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Abstract: As large-scale depletion of shallow coal seams and increasing mining depths intensify, the
frequency and intensity of mining-induced earthquake events have significantly risen. Due to the
complex formation mechanisms of high-energy mining-induced earthquakes, precise identification
and early warning cannot be achieved with a single monitoring method, posing severe challenges
to coal mine safety. Therefore, this study conducts an in-depth risk analysis of two high-energy
mining-induced earthquake events at the 3308 working face of Yangcheng Coal Mine, integrating
microseismic monitoring, stress monitoring, and seismic source mechanism analysis. The results show
that, by combining microseismic monitoring, seismic source mechanism inversion, and dynamic stress
analysis, critical disaster-inducing factors such as fault activation, high-stress concentration zones,
and remnant coal pillars were successfully identified, further revealing the roles these factors play in
triggering mining-induced earthquakes. Through multi-dimensional data integration, especially the
effective detection of the microseismic “silent period” as a key precursor signal before high-energy
mining-induced earthquake events, a critical basis for early warning is provided. Additionally, by
analyzing the spatiotemporal distribution patterns of different risk factors, high-risk areas within
the mining region were identified and delineated, laying a foundation for formulating precise
prevention and control strategies. The findings of this study are of significant importance for mining-
induced earthquake risk management, providing effective assurance for safe production in coal
mines and other mining environments with high seismic risks. The proposed analysis methods and
control strategies also offer valuable insights for seismic risk management in other mining industries,
ensuring safe operations and minimizing potential losses.

Keywords: microseismic monitoring; mine-induced earthquake; silent period; stress analysis; seismic
source mechanism

1. Introduction

Mining-induced earthquake refers to the phenomenon of vibrations caused by the
rapid release of elastic energy in rock masses, induced by disturbances from underground
resource extraction. These events are common and will invariably occur with the exploita-
tion of underground solid resources [1]. However, as mining depth increases, the scale of
goaf areas expands, the complexity of mine structure intensifies, and the surrounding stress
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levels rise, the frequency and intensity of high-energy mining-induced earthquake events
are increasing [2—4]. Frequent high-energy mining-induced earthquake activity typically
indicates the gradual accumulation of stress within rock masses, which can further lead to
rockburst hazards, posing significant threats to mine safety and regional social stability [5].
Consequently, research on precursor identification and control strategies for high-energy
mining-induced earthquake event risks is crucial to ensure safe mining operations. To en-
hance the safety and efficiency of deep coal mining, various monitoring and early warning
methods have been widely applied, including microseismic monitoring [6-8], electromag-
netic radiation monitoring [9,10], stress monitoring [11,12], and infrared monitoring [13,14].
Additionally, in conditions of dynamic hazards, rock mass monitoring should be carried
out in parallel with the selection of a support system capable of absorbing the largest
possible amount of dynamic energy, ensuring the safety of mining operations by reducing
the impact of dynamic events [15]. Domestic and international researchers have conducted
in-depth studies on these monitoring techniques, continuously optimizing and integrating
different methods, thereby establishing a solid technical foundation for the identification of
high-energy mining-induced earthquake precursors and the development of effective risk
control strategies.

Microseismic monitoring, as a real-time and efficient monitoring method, utilizes
sensors installed at various locations underground in coal mines to capture seismic signals
generated by the fracturing of coal and rock masses. This technique enables the localization
of seismic sources and the calculation of event energy [16-18] and has been widely applied
in coal mine operations. Zhang et al. [5], using a microseismic monitoring system, analyzed
the response characteristics of different parameters prior to mining-induced earthquake
events and defined a new prediction parameter—the Energy Rockburst Warning (ERW)
index. Source mechanism inversion is a crucial technique in seismic analysis, as it uses
raw waveform data collected from multiple sensors to precisely locate seismic sources,
determine fracture modes, and calculate parameters such as moment magnitude and
energy [19], offering valuable insights into seismic risk precursors and triggering factors.
Song et al. [20] investigated the destruction mechanisms and stress evolution in irregular
coal pillar anomaly zones using microseismic monitoring, moment tensor inversion, and
velocity tomography. Similarly, He et al. [21] studied the outcomes of rockbursts, as
well as the spatiotemporal evolution of microseismic (MS) and acoustic emission (AE)
monitoring results. They analyzed the relationship between AE and MS precursor signals
prior to rockbursts, finding that their spatiotemporal evolution patterns could serve as
early warning indicators for rockbursts. Furthermore, the study also indicates that the
“silent period” of mining-induced earthquakes is one of the critical precursor signals. In
the hours to days leading up to a mining-induced earthquake, the frequency and energy
of microseismic events often show a significant reduction or even a temporary cessation,
a phenomenon referred to as the “silent period” [22,23]. The identification of the silent
period is crucial for predicting mining-induced earthquakes, as its presence often indicates
high-risk areas for such events. Although microseismic monitoring provides high real-time
accuracy in locating the seismic source and analyzing energy release characteristics, it
can only indirectly reflect the fracturing process of coal and rock masses. This limitation
makes it challenging to capture the degree and evolution of stress concentration in real
time, thereby restricting the effectiveness of dynamic early warning for high-energy mining-
induced earthquakes.

The stress monitoring method offers advantages such as high precision, strong real-
time capabilities, and high data directness, enabling it to sensitively capture internal stress
changes within rock masses. This provides critical data support for identifying high-energy
mining-induced earthquake precursors, making it particularly suitable for stress monitor-
ing and stress evolution studies in key areas. It thus provides reliable technical support for
coal mine safety management [24-28]. Based on an analysis of the load transfer mechanism
between key strata and thick-impact coal seams, Zhu et al. [29] proposed a theoretical
calculation model for abutment pressure on longwall panels in thick-impact coal seams,
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with validation from microseismic and stress monitoring results supporting the model’s
rationality. In further research, Zhu et al. [30] investigated the mechanism of the newly
defined Overall Instability Induced (OII) rockburst and developed a direct OII rockburst
risk assessment method based on actual load indicators using microseismic and stress mon-
itoring. Although stress monitoring can capture stress changes in rock masses and identify
concentration areas, it has limited ability to predict energy release from the seismic source
and cannot fully reveal the disaster-causing mechanisms of mining-induced earthquakes.
Existing studies have made advances in understanding seismic source mechanisms,
spatiotemporal distribution patterns, and microseismic monitoring methods. However,
most research lacks a comprehensive, multi-parameter fusion analysis, often focusing on
individual parameters or regional characteristics, without integrating factors such as stress
monitoring, microseismic monitoring, and source mechanisms. In particular, studies on
the dynamic coupling of triggering factors for high-energy mining-induced earthquake
events remain limited. To address the above issues, this paper focuses on the Yangcheng
Coal Mine, integrating microseismic monitoring, dynamic stress analysis, and seismic
source mechanism analysis to investigate the primary triggering mechanisms of high-
energy mining-induced earthquakes in deep mines. Key precursor features, such as the
silent period preceding high-energy mining-induced earthquake events, were identified.
Based on the research findings, this paper proposes dynamic risk prevention and control
measures that combine pressure relief boreholes and deep-hole blasting, providing an
efficient strategy for managing mining-induced earthquake hazards in high-risk areas.

