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With the increasing depth of underground engineering, the risk of coal-rock dynamic dis-
asters such as rockburst is becoming more and more serious and complex, which seriously
threatens the safety of coal resource, mine production and the surface ecological environ-
ment. However, the existing risk indices and methods used for evaluating rockburst risk
cannot be fully applied to deep goal seam group (DCG) mining. For the safe exploitation of
coal resources, in this paper, based on statistical analyses of 300 cases of rockburst, six new
indices are proposed for evaluating rockburst risk in the DCG, namely dip angle, moisture
content, stability of coal seam, advancing speed of working face, disturbance factors and
support patterns. In addition, the influence of multiple factors coupling and superposition on
rockburst risk was considered. Thus, the Comprehensive Index Method of rockburst risk of
Deep Coal seam Group (DCG-CIM) based on analytic hierarchy process was established.
Finally, rockburst risk in the evaluation area was quantitatively assessed into four grades,
including “No rockburst risk”, “Weak rockburst risk”, “Medium rockburst risk” and
“Strong rockburst risk”. Taking the 2233 working face of Hengda Coalmine as an example,
the evaluation results show that the ranges of 0-184 m, 224-284 m, 324-384 m, 424-484 m,
524-584 m and 594-624 m from terminal line of haulage roadway on 2233 working face were
the medium rockburst risk zones, which are in accordance with the on-site impact damage
results and are more accurate than the traditional method. The DCG-CIM can consider
more inducing factors and obtain more accurate and reliable evaluation results and is more
suitable for deep coal seam group mining.

KEY WORDS: Coal resource, Rockburst, Deep mining, Comprehensive index method, Numerical
simulation.
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in deeply buried depth, high stress concentration,
strong disturbance and complex stope structure, and
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the intensity of rockburst increases continuously. On
October 20, 2018, for instance, a rockburst accident
occurred in the Longyun Coal Industry Co., Ltd.,
Shandong Province, China; it killed 21 people.
Therefore, accurately evaluating dangerous areas in
deep coal seam group (DCG) mining is a vital pre-
requisite for the development of reasonable and
effective rockburst prevention measures, which is of
great significance for guiding the safe production.

It is full of challenge to obtain the exact
mechanism of rockburst in the DCG, because it is
not only related to the inherent characteristics of
coal-rock mass but also closely connected to high
stress concentration and strong disturbance stress in
coalmines (Dou and He 2004; Li et al. 2018; Kong
et al. 2019; Qiu et al. 2020). Large-scale and high-
intensity activities in the DCG result in frequent
dynamic disturbances such as the roof weighting and
mining earthquake. Moreover, the surrounding rock
that has experienced the peak of high stress con-
centration will present a strong unloading effect
after mining. In addition, combined with the in-
crease in geo-stress and karst water pressure, the
effective stress of deep coal-rock structure in-
creases. The combined stress will accelerate the
process of damage, deformation and instability of
the primary cracks and joint in coal-rock. In addi-
tion, this phenomenon is more obvious in larger dip
angle, lower moisture content and inhomogeneity
coal seams, which can easily lead to dynamic disas-
ters such as rockburst.

Up till now, there have been many studies on
process analysis, evaluation and prediction of rock-
burst using experimental and theoretical analyses.
He et al. (2010) analyzed the effect of geological and
mining technical factors on the occurrence of rock-
burst and used the Comprehensive Index Method
(CIM) to classify risk grades of rockburst and
achieved good results in the field application. By
analyzing uncertain information of rockburst risk in
deep mining, Wang (2011) determined different in-
dex weights and constructed the unascertainable
measurement model to evaluate rockburst risk. Pan
and Xie (2012) proposed three new indicators,
namely impact energy velocity index, critical soft-
ening region coefficient and critical stress coefficient,
considering the time effect, and combined with four
traditional indicators to evaluate the potential risk
of rockburst. He et al. (2017) used the microseismic
method to evaluate and predict rockburst by
recording the released energy of mining earthquake
and analyzing the occurred position of earthquake
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activities. Song et al. (2017) used electromagnetic
radiation (EMR) and acoustic emission (AE) to
monitor the change trend of elastic energy in the
impact process of coal-rock mass and proposed the
energy discrimination method to achieve noncontact
and continuous prediction of rockburst in deep
mining. Based on the analysis of several rockburst
accidents, Afraei et al. (2018) used quantitative
theory to evaluate rockburst risk, which shows rel-
atively high accuracy for the evaluation results. Cai
et al. (2018) proposed five indicators, namely dy-
namic failure time, elastic energy index, impact en-
ergy index, uniaxial compressive strength and
bending energy index, to evaluate the bursting lia-
bility of coal-rock mass through laboratory experi-
ments. It can be seen from above that scholars have
attained plenty of achievement in the risk evaluation
of rockburst. However, the existing evaluation
methods cannot cope well with complex stopes in
the DCG owing to the fact that the present tradi-
tional evaluation system has ineluctable limitations;
for examples, the evaluation indicators system is not
comprehensive, the weight of evaluation index is
unreasonable and the evaluation results of complex
stope environment are not accurate enough.

