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Abstract: Rockbursts are serious mine disasters. Through the division of rockburst risk zones,
risks can be predicted in advance and measures can be implemented to prevent disasters. In this
paper, taking the Hegang mining area as an example, we propose a method for dividing rockburst
risk zones based on in-situ stress measurements. First, 24 survey points were established in the
Hegang mining area to measure the in-situ stress. Second, based on the in-situ stress measurement
data, eight representative prospecting lines were selected to establish a numerical model, and the
distribution characteristics of the in-situ stress field at mining elevations of —330 m and —450 m in the
Hegang mining area were obtained via the linear differential method. Afterward, division criteria for
rockburst risk zones were proposed in accordance with the energy criterion and the minimum energy
principle. Finally, the Hegang mining area was divided into rockburst risk zones in accordance with
the in-situ microseismic monitoring data and simulation results for the in-situ stress field. Coal seam
#3 was chosen as an example to illustrate rockburst risk-zone division in the Hegang mining area
considering the division criterion proposed herein, and a rockburst risk zoning map of coal seam
#3 in the Hegang mining area was finally obtained. The locations of the five rockbursts that have
occurred in coal seam #3 of the Hegang mining area were marked on the risk zoning map and were
found to have occurred in the threatened zone. Thus, it was shown that the proposed rockburst
risk-zone division method is reasonable. Therefore, the results of this study could serve as a reference
for the division of rockburst risk zones.

Keywords: in-situ stress; numerical analysis; rockburst; risk-zone division

1. Introduction

Rockbursts are typical dynamic disasters in coal mining. When the ultimate strength
of the mechanical system of coal and rock is reached, elastic energy is released suddenly,
sharply, and violently, causing the instantaneous destruction of coal seams accompanied by
the impact of pulverized coal and rock, potentially resulting in roadway destruction and
personal injuries or casualties [1-4].

There are many influencing factors related to rockbursts, which can be mainly divided
into geological factors and mining technology factors. The geological factors include high
dip angles, thick hard roofs, hard floors, coal thickness changes, geological structures, and
natural earthquakes [5-10]. The mining technology factors include coal pillars, island coal
pillars, and blasting vibrations [11-13]. Rockburst mechanisms have been studied by many
scholars worldwide, and the classical theories include stiffness theory, strength theory,

Sustainability 2023, 15, 14808. https:/ /doi.org/10.3390/su152014808

https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su152014808
https://doi.org/10.3390/su152014808
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://doi.org/10.3390/su152014808
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su152014808?type=check_update&version=1

Sustainability 2023, 15, 14808

20f18

energy theory, burst tendency theory, three criteria theory, and instability theory [14-17].
These theories have been adopted to explain the process of instability and failure of coal-
rock masses under stress from different perspectives, and it has been shown that the stress
on the coal-rock mass is the most fundamental cause of rockburst events.

Generally, stress manifests in two forms. One of these forms is in-situ stress, which
comprises rock gravity and tectonic stress. It is affected by the mining depth, folds, faults,
coal thickness variation, and other factors [18-25]. The other form is disturbance stress,
which is affected by mining engineering conditions, such as coal pillars, goaves, island
mining faces, mining layouts, and the mining of multiple coal seams [26-32]. A high
in-situ stress is the most basic condition that provides an energy source for rockburst
occurrence. Based on material mechanics and Winkler elastic foundation theory, Gu et al.
established a mechanical model of an anticline structure and studied the variation trend
of surplus energy during mining in the anticline area [33]. It was found that the closer
the mining face is to the anticline axis, the higher the surplus energy and the higher the
possibility of rockburst. He et al. studied the temporal and spatial evolution patterns of
mine earthquakes during the mining process at a mining face in a folded area and found
that the rockburst risk at the syncline axis was higher than that at other locations and that
intense mine earthquakes in areas of high tectonic stress are highly destructive [34]. Wang
et al. analyzed the stress environment of the structural area from the perspective of the
structural formation mechanism and considered that the mechanisms of tectonic-induced
rockburst, such as fault, fold, and coal thickness variations, entail the superposition of
tectonic and mining stresses [21]. Li et al. and Jiang et al. studied the occurrence trend of
rockbursts caused by faults through mechanical analysis and numerical simulations [35,36].
Sun found that in a local thinning area of a coal seam, the vertical in-situ stress could
increase, causing an increase in the rockburst risk in this area [37].

