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Microseismic monitoring has proven to be an effective approach for detecting
and preempting water inrush incidents within mining operations. However,
challenges persist, particularly in terms of relying on a singular early warning
index and the complexities involved in quantification. In response to these
obstacles, a dedicated investigation was undertaken against the backdrop of
mining activities at the 11,023 working face of Paner Coal Mine. Primarily,
a novel methodology for categorizing the roof and floor into distinct zones
was established based on the vertical distribution of microseismic events.
Furthermore, this study delves into the dynamic evolution of key source
parameters, such as microseismic energy, apparent stress, and apparent volume,
amidst mining disturbances, enabling a comprehensive evaluation of the risk
associated with roof and floor cracking, as well as potential water inrush
incidents. A groundbreaking approach to early warning was proposed, operating
on three pivotal dimensions: the depth of fractures, the intensity of fractures,
and the likelihood of water inrush. Through rigorous validation during mining
operations at the 11,023 working face, the efficacy was substantiated. Ultimately,
the achievements offer invaluable insights and practical guidance for the
advancement and implementation of water inrush early warning systems in coal
mining contexts.
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1 Introduction

Water inrush is a common geological disaster in coal mines. During the process of
mining, it is caused by the combined action of disturbed stress and water pressure, leading
to the failure of surrounding rocks and the sudden inrush of a large amount of groundwater
into the mine (Yin et al., 2022; Li et al., 2024). The water inrush disaster brings extremely
heavy economic losses and casualties to coal mining. In recent years, with the exhaustion
of shallow coal resources and the increase of mining intensity, coal mine water disasters
have become more severe. The incubation of coal mine water inrush is affected by many
factors and is a complex process involving the gestation, development and formation of
water channels. Researchers have carried out in-depth research on the mechanism of water
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inrush and reinforcement technology (Kang et al., 2023; Ren et al.,
2023; Wang et al., 2023). Zhang (2005) revealed that reduction of
confinement due to mining is a major cause of water-conducting
failure in the floor strata. Ding et al. (2014) pointed out that high-
intensity mining of water-rich coal seams can lead to changes in
stratum behavior, such as roof caving and water inrush. Zhang et al.
(2017) verified the role of stress fields and seepage fields in
the formation of water channels through physical experiments.
Mining-induced fractures in the surrounding rock of a coal mine
roof connect and extend upward to form these water channels
(Sun et al,, 2022). Based on a large number of cases of water inrush
in karst tunnels, Lietal. (2016) proposed that the main factors
affecting water inrush are karst hydrogeology and engineering
disturbance. Li et al. (2021a) proposed a logistic regression model to
describe the effects of compressive stress and grain size distribution
on permeability and nonlinear flow characteristics of fractured
rock mass. Maetal. (2022a), Maetal. (2022b) conducted one-
dimensional radial seepage test and numerical simulation to study
the process and law of water channel formation in fault rock until
water inrush. In summary, water inrush is closely related to the
redistribution of stress fields caused by excavation, cracking damage
to surrounding rocks.