Therefore, this paper analyzes rockburst acci-
dents in recent years and six new evaluation indices,
namely dip angle, moisture content, stability of coal
seam, advancing speed of working face, precipitating
factors and support patterns. Considering many
factors in the mining process, the DCG-CIM is
proposed to evaluate rockburst risk. The effective-
ness of the DCG-CIM was verified by using the
“8.6” rockburst accident, which occurred at the 2233
working face of the Hengda Coalmine.

EVALUATION METHOD
Survey and Statistical Analysis

In the evaluation process of rockburst risk,
especially involved in the DCG, geological and
mining factors are complex and diverse. For accu-
rate and effective evaluation of rockburst risk, this
paper analyzed several rockburst accidents including
those in the Datong Xinzhouyao Coalmine, Hegang
Junde Coalmine, Fushun Laohutai Coalmine, Fuxin
Hengda Coalmine, Xuzhou Sanhejian Coalmine and
some other coalmines (Xie et al. 1999; Li et al.2007,
2016; Wang 2011; Feng and Zhang 2018; Liu and
Wang 2018; Wang et al. 2019), summed up a lot of
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Table 1. Statistics of factors that affect rockburst

Effecting factors Times (deep/total)

Factors Times (deep/total)
Bursting liability 150/289
Mining depth 150/254
Hard roof 150/235
Fault 132/184
Fold 117/135
Disturbance (tunneling, drilling, and blasting, etc.) 98/102
Goaf management 40/81
Coal pillar 34/63
Drift layout 22/54
Stability of coal seam 30/47
Hard floor 38/42
Overconcentrated mining activities 30/42

Dip angle of coal seam 30/36
Advancing direction 19/24
Thickness of coal seam 10/15
Angle variation of coal seam 8/14
Insufficient protection measures 9/10
Terminal line 8/8
Advancing speed 517
Support patterns 5/6
Coal seam bifurcation, merger, pinch, etc. 2/2
Gas 212
Planimetric feature 0/1
Floor water 11

literature and conducted a statistical analysis on
factors resulting in rockburst. In view of the 300
rockburst accidents, the statistics of influencing fac-
tors related to rockburst are illustrated in Table 1.

By analyzing rockburst accidents, comparing
those that occurred in deep and shallow coal seams,
it was found that rockburst in the DCG is more
likely accompanied by features of high-stress, large
dip angle, hard thick roof, unstable coal seam, fre-
quent and strong disturbances, unreasonable mining
methods and insufficient protection measures. This
may be due to the influence of the high original rock
stress in deep mining (the gravity stress of rock is
affected by the depth of mining and/or the residual
tectonic stress is generated by geological structure),
and a large amount of elastic strain energy is stored
in the surrounding rock, which is sufficient to cause
rockburst. In addition, the disturbance caused by
mining activities such as, among others, blasting,
reaming coal and driving will break the original
balance of energies more easily and quickly. More-
over, the support patterns in roadways play a more
crucial role in the DCG; that is, if the support is not
adequate and cannot effectively offset the strain
energy, dynamic disaster will be formed.

Optimization of CIM

The CIM is an early comprehensive evaluation
method, which is widely applied to rockburst pre-
diction before mining (Adoko et al. 2013; Shen et al.
2017). Based on previous investigation and analysis
(Diederichs 2018) combined with the characteristics
of the DCG, the geological and mining factors in the
CIM were merged and inherited to optimize the

CIM. Seven geological factors were taken into ac-
count for the risk evaluation of rockburst, such as
times of rockburst accidents, mining depth, hard
thick roof, ratio of tectonic stress increment to nor-
mal stress, thickness characteristic of roof, uniaxial
compressive strength of coal and elastic energy in-
dex. Eight mining factors affecting rockburst risk
were considered, namely pressure relief degree of
protective layer, thickness of reserve top/bottom
coal, thickness of mining coal, width of working face
in both sides of goaf, goaf treatment, horizontal
distance between working face and coal pillar, dis-
tance between working face and fault and stress
concentration factor.