2. Engineering Background
2.1. Overview of the Working Face

This study selects the 3308 working face of the Yangcheng Coal Mine for analysis.
Located in Jining, southwestern Shandong Province, the 3308 fully mechanized caving face
lies in the deep area of the third mining district of the Yangcheng Coal Mine. The working
face spans 150 m in width and advances over a 650 m length, with an average coal seam
thickness of 7.5 m. To the east, it borders the 3306 working face, with the DF60 fault to the
north, the —920 shaft bottom station to the south, the goaf of the 3306 working face to the
west, and the DF56 normal fault to the east. The layout of the working face is shown in
Figure 1. To ensure safety and stability during mining, a 3 m wide pillar is left between
two adjacent longwall panels. This pillar width provides adequate support for the area
between the mining panels, preventing large-scale surface subsidence or localized rock
damage during mining.

In the shallow adjacent area of the 3308 working face, there is an extensive goaf formed
by the 3306, 3304, and 3302 working faces. Due to the steep dip angle of the #3 coal seam,
the overlying strata of the shallow goaf in adjacent working faces have not fully collapsed.
The subsidence and collapse of overlying strata in the inclined direction of the goaf may
negatively affect the coal seam and roof of the 3308 working face, which is one of the
primary factors influencing mining-induced earthquakes in the 3308 working face.

Based on the mining experience of the Yangcheng Coal Mine, the 3306 working face,
which has similar geological and production conditions to the 3308 working face, had
already been mined before this study. The zone of destruction of the roof rocks above
the post-mining space for the 3306 working face (mainly due to periodic pressure causing
roof rock damage) was approximately 15 to 20 m. During the microseismic research of
the 3308 working face, which was in its initial extraction stage, the zone of destruction of
the roof rocks above the post-mining space was estimated to be around 25 to 30 m based
on the microseismic location, source mechanism, and microseismic response before and
after the high-energy mining-induced earthquake event on 20 December. After the targeted
seismic measures recommended in this study were implemented at the Yangcheng Coal
Mine, no further high-energy mining-induced earthquakes or rockbursts occurred, and
the zone of destruction of the roof rocks above the post-mining space decreased to the
15 to 20 m range, similar to that of the 3306 working face under similar working conditions.
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The primary seam mined in the 3308 face is the No. 3 coal seam, which exhibits a tendency
for rockburst. The seam has a dip angle ranging from 26° to 30°, with an average dip of
28°. It is black with a vitreous luster and a brownish-black streak. Compositionally, it is
mainly bright coal, with lesser amounts of vitrinite, minor dark coal, and trace fiber coal. It
has a stepped fracture and a banded structure, with the middle to upper portions mostly
consisting of blocky, hard coal. The structure of the coal body in this face generally appears
banded; however, near the faults, structural stress effects cause the coal to exhibit fractured,
granular, and pulverized structures. The average coal seam thickness is 7.5 m, classifying it
as a stable thick seam. The occurrence characteristics of the coal seam at the working face
are shown in Figure 2.
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Figure 1. Structural layout of the 3308 working face in relation to surrounding mining areas and faults.

Rock Type Thickness (m) Lithology Description
Siltstone 8.0 Gray to green-gray, mud-siliceous cementation, few mudstone inclusions
Fine Sandstone 7.0 Gray, with plant fossils in upper part, fine sand in lower part
Siltstone 4.10 Gray, silt to fine sand, with fractures and partial clay filling
Medium . - s ) -
9.50 Light gray to white, mud-siliceous, poorly sorted with coal streaks
Sandstone
Mudstone 4.20 Gray to dark gray, clay-rich upper, carbonaceous lower with root fossils
Coal Seam 2 0.65 Black, vitreous, brown-black streaks, mainly bright coal
Mudstone 2.18 Black, soft, friable with low carbon content
Fine Sandstone 17.1 Light gray to white, siliceous, with coal streaks and siderite oolites
Siltstone 4.0 Dark gray with plant fossils, basal mud and carbonaceous material
Mudstone 1.70 Dark gray to black-gray, with plant root fossils and sandstone stripes
Fine Sandstone 2.04 Gray to light gray, clay-calcium cement with siderite nodules
Siltstone, 3.78 Dark gray, fine sandstone stripes, wavy bedding, siderite nodules
Mudstone
Fine Sandstone 2.00 Dark gray, fine sandstone stripes, wavy bedding, siderite nodules

Figure 2. Occurrence characteristics of the coal seam at the working face.
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2.2. Monitoring System and Sensor Arrangement

The KJ550 stress monitoring system is primarily used for real-time stress monitoring
within mine roadways and working faces. Utilizing high-sensitivity sensor devices, it
collects data on surrounding rock stress changes, providing data support for early warning
of mining-induced earthquakes and other geological disasters. The stress sensors used
in this study are primarily designed to measure changes in the stress environment of the
roadway and surrounding rock mass. These sensors operate based on the strain gauge
principle, detecting deformations caused by stress changes. When stress acts on the rock
mass, the strain gauge deforms, resulting in measurable changes in electrical resistance.
These resistance changes are recorded and used to analyze the magnitude of the stress
and its variation over time. These sensors are highly sensitive and capable of providing
real-time data, which is crucial for identifying stress concentration areas and potential risk
zones, especially under deep mining conditions. Its advantages lie in high monitoring
accuracy and rapid response speed, enabling dynamic stress monitoring and real-time
monitoring of stress concentration areas, thus assisting in disaster prediction.