It can be seen that micro-fractures are an important precursor
feature of water inrush disasters (Zhang et al., 2023; Liu et al., 2024;
Shen, 2024; Zhang et al., 2024). Therefore, to monitor and forecast
coal mine water inrush disasters, in addition to monitoring water
flow, temperature, and pressure, it is crucial to understand the
essential mechanism and precursor patterns of micro-fractures for
developing analytical and forecasting methods (Lietal., 2021b;
Feng et al., 2022; Gong et al., 2022; Feng et al., 2023a; Gong et al.,
2024). Microseismic monitoring technology has been proved to
be an effective method for coal mine water inrush monitoring
and early warning (Chen etal.,, 2023; Wangetal., 2024). It can
accurately locate the spatial position of water inrush channels,
and real-time monitor the occurrence and expansion of rock
bursting and micro-damage. For example, Liu et al. (2023) used a
microseismic monitoring system to accurately predict and locate
the water inrush path in a coal mine. Tuetal. (2021) proposed
an improved microseismic monitoring technology scheme for
locating the spatial position of water inrush channels in tunnel
construction. Wangetal. (2021) constructed a comprehensive
intelligent early warning recognition model for coal mine water
inrush based on analysis of multiple precursor factors using
long-term monitoring data. Maetal. (2021) used microseismic
monitoring, theoretical calculation and numerical simulation
methods to analyze the failure characteristics of coal seam floor,
providing reference for preventing underground water inrush
disasters. Yuetal. (2022) proposed the use of mixed frequency
microseismic waveform recognition to identify potential water
hazards and achieve early warning. Yinetal. (2023) introduced
a data-driven method that combines machine learning and deep
learning models to analyze microseismic events, improving the
accuracy and effectiveness of water inrush prediction. However, the
precursor early warning of water inrush based on microseismic
monitoring faces challenges in quantifying warning indicators.
Water inrush is an occasional disaster, making it difficult to
determine the threshold values of disaster warning indicators based
on normal microseismic activity characteristics.
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In addition, the division of three zones at the roof and floor
of coal mines is also conducive to risk assessment and prediction
of water inrush. Jing et al. (2006) emphasized the role of geological
features such as collapsing rocks and rock layer separation, as well
as the impact of overlying strata movements, on the formation of
water inrush. Qiu et al. (2022) highlighted the weakening effect of
faults on the key stratum, leading to multiple separation layers and
increased water-conducting fractures. Wu et al. (2022) simulated
the nonlinear water inrush process by solving the Darcy-Brinkman
flow equation for the host rock and the fault zone based on the
concept of “Three Zones” fault structure. Wei et al. (2010) predicted
the risk of water inrush in the water-bearing strata of the coal
seam floor based on the “lower three zones” theory. Building
on the three-zone theory, Chengetal. (2017) proposed a more
detailed zoning method based on the elevation distribution of
microseisms. It can be seen that microseismic monitoring results
can help divide three zones and cracking depth at roof and floor,
assisting in dynamic early warning of water inrush risks. The
division of the three zones is mainly from the perspective of
microseismic spatial distribution and disturbance range of roof and
floor to assist water inrush early warning. Together, they used the
microseismic location results to measure the failure depth of the
roof and floor.

To address the issues and shortcomings in water inrush
warning, this study was conducted against the background of
the 11,023 working face mining in Paner Coal Mine. The roof
and floor three-zone classification criteria were established based
on the spatial distribution of microseismic activities during
initial back mining. The evolution patterns of microseismic
events in the roof and floor under mining disturbance were
analyzed. On this basis, a comprehensive warning method for
roof and floor cracking and water inrush risk was established
and applied for verification. The research results can provide
references for the research and application of coal mine water
inrush warning.

2 Engineering background
2.1 Working face overview

The 11,023 working face of Paner Coal Mine is located in the
eastern mining area, Panji District, Huainan City, Anhui Province.
The designed length of the upper gate road is 580 m, the lower
gate road is 760 m, the cutting length is 130 m, and the working
face elevation is —442.8 to —474.1 m. The working face is arranged
along the strike, with a mining direction length of 605m, an
inclined width of 125m, an area of 75,625 m*
the retreat longwall mining method and fully mechanized top

, and it employs

coal caving mining process. The entire caving method is used to
manage the roof. The third coal seam thickness in the excavation
block of the 11,023 working face ranges from 4.0 to 5.8 m, with
an average thickness of 5.0 m. The coal seam angle is 3-15°
with an average of 9°. The overlying fourth coal seam at —350 to
—400 m stage has been mined. The underlying 11,221 working face
has been connected. The plan view of the 11,023 working face
is shown in Figure 1.
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FIGURE 1

Plan view of the 11,023 working face.