Another important factor in determining the occurrence of rockbursts and the severity
of the consequences is the residual energy. The residual energy is the energy that remains
in the rock after the elastic energy stored in it has undergone path attenuation and reached
the free surface upon the occurrence of dynamic failure. In this context, scholars have
studied the inherent energy storage characteristics of rock. Wang et al. considered that the
strain energy of the rock mass is the key factor inducing rockburst, which is also related to
the stress concentration due to construction activities [38]. Bieniawski et al. analyzed the
impact energy (KE) and elastic properties (WET) of rock [39,40]. Tang et al. used the energy
storage and dissipation factor (K) as criteria for the rockburst tendency [41]. Other scholars
have studied the energy dissipation process during rock deformation and failure. You
et al. analyzed the energy dissipation behavior of rock samples during the failure process
through mechanical experiments on various samples [42-44]. Weng et al. analyzed the
process of energy accumulation and dissipation during the process of rock failure through
numerical simulation in combination with practical engineering [45]. Xie et al. established
a rock strength-loss criterion based on energy dissipation theory [46,47]. Based on the
phenomenon that the energy actually released during dynamic failure of a rock mass is
much higher than the induced energy, Zhao et al. proposed a minimum energy principle
for rock mass dynamic failure, namely, the energy that truly causes dynamic failure of
the rock mass is the energy necessary to cause rock mass failure in the unidirectional
stress state [48]. Zhang et al. proposed a minimum energy storage limit for the dynamic
failure of the surrounding rock caused by transient unloading [49]. Other scholars have
conducted on-site monitoring of rockburst energy release. Tang et al. used microseismic
monitoring equipment to record many rockburst events during the construction of the
diversion tunnel for the Jinping II hydropower station, analyzed the rockburst monitoring
results in comparison with normal microseismic monitoring results, and revealed the
relationship between the temporal and spatial evolution characteristics of microseismic
activities and rockbursts. The research results were also applied for the monitoring and
early warning of rockbursts [50,51]. Yu et al. conducted 24 h continuous microseismic
real-time monitoring in a deep buried tunnel, studied the macroscopic instability and
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failure mechanism in the rockburst nucleation process from the perspective of dynamic
crack propagation, and concluded that the driving source of some rockburst events was the
comprehensive result of local rockburst energy and transmitted energy [52].

In summary, the occurrence process of rockburst disasters includes two stages. The
first stage is the process of energy storage in the rock, which is related to the energy storage
characteristics and stress conditions. The second stage is the release of energy from the
rock, i.e., the evolution and occurrence process of the rockburst event.

Based on the above work, scholars have used monitoring methods to predict the risk of
rockbursts. Yin et al. [53] proposed an integrated CNN-Adam-BO algorithm (an optimized
convolutional neural network algorithm) based on microseismic monitoring data, which
achieved real-time prediction of the degree of rockburst danger. Dou and Wang [54,55]
analyzed electromagnetic radiation signals before the failure of coal and rock specimens
and before the occurrence of rockburst and found that the predicted values of rockburst
risk contained errors. They used electromagnetic radiation technology to correct these
errors. Other scholars have presented optimized methods for predicting the rockburst
tendency in coal and rock. He et al. [56] proposed a new method that considers the strength
ratio and friction characteristics of the rock materials, which can be employed to easily
predict the on-site rockburst tendency. They used this method to predict the rockburst
tendency for six types of rocks, and the results suitably agreed with indoor test results.
This method was also successfully applied for the prediction of the surrounding rockburst
tendency in the field. With the development of rock mechanics analysis software and
risk analysis methods [57-60], Zhang et al. [61] established a neural network model for
rockburst prediction, divided a given region into areas with different levels of rockburst
danger, and proposed corresponding treatment methods based on these different levels of
rockburst danger for preventing rockburst disasters. Based on field measurement data and
experimental data, combined with the existing rockburst situation, numerical simulation
and neural network methods were used to classify rockbursts. Xue et al. [62] used an
extreme learning machine to predict and classify the risk of rockburst, and they used
the particle swarm optimization (PSO) algorithm to optimize the input weight matrix
and mitigate the hidden layer bias of the extreme learning machine. Other scholars have
fully considered the influence of geological structures on rockburst risk and proposed a
geological dynamic zoning method. From the perspective of geodynamic analysis, they
have analyzed the influence of different levels of fault structures on the risk of rockbursts
in mines and established a method for evaluating the rockburst danger. Based on the
geological dynamic zoning method and the probabilistic method of multifactor pattern
recognition, Lan et al. [63] proposed an evaluation method for predicting and classifying
the risk of rockburst in mines, dividing the rockburst risk into four categories—namely, no,
low, moderate, and high—and they adopted targeted measures to prevent rockburst.