The arrangement of stress sensors in roadways plays a crucial role in monitoring
stress distribution and identifying potential risk areas. In this study, the sensors were
deployed to ensure even distribution and effectively cover stress concentration areas,
allowing for accurate measurement of stress variations over time. This approach ensures
that the collected data represent the broad conditions of the roadway and surrounding
areas, which is essential for mine-induced earthquake prediction analysis. Furthermore,
cost is an important consideration when deploying these sensors. While the cost of sensors
is relatively low compared to other mining equipment, their number and placement are
optimized to enhance data accuracy while avoiding unnecessary expenses. Therefore, the
monitoring scheme not only ensures data precision and broad coverage but also takes
budget constraints into account. Figure 3 shows the arrangement of KJ550 stress sensors in
the 3308 working face.
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Figure 3. Online arrangement of KJ550 stress sensors at the 3308 working face.

The SOS microseismic monitoring system, developed by the Polish Mining Research
Institute, is widely applied in underground mining environments such as coal mines due
to its high sensitivity and real-time data acquisition capabilities, meeting the demands
of complex, high-stress mining areas. The SOS microseismic monitoring system used in
the Yangcheng Coal Mine employs velocity-type sensors with a sampling frequency of
500 Hz. Through microseismic sensors positioned at various locations, it can accurately
capture microseismic signals during coal and rock fracturing processes. Using algorithms
such as the L1/L2 norm simplex and Newton iterative methods, the system performs
source localization and energy calculations for microseismic events. This enables effective
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monitoring and early warning of coal and rock dynamic hazards (e.g., rockburst) and
provides reliable support for predicting the development trends of dynamic phenomena like
mining-induced earthquakes. Figure 4 illustrates the arrangement of effective microseismic
sensors near the 3308 working face.

3304 Longwall Top'Coal Caving Face

FeanN Fa
v

4 14# 9#

"M"represents the location of
microseismic sensors

Figure 4. Spatial arrangement of microseismic sensors around the 3308 working face at Yangcheng
Coal Mine.

3. Overview and Mechanism of Mining-Induced Earthquake Events at the
3308 Working Face

3.1. Overview of Mining-Induced Earthquake Events

On 10 September 2022, a high-energy mining-induced earthquake occurred during the
initial extraction phase at the 3308 fully mechanized caving face of the Yangcheng Coal
Mine. According to the analysis by the mine’s SOS microseismic monitoring system, a fracture
occurred in the roof ahead of the 3308 fully mechanized caving face at 14:38:25 on 10 September,
with an energy release of 3.06 x 10° J. Feedback from underground personnel indicated that a
tremor was felt at the 3308 working face, accompanied by a sudden strong airflow from the
goaf direction. Minor spalling and coal dust were observed in the advanced section of the
track roadway, but there were no occurrences of rib spalling, floor heave, roof subsidence, or
support damage, and no tremors were felt on the surface. This mining-induced earthquake
drew the attention of local government officials and the mine leadership, leading to a halt in
production at the 3308 working face until December of the same year.

On 20 December 2022, another high-energy mining-induced earthquake event oc-
curred during the resumption of extraction at the 3308 face. According to the SOS micro-
seismic monitoring system’s analysis, this event took place on 20 December at 20:55:42,
due to damage to the floor ahead of the 3308 face, with an energy release of 1.06 x 10° J.
Based on site feedback, underground conditions remained safe, with no impact on person-
nel or equipment, and all operational conditions were normal.

Based on the dynamic manifestations observed during the two mining-induced earth-
quakes, as well as feedback from on-site personnel, it is evident that although neither
event resulted in casualties, severe damage to roadway and mining space surrounding
rock, or equipment destruction, both caused noticeable tremors felt by workers at the face
and inflicted varying degrees of damage to the surrounding rock in the roadway. There
was even a distinct tremor felt in the surface industrial area. Therefore, it is essential to
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analyze the generation mechanisms and precursor characteristics of these two high-energy
mining-induced earthquake events at the working face to effectively prevent destructive
rockburst hazards triggered by high-energy mining-induced earthquakes.

3.2. Analysis of Mine Pressure Manifestations in Roadways Before and After High-Energy
Mining-Induced Earthquakes

When deploying stress sensors, the staff at the Yangcheng Coal Mine performed an ini-
tial calibration and established a periodic inspection cycle, with checks conducted every two
days to ensure the sensors’ proper operation and data accuracy. The calibration procedure
included verifying the sensor’s response to known reference loads, allowing inspectors to
fine-tune its sensitivity and ensure reliable data collection. Additionally, Yangcheng Coal
Mine used a calculation formula to convert the electrical signals recorded by the sensors
into actual stress values, taking into account the sensor’s calibration coefficients and envi-
ronmental factors. This process enabled the mine to obtain precise stress measurements,
accurately reflecting the stress changes within the rock mass. These calibrated values were
then used for further analysis of stress variations related to mining-induced seismic events.

o= Vout - Vref

S ®

where o represents the actual stress value, V,,; is the sensor’s output voltage, Vi is the
reference voltage, and S is the sensitivity of the sensor. This formula allows us to convert the
electrical signal into precise stress values, ensuring the reliability of the monitoring data.

Due to the limited advance of the 3308 working face, this paper focuses on analyzing the
stress variations recorded by the sensors at locations 23 to 28 in the track entry and 22 to 27 in
the belt roadway;, as other sensors are positioned farther from the cut, with low correlation to
the stress changes associated with high-energy mining-induced earthquake events.

The ten-day stress distribution of the KJ550 stress sensors in the track entry from
3 September to 12 September 2022 is shown in Figure 5. It is evident that on 11 September,
sensors 23 and 25 in the track entry showed a decrease in stress, while sensor 26 recorded an
increase in stress around 10 September. The response of sensor 28 was the most pronounced,
showing a sharp stress drop on 7 September, followed by a rapid increase, reaching levels
comparable to the initial stress at the time of sensor installation. This indicates that a
stress concentration occurred around sensor 28 on the track entry side before and after the
high-energy mining-induced earthquake event on 10 September.

The stress distribution over ten days (from 3 September to 12 September 2022) recorded
by KJ550 stress sensors in the belt roadway is shown in Figure 6. It is evident that most sensors
showed a minimal response, with low stress variation. Sensor 26 displayed a noticeable
response, with stress initially decreasing on 7 September and then gradually increasing.
Sensor 27 had a smaller response, with an increase in stress observed on 11 September.