2.2 Geological survey

Within the mining block of the working face, the immediate roof
consists of dark gray mudstone with a thickness of approximately
1.1-12.0 m and an average thickness of 7.0 m. The compressive
strength ranges from 22.2 to 35.1 MPa. The old roof is composed of
medium-fine sandstone with a thickness of 7.9-17.0 m and an average
thickness of 12.0 m. The direct floor is mudstone with a thickness
of 1.0-2.0 m and an average thickness of 1.5 m. The average distance
between the third coal seam and the underlying first coal seam is 1.5 m,
and the distance from the first coal bottom to the C;I limestone roof
is 13.20-19.37 m. Details are provided in Table 1. Based on the above
information, the roof of the third coal seam is composed of mudstone,
sandstone, and medium-fine sandstone. The lithology varies greatly,
the thickness is extremely unstable, mostly mud-calcium cemented,
and a small amount is silica-cemented. It belongs to an unstable to
moderately stable roof, and the overlying rock lithology is classified as
medium-hard to soft and weak types. According to the drilling and
geological data analysis of the 11,023 bottom extraction roadway, the
working face is located in the southern wing of the Panji anticline, and
the geological structure is relatively complex. There are 21 faults in the
mining area, with a maximum fault drop of 5 m, including three faults
with a drop greater than 3 m.

2.3 Threat of water hazards

Based on mining data, surface drilling, geophysical data, and the
analysis of the results of surface area management projects, there are
no collapsed columns or water-conducting faults within the scope
of the working face. The main factors affecting the advance of the
working face are water from Taiyuan Group limestone karst, water
from sandstone fractures in the roof, and fault water. The Taiyuan
Formation limestone can be divided into three groups from top to
bottom, namely, Group C;I, Group Cs1II, and Group C,I1I, with each
group containing 3-6 layers of limestone. They are all weakly water-
rich. The bottom of 11,023 working face is 12.2-32.0 m away from
Group C;I limestone, with an average distance of 20.7 m. During
excavation, the direct source of water supply is the karst water from
Group C;I limestone in the floor, which is the main threat of water
damage during the mining period.
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According to exploration data, Group Cs;I limestone includes
four layers of limestone, with C, I' and C;I* as thin layers without
water, and C,I>"PPe" and C,I%1°"" as thicker layers with slight water
content. The thickness of Group C;I is 16.9-43.1 m with an average
of 32.5 m, and the total thickness of limestone is 11.4-23.1 m with
an average of 16.1 m. Two pumping tests and one water injection test
were conducted within the mining area for Group C,I limestone,
with unit water inflow Q = 0.000009-0.0003L/(s.m), permeability
coeflicient K = 0.000021-0.0013 m/d, weak water richness, and poor
water conductivity; the mineralization degree is 2.104-2.980 g/L,
and the water quality is CI-HCO3-K+Na type with a temperature
range of 38°C-42°C.

3 Fiber optic microseismic monitoring
system

When cracks occur, propagate, and friction within rocks, the
cumulative energy is released in the form of stress waves, generating
microseismic events that propagate in the form of P-waves and S-
waves. The microseismic monitoring system uses seismic detectors
or acceleration sensors to convert received waveforms into electrical
signals, which are then transformed into data signals through a data
acquisition system. With specialized data processing software, the
system can accurately determine the time, location, and magnitude
(space-time strength) of microseismic events in three-dimensional
space. This enables qualitative and quantitative evaluations of the
extent, stability, and development trends of rock damage activities.

3.1 Basic principles and monitoring
mechanism

The adopted fiber optic microseismic monitoring system is
based on Michelson fiber optic vibration monitoring technology,
providing high-precision and intelligent monitoring of rock
fiber
with advantages such as high sensitivity, wide

microfractures. The optic microseismic monitoring
instrument,
frequency response, and large dynamic range, meets the monitoring
requirements for a broad frequency band of coal and rock fracture

vibrations from low seismic to high seismic frequencies. The fiber
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TABLE 1 Coal seam roof and floor conditions.