However, although the fundamental cause of rockburst disasters is the combination
of in-situ stress and disturbance stress induced by mining activities, existing research has
mainly focused on the analysis of the rockburst tendency in coal and rock, the analysis of
monitoring data and mathematical prediction models, and the analysis of the influence of
geological structures. There is limited research on in-situ stress testing and the use of test
data to assess the rockburst risk in mining areas.

In this paper, we choose the Hegang mining area as our research subject because it
has always been a high-risk region for rockburst disasters in China and is very typical of
such regions. The stress field and the regional energy density distribution in the study
area are calculated based on in-situ stress test results. At the same time, based on the
minimum energy principle and on-site microseismic monitoring data, a division criterion
for rockburst risk zones is proposed, which can be used to evaluate the rockburst risk in
the early stage of mine construction or before local coal mining begins, to facilitate the
implementation of targeted protective measures in advance and avoid the occurrence of
rockburst disasters.
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2. Overview of Rockbursts in the Hegang Mining Area

The Hegang mining area is situated in Hegang City, northeastern Heilongjiang
Province, China. The mining area has a monoclinic structure oriented approximately
north—south and tilted to the east, with an inclination angle between 15° and 35°. The
level of fault development is high in the mining area, and there are 167 faults with a drop
of more than 70 m. There are nine producing mines and one mine under construction in
the mining area. At present, the main mining levels in the mining area are distributed
at elevations ranging from —330 to —830 m, and the mining depths range from 600 to
1110 m. Due to the complex geological tectonic conditions, the in-situ stress characteristics
in the area are complex. During the mining process, the Hegang mining area is prone to
the occurrence of stress concentration zones, making it an area with frequent occurrences
of rockburst disasters in China.

According to statistics, a total of 5 mines in the Hegang mining area have experienced
rockbursts; such events have occurred approximately 66 times, mainly during the processes
of roadway excavation and working face mining, which is typical. Therefore, we chose the
Hegang mining area as our research subject.

3. Distribution of the In-Situ Stress in the Hegang Mining Area
3.1. In-Situ Stress Measurement

In-situ stress measurement is the most effective and direct method to determine the
regional stress state. When selecting in-situ stress measurement locations, the following
principles should be followed:

1.  Representativeness: The test locations should represent the general characteristics of
the regional stress field.

2. Stability of the rock layers: The test locations should be chosen in stable rock layers
with homogeneous and intact rocks.

3. Influence of geological structures: The test locations should not be strongly affected by
geological structures and should be kept away from areas with complex geological structures.

4. Avoidance of mining impact: The test locations should not be located in areas with
a dense distribution of tunnels and chambers and should be far from mining and
excavation faces to minimize the influence of errors caused by mining activities.

5. Construction feasibility: The test locations should be chosen at positions favorable
for in-situ stress measurement, considering factors such as the available construction
space, water, and electricity, thereby ensuring that they do not conflict with other
processes in coal mining production.

Based on these principles, 24 measurement points were selected in the Hegang mining
area. The specific locations are shown in Figure 1. In-situ measurements were conducted
using the hollow inclusion stress-relief method. The elastic strain of the borehole wall
during the stress-relief process was acquired by a strain gauge rosette attached to the hollow
inclusion, thereby achieving strain measurement. A corresponding mechanical calculation
model was then established based on the constitutive relationship of the rock, namely, the
stress—strain relationship. Moreover, based on the measured strain or displacement, the
magnitudes and directions of the six components of the in-situ stress or the three principal
stresses could be calculated. This measurement method provides high precision. Thus, the
3D stress could be obtained from a single borehole. The measurement results are shown in
Figure 1.
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(b) In-situ stress measurement results
Figure 1. In-situ stress measurement results.

3.2. Inversion of the In-Situ Stress Field in the Hegang Mining Area

The in-situ stress mainly includes self-weight stress and tectonic stress. The self-
weight stress depends on the burial depth and the bulk density of the overburden. This
relationship can be expressed as 0, = yh, where « is the bulk density of the overburden
and h is the burial depth. The tectonic stress, which is generally oriented along the
horizontal direction, is characterized by both the maximum horizontal principal stress
and the minimum horizontal principal stress, between which the maximum horizontal
principal stress exerts a greater influence on the construction and production processes of
underground engineering.