According to the trend analysis above, prior to the high-energy mining-induced
earthquake on 10 September at the 3308 working face, certain stress sensors on the track
roadway side had already recorded abnormal data, particularly Sensor 28, which showed
a significant increase in stress from 7 September to 10 September. This indicates that
stress concentration was occurring within the coal-rock mass, with elastic energy gradually
accumulating. Following the high-energy event on 10 September, stress sensors on the track
roadway side detected a decrease in stress, while some sensors on the belt roadway side
showed an increase in stress. This phenomenon suggests that the elastic energy on the track
roadway side was released during the event, relieving the stress concentration. Additionally,
as the stress in the coal body was released, it also transferred to other areas, resulting in an
increase in stress detected by the sensors on the belt roadway side after 10 September. This
indicates that the high-energy mining-induced earthquake on 10 September occurred near
the track roadway side, where there was significant stress concentration.
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Figure 5. Stress variation trend of track conveyor roadway sensors 23-28 on the working face
(3-12 September): (a) stress graph of track conveyor roadway sensor 23 (3—-12 September); (b) stress
graph of track conveyor roadway sensor 24 (3-12 September); (c) stress graph of track con-
veyor roadway sensor 25 (3-12 September); (d) stress graph of track conveyor roadway sensor
26 (3-12 September); (e) stress graph of track conveyor roadway sensor 27 (3—-12 September); (f) stress
graph of track conveyor roadway sensor 28 (3-12 September).
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Figure 6. Stress variation trend of belt roadway sensors 23-28 on the working face (3-12 September):
(a) stress graph of belt roadway sensor 22 (3—-12 September); (b) stress graph of belt roadway sensor
23 (3-12 September); (c) stress graph of belt roadway sensor 24 (3—-12 September); (d) stress graph of
belt roadway sensor 25 (3-12 September); (e) stress graph of belt roadway sensor 26 (3-12 September);
(f) stress graph of belt roadway sensor 27 (3—-12 September).

The ten-day stress distribution of KJ550 stress sensors in the track conveyor roadway
from 13 December to 22 December is shown in Figure 7. It can be observed that most
sensors recorded a slight increase in stress prior to 20 December, followed by a slight

decrease after 20 December.
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Figure 7. Stress variation trend of track conveyor roadway sensors 23-28 on the working face
(1322 December): (a) stress graph of track conveyor roadway sensor 23 (13-22 December); (b) stress
graph of track conveyor roadway sensor 24 (13-22 December); (c) stress graph of track conveyor
roadway sensor 25 (13-22 December); (d) stress graph of track conveyor roadway sensor 26
(1322 December); (e) stress graph of track conveyor roadway sensor 27 (13-22 December); (f) stress
graph of track conveyor roadway sensor 28 (13—22 December).

As shown in Figure 8, the stress distribution of the KJ550 stress sensors in the belt
roadway from 13 December to 22 December reveals that sensors 22, 23, 25, and 27 experi-
enced a sudden increase in stress on 20 December, followed by a rapid decrease after the
high-energy mining-induced earthquake event. This indicates a sharp rise in stress at the
3308 working face between December 19 and 20 December, pointing to a significant stress
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Figure 8. Stress variation trend of belt roadway sensors 23-28 on the working face (13-22 December):

() stress graph of belt roadway sensor 22 (13—-22 December); (b) stress graph of belt roadway sensor 23
(13-22 December); (c) stress graph of belt roadway sensor 24 (13—22 December); (d) stress graph of belt
roadway sensor 25 (13-22 December); (e) stress graph of belt roadway sensor 26 (13-22 December);
(f) stress graph of belt roadway sensor 27 (13-22 December).

Overall, the high-energy mining-induced earthquake on 10 September was primarily
reflected in the sensors on the track gate side, whereas the 20 December high-energy event
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was more prominently detected by sensors on the belt roadway side. In comparison, the
stress variations on the belt roadway side were less distinct for the 10 September event,
while the 20 December event displayed a consistent pattern across sensors on both sides.

From the observed trend, the 20 December high-energy event appears to have occurred
directly at the working face or within its roof and floor. With elastic energy accumulating
in these areas, both sets of stress sensors at the working face showed a clear increase in
stress. When the event occurred, this elastic energy was released, leading to a subsequent
drop in stress at the working face and an outward transfer of stress, visible as a stress
decrease in sensors on both sides. The 10 September event, however, followed a different
pattern: the sensors on the track gate side displayed a typical energy release trend of first
increasing and then decreasing, while the belt roadway side exhibited an opposite trend.
This suggests that the high-energy event on 10 September likely did not occur directly at
the 3308 working face or its roof and floor, but rather involved stress release on the track
gate side, with part of the stress transferring to the belt roadway side.

3.3. Analysis of Microseismic Activity Patterns Before and After High-Energy
Mining-Induced Earthquakes

3.3.1. Time-Frequency Analysis of Microseismic Activity Patterns Before and After
High-Energy Mining-Induced Earthquakes

The microseismic statistics and advance data for the 3308 working face from 25 Au-
gust to 14 September are shown in Figure 9. During this period, the daily frequency of
microseismic events fluctuated between 10 and 25, with maximum energy per event not
exceeding 10,000 J and total energy not surpassing 40,000 ]. However, on 6 September, the
frequency of microseismic events surged to 32, and on 7 September it further increased to
47, with a maximum energy of 27,000 ] and a total energy of 114,000 ] on that day. Prior
to high-energy mining-induced earthquake events, the microseismic response typically
exhibits a sharp increase in frequency, with relatively low single-event and total energy
levels. As a high-energy event approaches, a “silent period” in microseismic activity often
emerges [20]. For instance, on 9 September, the frequency, maximum energy, and total en-
ergy of microseismic events all declined to low levels, indicating the imminent high-energy
mining-induced earthquake event on 10 September.
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Figure 9. Microseismic statistics and location information of the 3308 working face (25 August—
14 September).

It is noteworthy that precursors to a high-energy mining-induced earthquake were
evident in the 3308 working face prior to mining, with abnormal microseismic responses
beginning on 6 September. However, the extraction advance on 8 September was only
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0.8 m, suggesting a weak correlation between microseismic responses and the working
face advance.

The microseismic statistics and advance data for the 3308 working face from 5 Decem-
ber to 24 December are shown in Figure 10. During regular mining, the daily microseismic
frequency at the 3308 working face ranged from 10 to 34, with total energy between 10,000 ]
and 38,000 J, and maximum energy per event between 3500 ] and 36,000 ]. On 15 December,
the maximum energy per microseismic event reached 36,000 J, marking a high-energy event.
On the same day, the daily advance increased from 0.3 m to 0.8 m, indirectly contributing to
the high-energy mining-induced earthquake on 20 December. Additionally, a microseismic
“silent period” was also observed during this period, further indicating the impending
high-energy event on 20 December.
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Figure 10. Microseismic statistics and location information of the 3308 working face (5-24 December).