To improve accuracy and applicability for risk
evaluation of rockburst in DCG, this paper proposes
six new evaluation indices, optimizes CIM and
establishes the DCG-CIM. The -corresponding
evaluation system is elaborated in Figure 1.

Classification Basis for New Indicators
Dip Angle of Coal Seam

Field observation illustrates that the dip angle
of coal seam has a great influence on the pressure of
surrounding rock, especially in deep steep coal
seams. Based on the geological situation of 2233
working face in the Hengda coal mine (see below),
the influence of dip angle and rock pressure is ana-
lyzed preliminarily by means of a numerical simu-
lation method. Three coal seam dip angles of 10°,
30° and 50° were selected, and the results are de-
picted in Figure 2.
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Figure 2. Change curves of stress state of coal mass of
roadway before 65 m of open-off cut.

It was found that with increase in coal seam dip
angle, the peak position of rock stress gradually
moved close to the coal wall, the gradient of
propensity stress gradually ascended and the range
of the dynamic stress zone was constantly moving
forward. This distributional and concentrated fea-
ture of stress in working face indicates that rockburst
risk increases with dip angle of coal seam.
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Therefore, this paper chose dip angle of coal
seam ( @) as one of the indicators for risk evaluation
of rockburst. The influencing degree is classified into
four categories: (1) small influence: ¢<8°, flat coal
seam; (2) general influence: 8° < ¢ < 25°, gently
inclined coal seam; (3) moderate influence:
25° < p<45°, inclined coal seam; and (4) strong
influence: ¢ > 45°, steep coal seam.

Stability of Coal Seam

In the DCG, due to increase in geo-stress, it is
easy to form a strong unloading effect on the place
where the thickness of the coal seam suddenly be-
comes bigger or smaller, which easily results in
rockburst (Dou et al. 2012). When the thickness of a
coal seam is locally thinned, the vertical geo-stress
increases in the thin coal seam portion, and vice
versa. The greater the thickness of a coal seam, the
greater the stress concentration coefficient (Fig. 3).
In addition, unstable coal seams with thinning areas,
inclination variation region and bifurcation zone
have a higher risk of rockburst; this situation is
especially obvious in deep mining. The stability
influence degree index R is defined as:

R =W,/ W,

where W, represents the increment of stress caused
by the change of coal seam and W, represents the
original rock stress of stable coal seam.

Therefore, the stability of coal seam is selected
as one indicator to evaluate rockburst risk, and it is
divided into four categories (Tang et al. 2010): (1)
stability: small coal seam thickness change, coal
seam without bifurcate, simple coal seam structure,
R <1; (2) general stability: general coal seam
thickness change, not obvious bifurcation, general
complex coal seam structure, 1 < R < 2; (3) mod-
erate stability: medium coal seam thickness change,
obvious bifurcation, complex coal seam structure,
2 £ R<3; and (4) instability: large coal seam
thickness change, extremely obvious bifurcate, ex-
tremely complex coal seam structure, 3 < R.

Moisture Content of Coal Seam

Water injection is one of the important mea-
sures to prevent rockburst in deep mining, because
water can affect the strength, deformation and
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Figure 3. Schematic diagram of the stress distribution change of coal seam thickness: (a) thickness of coal seam
becomes thinner, and (b) thickness of coal seam becomes thicker.

Table 2. Soaking Experimental Data of Coal Samples from the Changgouyu Coalmine

Coal sample Soaking time

Samples size (diameter x height)

Failure load  Compressive strength

(mm x mm) (kN) (MPa)

Rise race of the Changgouyu Natural moisture condition 50 x 100 49.95 25.47
Coalmine 5 days 50 x 100 26.76 13.65
10 days 50 x 100 24.39 12.44

15 days 50 x 100 15.96 8.14

bursting liability of coal-rock mass (Liu et al. 2018).
Through the soaking experiment of standard coal
samples from the Changgouyu Coalmine at different
time, the obtained results are shown in Table 2.