The numerical simulation analysis of the in-situ stress involves a process of inversion
and reproduction of the in-situ stress field distribution in the study area. The distribution
characteristics of the in-situ stress field in the entire study area were inverted based on the
in-situ stress values at known survey points, following the workflow shown in Figure 2.
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Figure 2. Flowchart of in-situ stress inversion.
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In accordance with the principles for selecting exploration lines listed above, the
purpose of which is to ensure that the selected exploration line profiles capture rep-
resentative regional geological and structural features, we selected eight prospecting
lines in the Hegang mining area and established a numerical model for each profile in
FLAC 5.0 simulation software, version 5.0 (Figure 3). Based on the stratigraphic characteris-
tics of the Hegang mining area (Table 1), the rock groups were classified for each model
(Figure 3). The physical and mechanical parameters of the roof, interlayer and floor regions
were selected from the sandstone rock groups. In addition, the fault weakening method
was used for fault simulation, and grid units were assigned separately along the fault plane.
The specific parameters are listed in Table 2.
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Table 1. Stratigraphic characteristics of the Hegang mining area.

Rock Stratum Thickness/m Lithology Description
Mainly fine grey sandstone, intercalated
sandstone 80 thin conglomerate and black—grey
siltstone
#3 coal 3.5 Coal
Fine siltstone interbedding, grey
sandstone 0 horizontal bedding
#7 coal 3.0 Coal
fine sandstone 40.0 Fine sandstone, light grey
#8 coal 1.43 Coal
medium-grained 8.0 Medium-grained sandstone with fine
sandstone ’ siltstone
#9 coal 0.8 Low-quality coal
Mainly fine sandstone with
medium-grained sandstone in the upper
sandstone 25 part, coarse- to medium-grained
sandstone with fine sandstone in the
lower part
Coal; poor quality at the top, good
#10 coal 06 quality at the bottom
Fine sandstone in the upper and lower
sandstone 18 parts and medium sandstone in the
middle part, light grey-white grey
#11 coal 1 Coal, containing layers of rock
sandstone 23 Medium-grained sandstone and fine
sandstone, with a thin siltstone layer
#12 and #13 coal 6 Coal, possible ash siltstone in the middle
Coarse, medium-grained sandstone with
sandstone 20 N .
fine siltstone; grey to light grey
#15-1 coal 9 Coal; coal—s:hale interbed at the top, with
several intercalated layers of rock
fine sandstone 55 Fine sandstone
#15-2 coal 3.5 Good-quality, hard coal
Siltstone and medium sandstone, all
sandstone 2 .
grey—white
Coal; the quality of the lower part is
#18-1 coal 3.6 good, with a thin layer of fine sandstone,
brown and contains water
Fine and medium sandstone,
sandstone 38 o
with siltstone
#18-2 coal 4.55 Coal
fine sandstone 25 Fine sandstone
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Table 1. Cont.

Rock Stratum Thickness/m Histogram Lithology Description
#18-2-2 coal 1.1 Coal
Siltstone, fine sandstone, sandstone,
sandstone 6
coarse sandstone; mostly grey
#18-3 coal 15 Coal, semi-bright, hard
sandstone 25 Siltstone in thg upper part and fine
sandstone in the lower part
#21 coal 1.5 Coal, semi-bright, brown locally
Fine sandstone in the upper and lower
sandstone 20 parts and coarse sandstone in the middle,
with poor sorting and local gravel
#22 coal 6.4 Coal with two layers of fine sandstone
and rock
sandstone 40 Fine siltstone intertexture
#7 coal 33 Good—qual.lty coefll containing beaded
inclusion stones
sandstone 22 Fine siltstone interbedded
#29-1 coal 0.6 Coal
fine sandstone 8 Fine sandstone
#29-2 coal 2.03 Coal
fine sandstone 5 Fine sandstone
#29-3 coal 2.68 Low-quality coal
sandstone 15 Fine sandstone, medium sandstone
#30 coal 5.6 Coal, containing several layers of rock
Fine, silty sandstone in the upper part;
sandstone 30 coarse, coarse sandstone in the lower
part, with glutenite
#31 coal 1.7 Low-quality coal
Medium sandstone, coarse sandstone,
sandstone 35 .
fine sandstone
#32 coal 1.6 Low-quality coal
Fine sandstone, gravel, coarse sandstone,
sandstone 28 N
fine sandstone, conglomerate
#33 coal 1.69 Low-quality coal
Fine sandstone, medium sandstone,
sandstone 30 . .
tuffaceous siltstone, medium sandstone
#34 coal 2 Low-quality coal
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Table 1. Cont.

