 8(e)),
and the corresponding b value is 1.42. As of December 31,
2016, there were 1117 microseismic events in this area
(Figure 8(f)), and the b value was 1.53.

During the monitoring period, the b value of the rock
pillar and B, roof decreased in varying degrees with the
mining. The b value of the rock pillar decreased by 23.9%.
The b value of the B, roof is reduced by 9.3%. The b value
of the B, coal seam increased by 5.9%. Therefore, com-
bined with the above analysis, it can be seen that the risk
of local damage of coal-rock mass induced by microseismic
events in the area with rock pillar and B, roof increases with
the continuous progress of the working face. The shock risk
of the rock pillar area is high, followed by the B, roof area.
The shock risk of the B, 4 coal seam area is low. Therefore,
real-time data analysis and evaluation should be carried out
on the rock pillar in the field of rockburst prevention and
control, and corresponding pressure relief measures should
be carried out in time.

4.2. b Value Characteristics of Key Areas for Rockburst
Prevention and Control. Through the data analysis above,
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FiGURE 9: Variation of b values before and after the “3.13”
rockburst.

we found that the rock pillar has the highest shock risk.
Therefore, by studying the evolution law of the b value of
50 days before the “3.13” rockburst (the shock source is in
the rock pillar), this section reveals the time precursory char-
acteristics of the rockburst in the sandwiched rock pillar.
The microseismic event data in the area with rock pillars
from February 1 to March 22, 2015 were extracted to analyze
the evolution law of the b value before and after the rock burst.
The b value is calculated once every 2 d, and the change of the
b value is shown in Figure 9. The b value gradually increased
from February 1 to February 16. It shows that with the
advance of the working face, the coal-rock mass is in the stage
of small-scale fracture development, and the low-energy
microseismic events account for a large proportion. From Feb-
ruary 17 to March 4, the b value decreased, and the cracks in
coal-rock mass gradually expanded and penetrated. A large
number of high-energy microseismic events also released
some energy. This phenomenon is a sign of coal-rock mass
shock instability. The rockburst occurred on March 13, and
then, the b value gradually increased and returned to the nor-
mal level. Therefore, we believe that when the b value of the
rock pillar increases and then suddenly decreases, it means that
the rock pillar enters the shock early warning period. Rock-
burst will occur within 25 days after entering the shock early
warning period, and relevant measures shall be taken in time.

4.3. Time Characteristic Analysis of Microseismic Activity
Parameters. In the mining process, the changing trend of
cumulative apparent volume, energy index, Schmidt, and
other indicators is an important parameter to characterize
the stable state of coal-rock mass [25]. Relevant research
shows that the sudden decrease of energy index and Schmidt
and the increase of cumulative apparent volume are impor-
tant precursory indicators of coal-rock mass instability [26].
The interval between the precursory indicators and rock-
burst in different mines is different. Therefore, by analyzing
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the evolution law of cumulative apparent volume and energy
index of the historical rockburst process, the precursory char-
acteristics of rockburst in the south mining area can be effec-
tively obtained. This is of great significance to effectively
avoid rockbursts. The parameter characterization is shown in

M2
Va = 2[,l—E’ (2)
_ WPAVAI(D)YE G)
LX) (M)
E
El= 0k (4)

where M is the moment magnitude; y is shear stiffness, N/m; p
is the density of rock mass, kg/m’; AV is the selected space,
m?; Atis the time increment, s; E is microseismic energy, J; t

is the average time difference of two consecutive microseismic
events, s; X is the average distance of two consecutive micro-
seismic events, m; and E (M) is the average energy under the
same seismic moment, J.

Taking “3.13” rockburst as an example, the change curve
of cumulative apparent volume and energy index in the rock
pillar before and after the rockburst is shown in Figure 10.
The cumulative apparent volume increased slowly from Feb-
ruary 1 to February 22, while the energy index fluctuated
continuously. At this stage, the coal-rock mass is in a state
of energy accumulation, and small-scale fractures are gradu-
ally developed. The energy index decreased rapidly on
February 23, and the cumulative apparent volume was in
the stage of continuous growth. Before the occurrence of
the rockburst on March 13, the energy index decreased
many times, and the cumulative apparent volume was
always in the stage of continuous growth. Among them,
the decline on February 22 is relatively the largest, which
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indicates that the rock mass has a trend of large-scale dam-
age in this stage. It indicates that the shock warning period
of the rock pillar has entered at this time. “3.13” rockburst
occurred after 19d. With the continuous advancement of
the working face, the energy index decreased suddenly on
March 11, and there was a large energy release on that day.
This indicates that a large-scale rock mass fracture has
occurred, which is also the beginning and warning of further
potential damage. At this time, the coal-rock mass is in a
state of stress softening, and the impact risk is great. The
variation curve of cumulative apparent volume and Schmidt