As far as the results are concerned, due to the
decrease in strength of coal after water injection, the
deformation characteristics become ‘plasticized”.
This means that the ability of coal to accumulate
elastic energy decreases and the ability to consume
elastic energy by plastic deformation increases,
resulting in a significant decrease in the bursting
liability of coal after water injection or even com-
plete loss. This phenomenon is particularly evident
in deep mining (Liu et al. 2017).

However, the moisture content of the coal
sample in the laboratory is different from the natural
state of the coal seam, and the bursting liability in-
dices in the CIM cannot really and exactly reflect the
influence of moisture content on the potential risk of
rockburst. Therefore, it is essential to use moisture
content ( @) as a separate index to evaluate rock-
burst risk. Mao et al. (2001) analyzed widely the
bursting liability of different coal seams in more
than ten deep coalmines in the Xuzhou and Datun
ore districts. They found that the original moisture
content of coal with bursting liability was generally
around 1.5%. When moisture content increased by

1-2%, the bursting liability was reduced dramati-
cally. Therefore, in this paper, the influencing degree
of moisture content on rockburst was classified
preliminarily into four categories: (1) strong influ-
ence: w<15%; (2) moderate influence:
1.5% < o < 3%; 3) general influence:
3% < w < 5%; and (4) small influence: w>5%.

Advancing Speed of Working Face

Under the situation of DCG, the advancing
speed of working face is bound up with the scale of
the energy release and frequency of rockburst. With
the model established above (in section Dip Angle
of Coal Seam), FLAC3D was applied to analyze the
influence of the advancing speed of working face
(specified at 2 m/d, 4 m/d, 6 m/d and 8 m/d) on
stress and displacement (Fig. 4). The simulation re-
sults show that properly accelerating the advancing
speed of the working face can reduce the remaining
time of the working face at the same position and
maintain better the stability of the roadway. How-
ever, with development of the advancing speed of
working face, the high-stress area of the coal body
approaches the working face; besides, the excessive
accumulation of elastic energy may lead to rock-
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Figure 4. Stress and displacement curves at different advancing speeds.

burst. In general, the fastest advancing speed of
working face cannot exceed 4 m/d in rockburst
coalmine (Feng et al. 2012). However, the optimal
advancing speed of working face should be selected
based on the actual situation.

In view of the general situation of rockburst
coalmines, the advancing speed of working face (v)
is classified into three categories in this paper: (1)
reasonable: uniform velocity, 1 m/day <v <3
m/day; (2) generally reasonable: no sudden sharp
change, 3 m/day < v < 4 m/day or v < 1 m/day; and
(3) unreasonable: 4 m/day < v and the speed of ra-
pid change. The evaluation index of the advancing
speed of working face varies according to mining
conditions in different mines. The specific calcula-
tion process can be obtained from Dou and He
(2001).

Precipitating Factors

In the DCQG, there are abundant precipitating
factors that can break the stress balance of coal-
rock, such as, among others, blasting, reaming coal,
first weighting, periodic weighting, driving and
“square” (when the mining length of the working
face is equal to the width of the working face, we call
it “square‘‘ or “‘one times square’’; when the mining
length is twice the width, it is called “two times
square‘‘). These factors can locally change the stress
state of the coal-rock. On the one hand, the stress in
the coal seam rapidly redistributes and promptly
increases the intensity of rock pressure; on the other
hand, the lateral restraint resistance of the coal seam

edge can be quickly removed, which could reduce
the compressive strength and cause rapid destruc-
tion of coal-rock mass. For example, a rockburst
accident in the Beijing Mentougou mine caused di-
rectly by blasting accounted for 78%; in the Fushun
Longfeng Coalmine, more than half of rockburst
accidents took place during the process of periodic
weighting and many times square (Li et al. 2007;
Zhou et al. 2016). Therefore, the degree of precipi-
tating factors (P) induced is defined as:

P = (max {641,042,043 ... 0an} X A+ 05/ Cpmin

where o, refers to the static stress within the
coal-rock mass, g, refers to the dynamic stress in-
duced by precipitating factors, /1 refers to the pre-
disposition coefficient, which is the total number of
precipitating factors divided by the number of times
the average intensity is exceeded, and ay,,;, refers to
the critical stress required for a rockburst to occur
(all in MPa). When the rock pressure appears to be
high stress concentration, the probability and risk of
rockburst will increase. In this paper, the precipi-
tating factor P was chosen as one indicator for the
risk evaluation of rockburst, and it is divided into
three categories: (1) small: P <0.5; (2) general:
0.5 £ P<1;and (3) strong: 1 < P.