Rock Stratum Thickness/m Histogram Lithology Description
' ' Tuffaceous siltstone, fine sandstone,
sandstone 30 .
coarse sandstone, tuffaceous siltstone
#35 coal 0.7 Low-quality coal
fine sandstone 35 Mainly fine sandstone with some
tuff mudstone
#36 coal 0.8 Low-quality coal
siltstone 035 Tuffaceous siltstone

Table 2. Physical and mechanical parameters of representative prospecting lines in the Hegang
mining area.

Bulk Bulk Shear Tensile Cohesive Internal Friction
No. Lithology Density Modulus Modulus Strength Force Angle
(kg/m®) (GPa) (GPa) (MPa) (MPa) (deg)
1 Sandstone 2630 2.19 1.87 0.01 1211 36
2 Coal Seam 1380 1.05 0.95 0.015 0.188 42
3 Fault 1302 0.036 0.066 0.001 0.007 30

The constitutive model follows the Mohr—Coulomb criterion, and the boundary load
was determined based on the in-situ stress measurements. The upper boundary is uniformly
loaded, the lower boundary is fully displacement constrained, and the left and right
boundaries are characterized by horizontal stress gradient loading. In the simulation
process, the weight of the overburden was adopted as the upper boundary load for each
geological model, and gradient loads were adopted for the left and right boundary loads.
The lithology and burial depth of the overburden along each prospecting line differed;
therefore, we statistically analyzed the bulk density and burial depth of the overburden for
the eight representative prospecting lines to obtain the upper boundary conditions for each
geomorphic model. For the left and right boundaries, we selected the maximum horizontal
principal stress values at three or four survey points in the nearby area and performed
linear fitting to determine the load gradient model. The model load statistics are provided
in Table 3.

Table 3. Summary of the model load statistics.

. Average Upper Average Bulk Upper Horizontal Load
Prospecting Elevation Boundary Densit Boundary Gradient Equation
Line (m) Burial Depth (N~m*3}; Load (m)
(m) (MPa)

a 254 304 0.028 8.7 2.82+0.044h

b 259 309 0.028 8.8 2.82+0.044 h

c 266 316 0.030 9.4 31.1

d 285 335 0.026 8.8 12.27 +0.033 h

e 290 340 0.027 9.2 11.94 + 0.029 h

f 330 380 0.027 10.2 1.31+0.048 h

g 310 360 0.023 8.5 20.3

h 330 380 0.024 9.1 8.82+0.018 h

Note: In this table, h is the burial depth, in meters.

The in-situ stress measurements indicated that the orientation of the maximum hori-
zontal principal stress in the study area is east-northeast or nearly east-west. For the entire
mining area of Hegang, the horizontal stress of each prospecting line profile can be approx-
imately regarded as the maximum horizontal principal stress in the study area. We wrote a
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program in the Fish language to extract the horizontal stress value at the main mining level
and associated the stress value with the geographic coordinates of each prospecting line.
On this foundation, it was possible to generate contour maps of the maximum horizontal
principal stress in the Hegang mining area at mining levels (elevations) of —330 and —450
(Figure 4).

(b) Mining level —450

Figure 4. Numerical models of the eight prospecting lines in the Hegang mining area.

A comparative analysis of the measured values and calculated results for the in-
situ stress is provided in Table 4. The relative error distribution range of the maximum
horizontal principal stress is 0.44 to 50.77%, with an average error of 17%. The relative
error distribution range of the vertical stress is 0.36 to 33.42%, with an average error of
11.56%. The general error of the measured in-situ stress ranges from 20 to 30%. Therefore,
the numerical simulation results for the in-situ stress indicate a certain degree of rationality.

Table 4. Comparison of the calculated and measured in-situ stress values in the Hegang mining area.

UH Oy
Mea;l;;e;nent Measured Value Calculated Value Relative Error Measured Value Calculated Value Relative Error
(MPa) (MPa) (MPa) (MPa)
JD#1 33.42 23 31.18% 21.16 16 24.39%
JD#2 22.87 23 0.57% 13.2 13 1.52%
JD#3 325 16 50.77% 17.49 16 8.52%
XA#1 30.1 25 16.94% 23.61 16 32.23%
XA#2 32.72 26 20.54% 24.03 16 33.42%
XA#3 30.48 16 47.51% 13.95 14 0.36%
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Table 4. Cont.