In mining-induced earthquake prediction and prevention research, the silent period
refers to a phase before a high-energy mining-induced earthquake event when the frequency
and energy levels of microseismic activity decrease markedly or even temporarily cease.
This phenomenon is considered a precursor signal of energy accumulation within the
rock mass, manifested by relative calm in mining-induced earthquake activity, while the
actual stress field continues to increase and concentrate [21,23]. In hard roofs or rock layers,
the occurrence of a silent period typically indicates an elevated risk of mining-induced
earthquakes or rockbursts. Due to their high strength and low deformability, hard rock
layers often do not exhibit significant deformation or fracturing during stress accumulation.
As the silent period lengthens, the accumulated elastic energy grows, and upon release, may
result in strong mining-induced earthquake events or even rockbursts. This phenomenon
is especially common near hard roofs or large structural faults.

Therefore, recognizing the silent period is crucial for mining-induced earthquake
prediction. By monitoring changes in microseismic activity frequency, mines can detect the
onset of a silent period and promptly implement precautionary measures, such as reducing
extraction speed, reinforcing support structures, or applying preventive pressure-relief
methods to mitigate potential disaster risks. In mine areas prone to high-energy mining-
induced earthquake events or rockbursts, monitoring and early warning of silent periods
are essential measures for ensuring mine safety.

The microseismic event location map for the 3308 working face during the periods
from 3 September to 12 September and from 13 December to 22 December is shown in
Figure 11. In this map, green points represent low-energy microseismic events (0-6000 J),
blue points indicate medium-energy events (6000-20,000 J), and red points represent high-
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energy events (greater than 20,000 ], based on the 20,000 ] microseismic warning threshold
set by the Yangcheng Coal Mine’s rockburst prevention design).

As observed, the low-energy events from 3 September to 12 September are nearly
evenly distributed across the working face and its two roadways, with a notably higher
occurrence of medium-energy events in the track roadway compared to the belt roadway.
High-energy events are primarily concentrated near the belt roadway and the cutout area
of the 3308 working face, with a few occurring within the DF60 fault-protected coal pillar.

From 13 December to 22 December, low-energy events were also nearly evenly dis-
tributed across the working face and its two roadways, with no medium-energy events
recorded during this period. Two high-energy events occurred in this timeframe: one near
the roof of the working face and the other in the roof direction on the track roadway side.
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Figure 11. Distribution map of microseismic event locations: (a) microseismic event location base
map (3-12 September); (b) microseismic event location base map (13-22 December).

3.3.2. Calculation of Mining-Induced Earthquake Source Mechanism

This study conducted microseismic localization and source mechanism analysis for
the two high-energy mining-induced earthquake events on 10 September and 20 December.
The waveform diagrams for these events are shown in Figures 12 and 13. Eight sensors
with clearer waveforms (highlighted in red), selected from sensors 1, 4, 5, 6,7, 9, 11, 14, 15,
and 16, were used for picking arrival times and performing localization calculations.

Assuming the source coordinates are (xs, s, zs ), the coordinates of the i-th sensor are
(xi,vi,zi), the propagation velocity of seismic waves is v, the occurrence time of the source
event is fy, and the arrival time recorded by the i-th sensor is ¢;. The distance between the
source and the sensor can then be expressed as [31]:

di = \/(xs —x)?+ (s —yi) + (zs —z) > = (t — to) ()
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For multiple sensors, a set of nonlinear equations can be established to determine the
source coordinates and the event occurrence time. In this study, eight sensors were selected,
allowing for the formation of eight equations:

) =0 (t—t)

2)°

\/(xs—x1)2+(ys y1)® + (
V(s — %)+ (55 — )2+ (

Zs — Z
Zs — Z

I
Q
—
<
[
~
N
~—

VGt = x6)% + (s — v)? + (25 — 28) = 0+ (£ — b)

By using the least squares method or nonlinear optimization techniques to solve these
nonlinear equations [32], the three-dimensional location of the seismic source and the
occurrence time t; can be obtained.

The moment tensor M;; is a second-order tensor used to describe the seismic source,
with the physical significance of characterizing the mechanical features of fault slip during
source rupture. The calculation formula for the moment tensor is as follows [33]:

Mij = - A pi - 4)

In this formula, y represents the shear modulus, reflecting the stiffness of the medium;
A is the area of the rupture surface; and y; and y; are the components of the normal vector
and the slip direction vector on the rupture surface, respectively.

The seismic moment M;; is the modulus of the moment tensor and can quantify the
scale of the rupture event. Its calculation formula is as follows:

For a microseismic event, the volume V of the rupture body is related to the seismic
moment My and the average slip D. The calculation formula is as follows:

My
V=——+ 6
D ©)
In this formula, M) is the seismic moment, y is the shear modulus, and D is the average
slip on the rupture surface.
In more precise source analysis, the released energy can be represented comprehen-
sively through the seismic moment and slip amount [34]:

My-D
24V ¢
. ‘1/[ .
Moment magnitude is a measure of earthquake size in seismology, based on the
seismic moment and directly related to the energy released by the source. The calculation
formula for moment magnitude is as follows [35]:

2
My, = 3 log,,(Mp) — 6.0 8)
In this formula, M,, represents the moment magnitude, and My is the seismic moment,

measured in Newton-meters (N-m). The seismic moment is typically obtained through
seismic wave inversion or estimated based on source parameters.
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The isotropic index (ISO) is commonly used to measure whether a rupture contains an
isotropic component [36,37]:

3M

ISO = )

When the ISO value is close to 0, it indicates that the rupture is purely shear. A value
greater than 0 suggests the presence of an isotropic component, and when ISO approaches
1, it signifies that most of the seismic moment is generated by tensile rupture.