Support Patterns in Roadways

Thanks to the scientific and reasonable support
of the deep mine roadways, which help improve the
overall strength and residual strength of the sur-
rounding rock with high effectiveness, the bearing
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capacity can still be effective even though the coal-
rock is destroyed, and the support can continue to
control the recurrence of rockburst. At present,
there are many support patterns applied in road-
ways, such as, among others, shotcrete, I-shape rigid
support, H-shape steel yielding support, U-shape
steel yielding support, bolt, anchor, anchor beam
web, truss bolts, anchor spraying, bolting-grouting,
and high-strength concrete arc plate support. U-
shape steel yielding support and bolt support (in-
cluding plastic mesh, metal mesh, shotcrete, W-
shaped steel strip, steel ladder beam or the com-
bined form of trusses) is the most important support
technology (Hoke et al. 2000).

When installed and equipped with different
support patterns, there is a distinct variety of impact
on rockburst strength for the coal-rock mass. In this
paper, the support patterns were selected as evalu-
ation indicators for rockburst, and they are divided
into three categories: (1) good: the joint support is
adopted by various support methods; (2) general: a
single shrinkable support method (such as a bolt) or
the rigid support (such as the wooden shed bracket
and the I-shaped steel bracket) is used; and (3) poor:
no support in roadway.

Establishment of DCG-CIM

As an improved evaluation method for deep
mining, the flowchart of the DCG-CIM is shown in
Figure 5.

To begin with, the evaluation zone is divided
into different levels of potentially dangerous areas
based on factors of the DCG-CIM such as, among
others, surrounding goaf, upper and lower coal
seams, coal pillar and first weighting. After the
potentially dangerous areas are evaluated using the
DCG-CIM, the evaluation results can be divided
into four risk grades [no rockburst risk (), weak
rockburst risk (W), medium rockburst risk (M) and
strong rockburst risk (S)]. Next, the superposition
principle of “Same levels, risk upgrade; Different
levels, select the maximum” is adopted to obtain
accurate and detailed grading diagram of rockburst
risk in the evaluation zone. Eventually, combined
with the evaluation results of geological and min-
ing technical conditions, the risk superposition
calculation is carried out for each zone of the
working face. The specific risk-grades evaluation
standards and principle are elaborated in Tables 3
and 4.
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Figure 5. Evaluation flowchart of DCG-CIM.

APPLICATION OF DCG-CIM

In this paper, the DCG-CIM was applied to
many rockburst coalmines such as, among others,
the Hengda Coalmine, Qiangiu Coalmine,
Changyugou Coalmine and Nanshan Coalmine. The
evaluation results show that the DCG-CIM can
accurately and effectively predict the rockburst risk
zone. Due to space limitations, this paper takes the
Hengda Coalmine, which has recently suffered a
rockburst accident, as an example to verify the
correctness of the DCG-CIM.

The Hengda Coalmine

The Hengda Coalmine owns six coal seams,
located in Fuxin City, Liaoning Province, China.
This study chose 2233 working face in the 126-min-
ing area (Sunjiawan No. 1 coal seam). The burial
depth of this coal seam was about 900-980 m, its
average thickness was 5 m and its dip angle was 7°.
The geological conditions are shown in Figure 6.

The roof of the 2233 working face was glutenite,
which is relatively thick and hard. It adopted the
inclined mining method and the mining area was
700 m x 200 m. The north of the working face was
2132 and 2232 goafs, the original coal mass on the
south, the 126-mining area uphill system to the west
and the Ping’an No. 2 fault to the east. The lower
part was original coal mass, and the top was 1363
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Table 3. Geological factors

Q. Zhang et al.

Number

Evaluation indicator

Explanation

Classification

Evaluation index

1

10

Risk grades

Wi

W,

W,

Ws

We

W7

Wy

Wo

History of rockburst in the same
level coal seam (times/N)

Mining depth (H)

Distance between hard thick roof and
coal seam when pressure is not relieved (D)

Ratio of tectonic stress increment to
normal stress in mining area

(7 = (0g—0) /o)

Characteristic parameters of roof
strata thickness ( L)

Uniaxial compressive strength of coal ( R.)