OH Oy
Mea;l;;‘ﬁrtnent Measured Value Calculated Value Relative Error Measured Value Calculated Value Relative Error
(MPa) (MPa) (MPa) (MPa)
FL#1 359 28 22.01% 21.67 18 16.94%
FL#2 39.2 28 28.57% 18.69 20 7.01%
FL#3 41.2 30 27.18% 22.37 20 10.59%
XL#1 39.64 36 9.18% 26.14 22 15.84%
XL#2 39.79 32 19.58% 27.93 22 21.23%
XL#3 35.49 26 26.74% 20.98 18 14.20%
NS#1 27.878 28 0.44% 14.223 14 1.57%
NS#2 25.729 26 1.05% 14.438 14 3.03%
NS#3 23.892 24 0.45% 12.946 12 7.31%
NS#4 31.813 25 21.42% 17.258 16 7.29%
NS#5 25.576 26 1.66% 13.435 13 3.24%
YX#1 21.7 26 19.82% 13.6 14 2.94%
YX#2 19.0 12 36.84% 134 16 19.40%
YX#3 20.3 20 1.48% 12.0 14 16.67%
XS#1 179 18 0.56% 11.7 12 2.56%
XS#2 21.6 18 16.67% 15.76 14 11.17%
XS#3 18.6 18 3.23% 11.10 12 8.11%
XS#4 14.7 14 4.76% 11.11 12 8.01%

The maximum horizontal principal stress at mining level —330 is 22 MPa on average,
and the values vary between 8 and 36 MPa. The maximum horizontal principal stress
values in the western regions of the Junde Mine, Xing’an Mine, Fuli Mine, and Nanshan
Mine are generally higher than those in the central and eastern regions. Overall, the
maximum horizontal principal stress values of each mine, which range from 18 to 24 MPa,
are uniformly distributed. However, some areas affected by faults may contain zones of
stress concentration and stress reduction.

Similarly, the maximum horizontal principal stress value at mining level —450 is
24 MPa on average, and the values range from 6 to 38 MPa. The maximum horizontal
principal stress values in the eastern and western regions of each mine are higher than those
in the central regions, and there are many stress reduction zones in the central regions.

4. Criteria for Dividing Rockburst Risk Zones

According to the energy criterion, when a coal-rock mass is damaged, a rockburst will
occur if the instantaneous energy released is higher than the energy consumed, which can
be expressed as

U, > U (1)

where U, is the instantaneous energy released by the coal-rock mass and U, is the energy
consumed.

Based on the minimum energy principle of rock mass failure [48], a large amount
of bulk elastic energy is stored in a rock mass under three-dimensional stress. Following
rock mass failure, the stress state rapidly transforms from three-dimensional stress to
two-dimensional stress and finally to unidirectional stress. As the stress state changes from
the three-dimensional to the one-dimensional state, the consumed energy greatly varies,
and the extra energy is converted into kinetic energy for rock ejection. The minimum
energy required for rock mass failure can be expressed as

0.2

umin = E

@)
where U,,;, is the minimum energy required for rock mass failure, E is the elastic modulus
of the rock, and o is the compressive strength of the rock.

Consequently, the process of energy release when a rockburst occurs can be summa-
rized as follows: When the rockburst starts, the minimum energy required for rock mass
failure will be reached first, and the rock mass will begin to break down. Then, excess
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energy will be consumed for plastic deformation, failure, and thermal energy generation in
the rock mass along the release path of minimum energy. When the released energy reaches
the free surface, the surplus energy is converted into kinetic energy for rock ejection. We use
U, to denote the remaining energy when the energy released during the dynamic failure of
the rock mass reaches the free surface, Uy, to denote the minimum energy required for
dynamic failure of the rock mass, Ui, to denote the energy consumed along the release
path of minimum energy during the dynamic failure of the rock mass, and U; to denote the
total energy stored before the dynamic failure of the rock mass. The energy criterion can
thus be expressed as

Ue = Us — Upin — Uemin > 0 3)

The energy remaining after the energy released during the dynamic failure of the
rock mass reaches the free surface (i.e., U,) can be calculated based on the statistics of
rockburst occurrence in the mining area, but the energy consumed along the release path
of minimum energy during the dynamic failure of the rock mass (i.e., Ugyi,), which is
related to the actual working conditions, the rock mass structure, and the physical and
mechanical properties of the rock mass, is very complicated and difficult to determine. The
energy stored before the dynamic failure of the rock mass (i.e., Us) can be obtained from
the original stress on the rock mass and can be calculated as shown in Equation (4).