The obtained microseismic localization and source mechanism results are shown in
the figures below. The coordinates for the high-energy mining-induced earthquake event
on 10 September are (11,629.29, 10,343.37, —833.27), located within the fault-protected coal
pillar behind the 3308 working face, near the fault, approximately 20~40 m above the coal
seam, 20-30 m from the cutout of the 3308 working face, and 30~40 m from the track
roadway. The fracture type was mixed (primarily shear), with an energy of 1.43 x 10°], a
moment magnitude of 0.904, and a fracture volume of 2.81 m3. During the 10 September
high-energy tremor, although the mining face had only advanced 0.8 m and the gob area
was relatively small with no large-scale roof sag, it is unlikely that roof failure alone would
cause such a large seismic event. The microseismic location revealed that the tremor
occurred in the roof of the 3306 fault protection pillar behind the 3308 panel, near the
DF60 fault. This indicates that the mining disturbance from the 3308 panel affected the
incompletely collapsed roof of the 3306 gob area, the DF60 fault, and the protection pillar,
leading to roof instability and fault slippage.
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Figure 12. Microseismic data and source mechanism of the 10 September mining-induced earthquake

event: (a) original microseismic waveform; (b) source mechanism.
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Figure 13. Microseismic data and source mechanism of the 20 December mining-induced earthquake

event: (a) original microseismic waveform; (b) source mechanism.

The coordinates for the high-energy mining-induced earthquake event on 20 Decem-
ber are (11,598.03, 10,310.52, —845.87), located 20-30 m above the track roadway of the
3308 working face in the roof area. This event was a tensile fracture, with an energy of
1.22 x 10° J, a moment magnitude of 0.19, and a fracture volume of 0.21 m3.

For the 3308 working face, rock mass failure occurring in the roof is relatively com-
mon. Regarding the two major mining-induced earthquakes, the high-energy mining-
induced earthquake on 20 September occurred near the roof of the fault protection pillar of
the 3306 panel, close to the DF60 fault. The high-energy mining-induced earthquake on
20 December occurred in the high-stress areas behind the 3308 longwall face.

Therefore, the location of the microseismic events is closely related to the mining
activities in the 3308 panel and the expansion of the gob area. The tremors were primarily
triggered by roof instability and fault slippage caused by mining-induced disturbances and
stress concentrations. As the gob area behind the 3308 panel continues to expand, there
remains a risk of high-energy tremors, mainly triggered by roof fractures under high static
and dynamic loads, influenced by high geological stress, especially tectonic stress, and
incompletely collapsed roofs. The influence of the DF56 and DF34 faults will also affect the
scale of future seismic events. Moreover, the side support pressure from the shallow gob
area and the uncollapsed roof will further impact the safe mining of the 3308 longwall face.



Appl. Sci. 2024, 14, 11951

18 of 25

3.4. Analysis of the Mechanism of High-Energy Mining-Induced Earthquake Events
(1)  For the high-energy mining-induced earthquake event on 10 September:

Stress Analysis: Prior to the 10 September high-energy mining-induced earthquake
event, there was a significant increase in stress on the track roadway side of the
3308 working face, which decreased following the event. However, stress on the belt
roadway side increased after the event, which does not align with the typical pattern of
high-energy events occurring within the working face and its roof or floor. This indicates
that the seismic event did not occur within the working face itself.

Microseismic Statistical Analysis: From a microseismic perspective, the frequency of
microseismic events surged on 6 September, accompanied by abnormal stress readings. Be-
tween 6 and 8 September, there was a marked increase in microseismic frequency, followed
by a “silent period” on 9 September. Additionally, Sensor 28 on the track roadway side
showed a sudden drop in stress on 7 September, which subsequently rose to 7.5 MPa, about
1.3 times the standard level. This combination of stress anomalies and the silent period
in microseismic activity signaled the impending high-energy mining-induced earthquake
event on 10 September.

Source Mechanism and Microseismic Localization: Given that the 3308 working face
advanced only 0.8 m by 10 September, with a limited goaf area and no large-scale suspended
roof, it is unlikely that roof fracturing alone could generate such a high-energy event.
Microseismic localization shows that the event did not occur within the working face or its
roof and floor but rather in the roof of the fault-protected coal pillar behind the 3308 face,
near the DF60 fault. This suggests that the disturbance from mining at the 3308 face
impacted the incompletely caved roof of the 3306 goaf, the DF60 fault, and the DF60-
protected coal pillar of the 3306 face, leading to roof instability, fracturing, and fault slippage.
Source mechanism analysis indicates this was a mixed-type fracture (primarily shear),
consistent with high-angle roof fractures and fault slippage. In summary, the 10 September
mining-induced earthquake event was primarily triggered by mining disturbances during
the initial extraction at the 3308 face, causing sudden roof collapse in the shallow goaf of
the 3306 face and the DF60-protected coal pillar, potentially accompanied by DF60 fault
slippage. The sensation of vibration and sudden strong airflow reported by underground
personnel further supports this conclusion. Although this mining-induced earthquake
event did not cause casualties or equipment damage, it disturbed the stress balance near
the cutout of the 3308 face, intensifying the stress concentration effect in that area.

(2) For the high-energy mining-induced earthquake event on 10 September:

Stress Analysis: Prior to the 20 December event, stress levels on both roadways at the
3308 working face increased, followed by a decrease after the event. This aligns with the
typical pattern of mine mining-induced earthquake events within the working face and its
roof and floor, where stress concentration and elastic energy buildup within the coal and
rock mass are relieved after the release of accumulated energy, resulting in a decrease in
stress on both roadways.

Microseismic Statistical Analysis: On December 15, the energy of microseismic events
significantly increased, accompanied by an increase in daily advance from 0.3 m to 0.8 m.
Subsequently, microseismic activity entered a “silent period”, followed by the high-energy
event on 20 December. Microseismic localization shows that this event occurred approxi-
mately 20 m above the track roadway of the 3308 working face.

Source Mechanism and Microseismic Localization: The 20 December event was char-
acterized by tensile fracturing, with energy and magnitude consistent with microseismic
events induced by roof fractures. In summary, the 20 December high-energy mining-
induced earthquake event was primarily caused by the combined effects of mining activity
and stress concentration leading to roof movement within the coal seam. Although this
event did not result in casualties or equipment damage, it warrants attention and preven-
tive measures to mitigate subsequent mining-induced earthquake events and rockbursts
that could affect the 3308 working face.
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As the goaf area of the 3308 working face continues to expand, risks of high-energy
mining-induced earthquake events persist due to factors such as high ground stress (es-
pecially structural stress), fault influence, incompletely caved roofs, fault-protected coal
pillars, and mining disturbances. These risks are primarily associated with roof fractur-
ing under high static and dynamic loads. As the working face moves farther from the
DF60 fault, faults on the belt roadway side, such as DF56 and DF34, may influence the
scale of mining-induced earthquake events. Additionally, lateral support pressure from
shallow goaf areas and the incompletely caved roof may impact the safe extraction at the
3308 working face.