Elastic energy index of coal ( Wgr)

Moisture content of coal seam ( )

Dip angle of coal seam ( ¢)

Stability of coal seam (coefficient/R)

N=0

H < 400 m
400-600 m
600-800 m
H > 800 m
D > 100 m

50-100 m
20-50 m

D £ 20m
7 < 10%

10-20%
20-30%
7 >30%
Ly <50 m

50-70 m

70-90 m

Ly >90 m

R, £ 7 MPa
7-10 MPa
10-14 MPa

R, > 14 MPa
Wer < 2

2 < Wgr<35
3.5 < WET <5
Wgr 25
w>5%

3% £ 0w<5%
15% < w<3%
o <1.5%

@ <8°

8 < <25
25° < @ < 45°
45° < ¢
R<1

1-2
2-3

R2>3

Wa < 025

0

S W= O WM

S W N

O W N =
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Table 4. Mining factors

Number Evaluation indi- Explanation Classification Evaluation in-
cator dex
1 Wy Pressure relief degree of protective layer Good —4
Moderate 2
Worse 4
2 W, Thickness of reserve top/bottom coal ( Hp) <0.5m 0
0.5-1m 1
2l m 3
3 W; Thickness of mining coal seam under pressure ( H,) <3.0m 0
3.0-4.0 m 1
>4.0 m 2
4 Wy Width of working face in both sides of goaf ( Ly;) >300 m 0
150-300 m 2
<150 m 3
5 Ws Goaf treatment Filling method 0
Caving method 2
6 W Horizontal distance between working >60 m 0
face or roadway and coal pillar, which 30-60 m 2
is left over from upper protective layer <30 m 4
after mining ( H)
7 W5 Distance between working face and >200 m 0
fault (drop is greater than 3 m) ( L) 50-200 m 1
<50 m 2
8 W Stress concentration factor (K) <1 0
1-2 3
>2 4
9 Wy Support patterns Combined support 0
Single yielding support/rigid 1
support
No support 2
10 Wio Advancing speed 3m/d>v=>1m/d 0
4m/d>v=23m/dor 1l m/d>v 1
v =24 m/d 2
11 Wi Precipitating factors (coefficient/P) 05>P 0
1>P205 3
" P>1 4
Risk Wy = e Wa < 025 N
grades Z',',,Z Wi 025< Wy < 05 w
05< Wp £ 075 M
Wi > 0.75 S

goaf and 1362 working face in the Sunjiawan No. 2
coal seam; the average thickness of the coal seam
was 4 m. Many microseismic phenomena were re-
corded in the mining process, mainly due to the
stress disturbances caused by, among others, blasting
and driving.

Division of Potentially Dangerous Areas
Based on previous investigations and statistical

analyses of rockburst accidents, it was found that the
rockburst happens usually in the ventilation road-

way, the haulage roadway and the open-off cut area.
To analyze the influence of periodic weighting,
square and other disturbance phenomena on rock-
burst, the interval of periodic weighting of the 2233
working face was set about 30 m, and the scope of
30 m before and after ““square” was considered as
the potentially dangerous area by observing the
intensity of rock pressure on the same coal seam. To
this end, the potentially dangerous areas were di-
vided using the DCG-CIM. The classification crite-
ria are shown in Tables 5, 6, 7, and 8. The results are
shown in Figure 7.
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Figure 6. Geological information of the Hengda Coalmine and layout of the 2233 working face.
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Table 5. Division interval of ventilation roadway in the 2233 working face

Name® Interval (m) Length (m) Major influencing factors

H1 0-162 162 1362 coal pillar, Wy, fault

H2 162-449 287 1362 coal pillar

H3 449-579 130 Completely liberated area

H4 579-844 265 Liberated area, retain coal thickness greater than 1 m
H5 844-903 59 Completely liberated area

“H is interval of ventilation roadway

Table 6. Division interval of haulage roadway for the 2233
working face

Name® Interval (m) Length (m) Major influencing factors

Y1 0-48 48 2232 coal pillar
Y2 48-332 284 2232 and 2132 coal pillar
Y3 332-869 537 Completely liberated area

%Y is interval of haulage roadway

Risk Assessment and Analysis of Geological Factors

The bursting liability of coal-rock is the internal
cause and necessary condition for inducing rock-
burst, but not all rock-coal mass with bursting lia-
bility will result in rockburst. It is also related to
other geological environmental factors, which can
provide in situ stress conditions for the coal-rock.
According to the geological conditions of the 2233
working face, the evaluation index of rockburst can
be confirmed, and then the risk grades of rockburst
can be calculated. The evaluation results of the
overall geological factors of the coal seam at the
2233 working face are shown in Table 9.