in the rock pillar is shown in Figure 11. The decrease of
Schmidt is the largest on February 24, which can be deter-
mined as the beginning of the shock warning period in the
rock pillar. The energy index began to rise normally on Febru-
ary 25, and the Schmidt fluctuated several times in a small
range, indicating that the internal fractures of coal-rock mass
gradually expanded at this stage. After February 25, the diffu-
sion of microseismic events increased and the Schmidt
decreased rapidly, indicating that the coal-rock mass had been
unstable at this time. After 17 days, a high-energy shock
source appeared in the rock pillar, and the rockburst occurred.
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The above research shows that the evolution law of
cumulative apparent volume, Schmidt, and energy index
can be used to early warning the large-scale instability of
rock mass. The significant decrease in energy index and
the rapid increase of Schmidt can be judged as the beginning
of the shock warning period. The shock risk of the Wudong
Coal Mine is positively correlated with the decline rate of
energy index, cumulative apparent volume, and the growth
rate of the Schmidt number.

4.4. Determination of Shock Disaster-Causing Time of Rock
Pillar. In the previous paper, the microseismic activity
parameters such as the b value, energy index, cumulative
apparent volume, and Schmidt before and after the “3.13”
rockburst were deeply analyzed. Based on the evolution
characteristics of different microseismic activity parameters,
three different shock early warning periods are obtained.
Among them, it takes a long time to determine whether
the b value is in a continuous decline state. Misjudgment
may occur only by using the short-term decline of the b
value as a distinguishing index. According to the actual situ-
ation of mining, the 25d (disaster-causing time after enter-
ing the shock early warning period) calculated based on
the b value is earlier, which affects the normal production
of the mine. Combined with the evolution characteristics
of energy index, cumulative apparent volume, and Schmidt,
it is considered that rockburst will occur within 19 days after
entering the shock early warning period. After entering this
period, the mine needs to strengthen the stress monitoring
of the rock pillar. Attention should be paid to the change
of rock mass and abnormal vibration and pressure relief
control measures. When necessary, mining should be
stopped and personnel evacuated as soon as possible.

5. Verification of Onsite Early Warning Results

On August 25, 2020, a dynamic disaster event occurred in
the southern mining area. The seismic focus was located in
the rock pillar. As shown in Figure 12, the dynamic disaster
shows the “time-intensity” characteristics of microseismic
activities before and after the occurrence. It can be seen from
the figure that the total daily energy and frequency of micro-
seisms suddenly increased and decreased simultaneously 5
days before the dynamic disaster, and the total daily energy
was in an abnormal valley. At the same time, it can be seen
from the location map that the number of microseismic
events increased abnormally. The average number of micro-
seismic events in the previous day was 4, while the average
number of daily microseismic events accumulated abnor-
mally was 12, with an increased rate of 66.7%. Therefore,
we carried out effective early warning on the day when the
dynamic disaster appeared, organized personnel evacuation,
and avoided casualties. It is proved again that the coal-rock
mass experiences the process of “stable development-
unstable expansion-instantaneous shock failure” before the
dynamic disaster [27]. The “time-intensity” early warning
index based on microseismic activity proposed in this paper
has a good early warning effect.
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6. Conclusions

(1) Based on the field-measured microseismic data, this
paper reveals the evolution law of “spatio-tempo-
intension” before and after the three rockbursts. It
is found that the rock pillar is the primary induce-
ment of rockburst in space. The precursory indexes
of rockburst are proposed from the aspects of time
scale and intensity index: ® within 5 days before
rockburst, the total daily energy, and frequency of
microseisms suddenly rise and fall rapidly at the
same time, and the total daily energy decreases to
an abnormal valley. @ The abnormal growth rate
of microseismic events exceeds 60% in a certain
stage, and “induced shock events” appear

@

~

By analyzing the “magnitude-frequency” relation-
ship and the change of b value in a certain monitor-
ing period, it is judged that the microseismic activity
in the southern mining area of the Wudong Coal
Mine is mainly of the stress migration type. Faults
and other geological structures have little influence
on them. With the continuous mining, the b value
of the rock pillar decreased by 23.9%, the b value of
the B6 roof decreased by 9.3%, and the b value of
the B3+6 coal seam increased by 5.9%. The shock risk
of the Wudong Coal Mine is positively correlated with
the decline rate of energy index, cumulative apparent
volume, and the growth rate of Schmidt

(3) It is determined that the rockburst will occur within
19 days after entering the early warning period in the
southern mining area. At the same time, the predic-
tion example of the “8.25” rockburst shows that the
method has a good prediction effect on rockburst
in a strong meizoseismal area. The research results
can provide a reference for the prevention and con-
trol of rockburst in mines under the same conditions
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