In conclusion, while microseismic and stress monitoring each have strengths in iden-
tifying mining-induced earthquake events and analyzing stress distribution, relying on
a single method presents clear limitations in mining-induced earthquake prediction and
early warning. Microseismic monitoring cannot directly reflect dynamic stress concen-
tration, and stress monitoring is unable to capture the spatiotemporal characteristics of
microseismic activity. These limitations hinder the accurate delineation of risk areas and the
effectiveness of control measures. Therefore, integrating multiple monitoring and analysis
methods—including microseismic, stress, and source mechanism analyses—is essential to
enhance the reliability and accuracy of mining-induced earthquake predictions and support
the prevention of rockbursts during subsequent extraction at the working face.

4. Risk Assessment and Countermeasures for Mining-Induced Earthquake at the 3308
Working Face

Based on the specific conditions of the 3308 working face, this study proposes a sys-
tematic method for delineating mine mining-induced earthquake risk zones. By analyzing
stress concentration areas, microseismic characteristics, and source mechanisms, mine
mining-induced earthquake risk zones were identified. Subsequently, targeted control
measures were developed for each risk area to enhance disaster prevention and mitigation
effectiveness, ensuring the continuous safe extraction of the mine as shown in Figure 14.
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Figure 14. Risk Zone Delineation Process.
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4.1. Key Management Areas for Mining-Induced Earthquake

Based on the above analysis and the monitoring factors of mine pressure and mi-
croseismic activity during the development and extraction of the 3308 working face, key
management areas for mining-induced earthquake events have been identified, as shown
in Figure 15. In this figure, red indicates high-risk management areas, while blue represents
low-risk management areas.
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Figure 15. Risk zone delineation for the 3308 working face.

Based on the analysis of the primary controlling factors of mining-induced earthquakes
described above, the key management areas for mining-induced earthquake events are
identified as follows:

(1) High-Risk Management Area: Within 100 m of the initial extraction track roadway,
belt roadway, and cutout. This area is delineated due to its proximity to the DF60
fault, a major stress concentration zone in the Yangcheng Coal Mine. Microseismic
monitoring data show that both previous high-energy mining-induced earthquake
events occurred near this area, indicating a strong energy accumulation trend. Ad-
ditionally, during initial extraction, mining disturbances can easily activate the fault,
triggering high-energy mining-induced earthquake events and elevating the area’s
risk. Stress monitoring results indicate significant stress concentration in this area, and
fault slippage is highly susceptible to influence. For example, Tang [38] analyzed the
mechanical mechanisms of fault activation using numerical simulation and theoretical
analysis. They studied the interaction between mining stress and fault activation and
explored the impact of fault dip angle on fault rupture activation and the evolution
of mining stress. Therefore, this area is designated a high-risk management zone for
mining-induced earthquake events.

(2) High-Risk Management Area within 100-200 m of the Cutout in the Track Roadway:
This area, adjacent to the cutout, is influenced by stress conduction from the primary
stress transmission, with notable initial extraction stress concentration effects, creating
a high mining-induced earthquake risk. The primary stress transmission mechanism
keeps the stress level in this area elevated, with microseismic monitoring data indi-
cating frequent high-energy mining-induced earthquake events and a clear energy
accumulation trend. According to the stress attenuation formula, although stress
gradually decreases with distance from the cutout, it remains highly concentrated
within this range. Zhang et al. [39] conducted a simulation study on the displacement,
stress, and distribution of the plastic zone near the fault in the roadway. Therefore,
strong management measures should be implemented here to effectively prevent
seismic hazards.

Stress attenuation formula [40]:

c=0p+a-exp(—p-d) (10)
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In this formula, o represents the stress at the current location, oy is the initial stress at
the reference location, « is the stress concentration factor, j is the attenuation coefficient,
and d is the distance from the high-stress area.

(8) Low-Risk Management Area within 250-350 Meters of the Cutout in the Track Road-
way: Due to the attenuation effect of primary stress transmission, stress levels in this
area gradually decrease. According to the stress attenuation formula, stress exhibits
an exponential decay with increasing distance from the cutout, resulting in lower
stress levels within this region. Additionally, historical microseismic monitoring data
indicate significantly lower energy and frequency of microseismic events in this area
compared to high-risk zones, suggesting limited energy accumulation and defining it
as a secondary risk zone. Being farther from major faults, this area is less affected by
structural stress, making it a low-risk zone overall.

(4) High-Risk Management Area within 250-350 Meters of the Cutout in the Belt roadway,
Coupled with DF56 Fault: This area is designated due to the strong influence of the
DF56 fault, which has a high risk of slippage. Mining activities may induce fault
slippage, causing intense fluctuations in the local stress field. Microseismic monitoring
results show increased frequency and energy of microseismic events in this region,
with pronounced stress accumulation near the fault. Consequently, this area poses a
high risk for induced mining-induced earthquake events and should be considered a
high-risk management zone.

(5) High-Risk Management Area within 430-500 Meters of the Cutout in the Track Road-
way, Near FD34 Fault: This area is adjacent to the FD34 fault, which exhibits a
significant structural stress concentration effect. Historical monitoring data indicate
that slippage along the FD34 fault may trigger high-energy mining-induced earth-
quake events. Feng et al. [41] investigated the effects of fault dip angle (6), fault
strike angle (@), fault zone width (d), and the distance between the working face and
the fault (I) on the spatiotemporal evolution of stress and elastic potential energy.
As extraction progresses, the likelihood of fault slippage increases. Microseismic
monitoring results show frequent fracturing events with high energy levels, suggest-
ing a substantial potential for mining-induced earthquakes; therefore, this area is
designated as a high-risk management zone.

(6) Low-Risk Management Area within 350-780 Meters of the Cutout in the Belt roadway,
Near DF56 Fault: Although this area is near the DF56 fault, its considerable distance
from the fault results in minimal stress concentration influence. Microseismic monitor-
ing data show significantly lower energy and frequency of microseismic events in this
area compared to other high-risk zones, with limited localized stress accumulation,
indicating low seismic risk. However, given the potential for stress transmission,
ongoing monitoring is still necessary, and thus, this area is designated as a low-risk
management zone.