From Table 9, the 2233 working face belongs to
weak rockburst risk zone according to the results of
the evaluation index ( W, = 0.433) and needs fur-
ther evaluation and treatment with the help of
involving mining factors.

Risk Evaluation and Analysis of Mining Factors

Before starting mining activities, the coal-rock
mass is in a natural equilibrium state of stress (Jiang
et al. 2014; Wang et al.2019; Feng et al. 2020). When
the stope or/and roadways are excavated, the origi-
nal rock stress is redisturbed and the secondary
stress (mining stress) is generated in the surrounding

rock. The mining stress could be superimposed on
the original rock stress in the process of mining in
different areas, which is easy to generate a high
stress concentration of coal-rock mass and increase
the potential risk of rockburst. According to the
mining conditions of the 2233 working face, the
evaluation index of rockburst can be determined and
then the risk grades of rockburst can be calculated.
The evaluation results of each section of the 2233
working face are shown in Table 10.

The results determined by mining factors (Ta-
ble 10) show the following. H-1 (W, = 0.53) and
H-2 (W, = 0.56) are medium rockburst risk zones.
H-3 (W, =0.09), H4 (Wp=0.19) and H-5
(Wp =0.12) are no rockburst risk zones. Y-1
(W =0.53) and Y2 (Wp =0.59) are medium
rockburst risk zones and Y-3 (W, = 0.25) is a no
rockburst risk zone. Q1 (Wy = 0.56) is medium
rockburst risk zone, but Q2 (W, =0.09) is no
rockburst risk zone. YPS1/HPS1 (W, = 0.5), YPA2/
HPA2 (W, = 0.5), YPS3/HPS3 (W, = 0.4), YPA4/
HPA4 (W, =0.4) and YP5/HPS (W, =0.4) are
weak rockburst risk zones.

Evaluation Results of DCG-CIM

Based on the above results, the locations and
risk grades of the potentially dangerous areas were
determined by applying the coupling superposition
principle. According to the evaluation system, each
zone can be divided into four types regarding the
potentially dangerous degree. The sketch map
(Fig. 8) presents the risk grades of rockburst
according to Tables 9 and 10.

The 2233 ventilation roadway, close to the Wy
fault, is affected by high stress concentration due to
the left coal pillar surrounding the 1362 goaf. Con-
sidering the geological conditions in the weak
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Table 7. Division interval of open-off cut of the 2233 working face

Name® Interval (m) Length (m) Major influencing factors

Q1 0-121 121 Coal pill between the1362 haulage roadway and 2132 ventilation
roadway

Q2 121-200 79 Completely liberated area

?Q is interval of open-off cut

Table 8. Division interval of disturbance factors on the 2233 working face

Name? Interval (m) Length (m) Major influencing factors
YPS1/HPS1 473-533 60 Two times square and periodic weighting
YPA2/HPA2 573-633 60 Periodic weighting and square
YPS3/HPS3 673-733 60 Square and periodic weighting
YPA4/HPA4 773-833 60 Periodic weighting and square

YP5/HPS 843-873 30 First weighting

2YPS, HPS, YPA denote the interval of disturbance factors

1362 working face
2132 working face
Fmmemm 2232 working face

/ » Sunjiawan formation
i Z Coal pillar line of industrial square
in main and auxiliary wells

Figure 7. Schematic diagram of classification of potentially dangerous areas.
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Figure 8. Classification of risk grades in the 2233 working face.

rockburst risk zone, and following the principle of
superposition, the medium rockburst risk zone was
determined in the ranges of 0-184 m, 224-284 m,
324-384 m, 424-484 m, 524-584 m and 594-624 m
from the terminal line, and the rest was weak rock-
burst risk zone. The open-off cut close to the haul-
age roadway with a length about 121 m was
identified as the medium rockburst risk zone. Al-
though the open-off cut was located within the
completely liberated area, this sector was influenced
by the coal pillars in the 2232 goaf in the north side
and the concentrated stress as a result of the coal
pillars in the upper goaf 2132, 1362. The remaining
part was deemed as weak rockburst risk zone; the
north side of the haulage roadway shared coal pillars
with the 2232 goaf, which was also located in the
influence range of the 2132 goaf. Blasting, mining
and other factors have a significant impact on the
occurrence of rockburst in this area. Therefore, the
medium rockburst risk area of haulage roadway was
within the ranges of 0-184 m, 224-284 m, 324-
384 m, 424-484 m, 524-584 m and 594-624 m inside

the terminal line, and the rest was weak rockburst
risk zone.