1
Us = o ((712 + 022 4+ 03% — 2u(0y03 + 0203 + 03(71)) @)

If Uiy is the minimum energy that reaches the free surface when a rockburst occurs,
the rockburst energy criterion can be expressed as

Us > umin + ucmin + uemin (5)

As mentioned above, it is difficult to determine the energy consumed along the
release path of minimum energy during the dynamic failure of the rock mass (i.e., Uz )-
Accordingly, the term U,,;, can be omitted from the above expressions to obtain division
criteria for rockburst risk zones, and the criteria obtained in this way can also meet the safety
tolerance for the division of rockburst risk zones. Thus, the following can be obtained:

(1) For coal seams with a weak tendency to suffer rockburst, the criteria for dividing
rockburst risk zones can be expressed as:

Us < Ui + Uppin,  safe zone

U,in + Uppiin < Us < Upin + Uemax  threatened zone

Us > Uyin + Uemax dangerous zone

where U,y is the early warning energy for rockburst monitoring.

(2) Because coal seams with a strong tendency to suffer rockburst are easily affected by
other factors that cause rockburst, there is no safe zone. The corresponding division
criteria can be defined as follows:

Us < Uiy + Uppmin threatened zone

Us > Upin + Upin dangerous zone

5. Division of the Hegang Mining Area into Rockburst Risk Zones

In the Hegang mining area, rockburst disasters have mainly occurred in coal seams #3,
#11, #17, and #18. Here, we adopt coal seam #3 as an example to illustrate the division of
rockburst risk zones.
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According to microseismic monitoring statistics from the Hegang mining area, the
energy released in rockburst events in the Hegang mining area ranges from 3.57 x 10*J to
9.12 x 10” J; accordingly, Ui, can be set to 3.57 x 10* 7.

In accordance with long-term microseismic monitoring data for the site and the re-
search data and judgement of experts, a value of 10° ] has been set as the critical value for
early warning of rockburst in the mining area. Here, the critical value for early warning of
rockburst is denoted by Uepax.

Based on the measured physical and mechanical parameters of coal seam #3 in the
Hegang mining area, the minimum energy required for the dynamic failure of coal seam #3
was obtained, as shown in Table 5.

Table 5. Minimum energy required for dynamic failure of the coal-rock mass due to rockburst in the
Hegang mining area.

Compressive Strength Elastic Modulus Minimum Energy
Coal Seam (MPa) (GPa) 0
#3 13.511 9.00 10,141.51
Yixin #3 14.582 9.00 11,813.04

There is a marked difference in the rockburst tendency across different areas of coal
seam #3, as indicated in Table 3. In particular, coal seam #3 shows a stronger rockburst
tendency in the Yixin mining area than in most other areas (Table 6). In accordance with
the criteria for dividing rockburst risk zones described above, the energy criteria were
calculated for coal seam #3. For areas with a weak rockburst tendency, the criteria are as
follows:

U; < 45,841.51 safe zone
5841.51 < Us < 110,141.51 threatened zone
U, > 110,141.5 dangerous zone

Table 6. Measurement results for the coal rockburst tendency.

Index Measurement Results
Coal S
oal seam DT WEer Kg R, Classification Name
Yinxin #3 1356 2.925 6.684 14.582 111 strong
tendency

For areas with a strong rockburst tendency, the criteria are as follows:

Us < 47,513.04 threatened zone

U, > 47,513.04 dangerous zone

We calculated the energy stored in coal seam #3 based on the numerical simulation
results for the in-situ stress mentioned above and imported the calculation results and
energy criteria into the Surfer 12 modelling software, version 12, to generate rockburst risk
zoning maps for coal seam #3 in the Hegang mining area, as shown in Figure 5.
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Figure 5. Rockburst risk-zone division of coal seam #3.

The rockburst records of coal seam #3 show that five rockburst events occurred coal
seam #3 from 2004 to 2010. One occurred at the second mining level, and the other
four occurred at the third mining level (—330). All rockburst events in coal seam #3
occurred in the threatened zone (Figure 5). Thus, it can be concluded that the stored energy
in the coal seam due to in-situ stress plays a key role in rockburst occurrence. Furthermore,
the stress superposition resulting from factors such as the thick and hard roof of the goaf
and the adjacent goaf, the remaining coal pillars in the upper section, and working face
mining directly impact the occurrence of rockburst events.

At present, mining of coal seam #3 in the Hegang mining area is mainly concentrated
in the Junde Mine and Yixin Mine, at both mining level —330 and mining level —450. In
the Junde Mine, coal seam #3 exhibits only a weak rockburst tendency. The same coal seam,
however, shows a strong tendency to suffer rockburst in the Yixin Mine, and the roofs of
the coal seam in both mines demonstrate high burst proneness. According to the rockburst
risk zoning maps, the Junde Mine is situated in the threatened zone, and the Yixin Mine lies
in the dangerous zone. In addition, both roofs of the coal seam show a high burst potential.
Consequently, the Junde Mine and Yixin Mine are both prone to rockbursts during the
mining of coal seam #3.