4.2. Recommendations for Mining-Induced Earthquake Prevention and Control

Before the occurrence of high-energy mining-induced earthquake events at the
3308 working face, the Yangcheng Coal Mine implemented combined support measures in-
cluding anchors, nets, cables, and belts, based on the relatively weak roof support strength
to ensure that the roadway support system could withstand mining-induced earthquake
events up to a magnitude of 2.48. This support system was designed to resist vibration
energy of up to 3.25 x 10° J from beyond 20 m of the roadway surrounding rock (based
on calculations in the “Anti-Burst Design for the 3308 Working Face at Yangcheng Coal
Mine”). Monitoring and early warning methods included the drill cuttings method, micro-
seismic monitoring systems, and an online stress monitoring system for rockburst, enabling
multi-level monitoring.

For stress relief, the Yangcheng Coal Mine utilized drilling-based pressure relief,
targeting low-to-moderate risk zones with large-diameter relief boreholes spaced no more
than 1.6 m apart in a blanket layout during development. These boreholes were positioned
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between rows of anchor bolts to minimize damage to the support system. Each borehole
had a diameter of 150 mm, a distance of 0.5 to 1.5 m from the floor, an angle consistent with
the coal seam, and a depth of 20 m, with spacing adjusted according to site conditions.

Following the high-energy mining-induced earthquake event, the Yangcheng Coal
Mine promptly implemented additional measures, reducing borehole spacing to “one
borehole per row of bolts” and extending the depth of sidewall boreholes to 25 m. When
pressure relief was insufficient, explosives were loaded into boreholes for blasting, with
deep-hole blasting directed toward the fault-protected coal pillar. This series of actions
significantly reduced microseismic energy; statistics showed a marked reduction in maxi-
mum and total microseismic energy in December after the high-energy mining-induced
earthquake event in September, alongside a noticeable decrease in microseismic responses.

Based on existing control measures and this study, the following recommendations
are proposed to further optimize high-energy mining-induced earthquake event control at
the Yangcheng Coal Mine:

(1) Optimize sensor networks to enhance the accuracy of microseismic localization.

(2) Strengthen technical training to improve the data processing skills of personnel in
microseismic and stress monitoring.

(3) Adjust the working face layout to avoid the influence area of fault-protected coal
pillars and redesign the cutout position; consider relocating the belt roadway layout
to avoid proximity to the DF56 fault.

(4) Dirill high-level roof boreholes toward the goaf and fault-protected coal pillar along
the 3308 track roadway for pressure relief, using hydraulic fracturing and deep-hole
blasting to alleviate stress in the fault-protected coal pillar while caving in the goaf
area to interrupt support pressure transmission.

(5) Analyze microseismic data in-depth to ensure timely responses.

(6) Optimize extraction speed and recalculate support pressures, reinforcing supports
if necessary.

(7) Enhance support and monitoring in key management areas, implementing timely
pressure relief, caving, and other measures to prevent rockburst hazards.

These measures aim to further reduce the impact of mining-induced earthquake events
on the 3308 working face, ensuring the safety and stability of the mining process. Through
risk zone delineation for the 3308 working face and targeted control measures in high-risk
areas, no further high-energy mining-induced earthquake events occurred at this working
face from the initiation of these control measures until the end of extraction. This outcome
demonstrates that the proposed risk zone delineation method and control strategy in this
study effectively support safe deep coal mining and provide a sound technical and scientific
basis for future mine safety.

5. Conclusions

(1) A single monitoring method has significant limitations in analyzing precursors of
high-energy mining-induced earthquakes and identifying hazardous areas. Although
microseismic monitoring can provide information on the location and energy of
fracture events within the coal-rock mass, it has difficulty directly reflecting the
dynamic changes in stress concentration around the roadway surrounding rock,
making it challenging to identify risk characteristics of stress accumulation zones.
Meanwhile, while the coal body stress monitoring system is highly sensitive and
can capture local stress changes, it cannot effectively capture the spatial distribution
of fractures and mining-induced earthquake events or their temporal occurrence
patterns. As a result, it is difficult to obtain complete precursor information. These
limitations make it challenging for a single monitoring approach to comprehensively
identify precursors of high-energy mining-induced earthquakes and to accurately
delineate potential high-risk areas, thus constraining the effectiveness of mining-
induced earthquake prevention and control.
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(2) Through integrated analysis of stress monitoring and microseismic data, the pri-
mary controlling factors of high-energy mining-induced earthquake events at the
3308 working face were identified, including stress fluctuations in high-stress con-
centration zones and activation of the DF60 fault and its protected coal pillar. The
monitored “silent period” preceding high-energy mining-induced earthquake events
indicated internal energy accumulation, a critical precursor signal for mining-induced
earthquake events. Source mechanism analysis confirmed that the fracture mode of
mining-induced earthquake events aligns with fault slippage characteristics.

(3) By conducting comprehensive multi-parameter data analysis, the spatial-temporal
evolution characteristics of high-energy mining-induced earthquake events were
determined, and a method for identifying high-risk areas was proposed, leading
to the delineation of high-risk management zones for mining-induced earthquake
events. Measures such as dynamic pressure relief drilling and deep-hole blasting were
implemented. Practical results demonstrate that the integrated hazard identification
method and control measures combining microseismic and stress monitoring effec-
tively mitigated high-energy mining-induced earthquake events, providing reliable
assurance for safe production in deep coal mining.

By integrating monitoring data to delineate high-risk areas, the study provides a
scientific basis for implementing targeted mining-induced earthquake risk management
strategies. The findings of this study have significant practical value for improving safety
in deep coal mining. By integrating monitoring data to delineate high-risk areas, the
study provides a scientific basis for implementing targeted mining-induced earthquake risk
management strategies. The identification of key risk zones supports the implementation of
effective control measures, such as dynamic pressure relief drilling and deep-hole blasting,
which have been proven to mitigate mining-induced earthquake hazards and ensure safe
mining operations. Furthermore, the methods proposed in this study can be integrated into
existing monitoring systems, providing early warnings and enabling timely preventive
measures to minimize potential losses.

Despite the promising results, several limitations must be acknowledged. First, the
study focused on the 3308 working face, and further validation of the proposed method in
different mining settings and geological conditions is necessary to ensure its generalizability.
Second, while the integration of stress and microseismic data provided valuable insights,
other factors such as geological heterogeneity and the effects of mining-induced fractures
on surrounding rock stability remain underexplored. Future research should focus on
developing more advanced modeling techniques to account for these complex factors and
improve the predictive capability of the monitoring system. Additionally, the potential use
of artificial intelligence (AI) and machine learning techniques for real-time data processing
and analysis could further enhance the accuracy of seismic hazard forecasting and risk
mitigation strategies.
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