DISCUSSION
Case Study

On August 6, 2018, rockburst suddenly took
place in the 2233 working face of the 126-mining
area. The scope of this rockburst was wide, and the
broken region was scattered in multiple sections.
The haulage roadway in the ranges of 150-180 m has
been seriously damaged, mainly including the 15 m
range of 143-158 m, the 58 m range of 223-281 m
and the 15 m range of 326-341 m in the terminal line
(Fig. 9).

The preliminary analysis of rockburst was as
follows. Under the combined effect of deep burial
depth, complex stope structure and dense roadways,
the result was that the rock seam of roof above the
2233 working face bore too much pressure, while the
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Table 9. Geological factor evaluation results on 2233 working face
Number Evaluation indicator Explanation Wi
1 Wi N=0 0
2 W» H =900 m > 800 m 3
3 W3 D =263 m > 100 m 0
4 Wy 10% < v =16.33% < 20% 1
5 Ws Ly =92.17435 > 50 3
6 W 7 MPa < R. =832 MPa < 10 MPa 1
7 W5 2 < Wgr =3.056 <3.5 1
8 Wo 15% < ©=23% <3% 2
9 Wio Qo =7°<8° 0
10 Wiy R=2 2

direct roof was firm and did not collapse, concen-
trating excessive stress and resulting in rockburst.
Comparing the rockburst risk zone in Figures 8 and
9, the medium rockburst risk zone delineated with
the DCG-CIM completely covered the actual area
of rockburst, which demonstrates that the DCG-
CIM can accurately and effectively predict the scope
and risk grades of rockburst.

CIM and DCG-CIM

CIM is a common evaluation method for ana-
lyzing rockburst risk. According to the mining and
geological conditions, the risk grades of rockburst
were obtained using the CIM (Fig. 10). The evalu-
ation results show that the medium rockburst risk
zone of the haulage roadway was within 117 m of
the terminal line and the rest was weak rockburst
risk zone. The whole segment of the open-off cut
was medium rockburst risk zone. In the ventilation
roadway, it was within 200 m from the terminal line
and the rest was weak rockburst risk zone.

Comparing Figures 9 and 10, the rockburst risk
zone evaluated was near the actual damage area, but
the coincidence degree was poor, less than 80%. By
comparing Figures 8, 9 and 10, it was found that the
evaluation result of the two methods was quite dif-
ferent, and the DCG-CIM had greater advantages
in evaluating the DCG. For example, within the
range of 143-158 m from the terminal line, with
DCG-CIM, it was considered to be a medium
rockburst risk zone but, with CIM, it was considered
it to be a weak rockburst risk area. In the range of
79 m from the open-off cut to ventilation roadway, it
was considered to be a weak rockburst risk zone

with the DCG-CIM, while it meets the risk grades of
being a medium rockburst risk zone with the CIM.

Follow-Up Prevention Suggestions

1. According to the evaluation results of the
DCG-CIM, combined with the mining
length of the working face, the area of the
rockburst prevention and control should be
expanded appropriately and the support
needs to be strengthened.

2. According to the risk grades of each zone
divided with the DCG appropriately CIM,
protective measures should be taken: for
example, coal seam water injection, large-
diameter drilling, goaf backfilling, roadway
support, roof loosening through preblasting
and other measures to reduce, transfer and
offset stress concentration, release energy in
advance, thereby to control rockburst risk
(Huang et al. 2015; Liu et al. 2017; Li et al.
2019).

3. In addition, EMR and AE monitoring data
analysis and early warning should be
strengthened (Wang et al. 2005; Song et al.
2018). During mining, due to the nonunifor-
mity of roof and the changing of high-level
roof and stope structure, making the process
of redistribution, transfer, agglomeration and
release on rock pressure is quite compli-
cated. It is recommended to install a mine
microseismic monitoring system to detect
roof activity at all place. The trend method
and the key point monitoring method should
be combined to analyze the early warning
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