According to statistical data, five rockburst accidents have occurred at the —330 level
in the Junde Coal Mine, of which four occurred during the mining of the working face
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and one occurred during tunneling. The rockburst occurrence area is shown in Figure 5a.
According to the zoning results, the rockburst events that have occurred were all located
in the threatened zone. It can be concluded that the method presented in this paper for
dividing rockburst risk zones is reasonable and feasible. The findings also indicate that the
in-situ stress exerts a notable influence on rockburst phenomena in the Hegang mining
area and should not be ignored during coal mining at the current mining levels.

6. Discussion

Compared to other regions in China, the Hegang mining area has a relatively high
frequency of rockburst disasters. According to statistical data from 2004 to 2010, rockburst
disasters occurred as many as 66 times in this area. Therefore, the Hegang mining area is
considered typical in terms of the conditions that are conducive to rockburst disasters.

Currently, it is widely believed in the academic community that the combined effect
of in-situ stress and mining stress is the fundamental cause of rockburst events. In this
study, based on the selection principles for in-situ stress measurement points, a total of
24 measurement points were selected in the Hegang mining area, and the in-situ stress was
measured using the hollow inclusion stress-relief method.

However, the data from the selected measurement points may not reflect the in-
situ stress distribution characteristics of the entire mining area. In contrast to the in-situ
stress inversion method proposed by Singha et al. [64], eight representative exploration
lines were selected in this study and used to determine the model loading conditions
based on measured in-situ stress data. By applying interpolation to extract the maximum
horizontal principal stress values at the main mining level, a contour map of the maximum
horizontal principal stress at the main mining level was generated. This method is simple
and accounts for regional tectonic conditions, enabling the rapid determination of the
distribution characteristics of the maximum horizontal principal stress in the mining area.
The simulated results were compared with the measured results, and the average relative
error of 17% indicated low-accuracy but nevertheless reasonable simulation results.

In contrast to the method of rockburst tendency evaluation based on the mechanical
properties of rock, the research method proposed in this paper can not only be used to
consider the rockburst tendency of coal but also to calculate the elastic energy of the
coal seams in the Hegang mining area based on measured in-situ stress data. Criteria
for evaluating rockburst risk were formulated to divide the Hegang mining area into
different rockburst risk zones. The proposed evaluation of rockburst risk accounts for both
the coal seam characteristics and the in-situ stress conditions, resulting in more accurate
and meaningful prediction results, especially for rockburst prediction before coal seam
mining begins. Therefore, based on the evaluation results, preventive measures can be
implemented at coal mines to prevent the occurrence of rockburst disasters.

7. Conclusions

(1) To enable the inversion of the in-situ stress, first, representative measurement points
were selected in the Hegang mining area; second, numerical models were established
based on representative exploration lines in the region; third, the model loads were
calculated based on the measured in-situ stress results; and finally, the maximum
horizontal principal stress values at the main mining level were extracted through
an interpolation method to generate a maximum horizontal-principal-stress contour
map for the main mining level. By comparing the measured and simulated data, the
relative error distribution range of the maximum horizontal principal stress was found
to be 0.44 to 50.77%, with an average error of 17%. Thus, the numerical simulation
results for the in-situ stress indicated a certain degree of rationality.

(2) Based on energy theory, the minimum energy principle, field microseismic monitoring,
and early warning data, we proposed criteria for the division of the Hegang mining
area into rockburst risk zones and calculated the total stored energy in the coal-rock
mass at mining elevations of —330 m and —450 m based on the inversion results for
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the in-situ stress field in the Hegang mining area. Then, we adopted coal seam #3 as
an example to illustrate the division of the Hegang mining area into rockburst risk
zones based on the division criteria proposed herein and generated rockburst risk
zoning maps accordingly. When the five rockburst events that occurred in coal seam
#3 in the Hegang mining area were marked on the risk zoning map, it was found that
their locations coincided with the threatened zone.

(38) The division method for rockburst risk zones proposed in this paper accounts for
both the coal seam characteristics and the in-situ stress conditions, resulting in more
accurate and meaningful prediction results, especially for rockburst prediction before
coal seam mining begins. Therefore, coal mines can take preventive measures based
on these evaluation results to prevent the occurrence of rockburst disasters.
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