Roof/Floor

Old roof

Thickness (m)

7.9-17.0

10.3389/feart.2024.1436970

Rock type

Medium-fine sandstone: Gray, thick-layered,
medium-fine grain structure, parallel bedding,
primarily composed of quartz with small amounts of
feldspar and muscovite, visible mudstone interlayers,
brittle, hard

3rd coal seam

4.0-5.8

Coal: Black, blocky to powdery, semi-dull to
semi-bright type

Parting rock

1.0-2.0

Mudstone: Dark gray, blocky, dominated by muddy
structure, visible plant-induced fragments, fragmented
in nature

Ist coal seam

2.0-4.8

Coal: Black, blocky to powdery, semi-dull to
semi-bright type

Direct floor

0.8-2.2

Mudstone: Dark gray, blocky, dominated by muddy
structure, containing small amounts of sandy
components, visible plant-induced fragments,
unevenly developed coal seams, fragmented in nature

optic microseismic monitoring system in this project consists of one
host unit of a 16-channel mine explosion-proof and intrinsically safe
fiber optic microseismic monitoring device, 16 sensors, one set of
ground collection servers, and supporting microseismic collection
and processing software systems, all connected by armored fiber
optics, as shown in Figure 2.

(1) The mine explosion-proof and intrinsically safe fiber optic
microseismic monitoring device host is divided into three
main components: fiber optic laser module, signal acquisition
and demodulation module, and data acquisition module.
The host creates a fiber optic microseismic monitoring array
through a wavelength division multiplexing network using
the light generated by the fiber optic laser module. The
microseismic vibrations collected by the fiber optic sensors
are converted into analog signals by the signal acquisition and
demodulation module, then transformed into digital signals
by the data acquisition module before being sent to the data
processing and analysis warning center for further analysis.

(2) The fiber optic acceleration sensor uses a polarization-
independent fiber optic Michelson interferometer based on
a push-pull structure. Under the action of microvibrations
generated by rock fractures, the mass block stretches or
compresses the elastic body, causing deformation in the fiber
wound around the elastic body, creating interference phase
difference. The change in optical phase shift is proportional
to acceleration. Through backend phase demodulation
technology, the acceleration signal is restored, achieving
microseismic acceleration monitoring.

3.2 Microseismic monitoring scheme

Considering the geological conditions of the 11,023 working
face and ensuring the accuracy of event location, a total of
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16 microseismic monitoring points were deployed in the 11,023
working face network, as shown by the cyan dot in Figure 1.
Eight microseismic monitoring points were arranged in the upper
gate road with a distance of approximately 80 m between adjacent
points, and eight were arranged in the lower gate road with
a distance of about 85 m between adjacent points. This spatial
arrangement provided comprehensive monitoring of the 11,023
working face in all directions. The first microseismic monitoring
point in the upper gate road was approximately 95 m from the
cutting head, while the first point in the lower gate road was
about 145 m from the cutting head. The collection station located
in the return airway and connected to the surface through fiber
optics for signal transmission to the ground server and storage.
The layout scheme of the microseismic monitoring system network
is shown in Figure 3. The detectors adopted the single-axis highly
sensitive acceleration sensors, which needed to be placed at the tail
of the support anchor rod (anchor rod length 2.5 m) with the help of
connecting joints.

3.3 Data processing approach

Once microseismic waveforms are collected, the system
uses a recursive STA/LTA algorithm for initial screening.
Waveforms triggered by four or more channels within 0.4 s
are marked as suspected events and saved. Suspected events
contain both microseismic signals (as shown in Figure 4A) and
a significant amount of construction noise and interference
signals, such as drilling, human movement, drainage pumps,
etc. (as shown in Figure 4B). Noise signals are identified and
removed through signal analysis. After picking the arrival times
of microseismic P waves, the simplex method is used for location.
Based on feedback from location results, the software calculates
theoretical P wave arrival times for correcting and optimizing arrival
time picking and location errors.

frontiersin.org


https://doi.org/10.3389/feart.2024.1436970
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Zhang et al.
Sensor
installation
Sensors
Acquisition
Microseismic
monitoring host
FIGURE 2

Fiber optic microseismic monitoring system.
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The layout scheme of microseismic monitoring system on the 11,023 working face.

3.4 Solution of source parameters

After microseismic event location, source parameters can be
solved, focusing on seismic moment, energy, apparent stress, and
apparent volume, and energy density.

3.4.1 Seismic moment

The seismic moment numerically equals the work done during
the source tension or faulting process, causing corresponding non-
elastic deformation. It is a scalar quantity. A larger seismic moment
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indicates more severe damage to the source area. The seismic
moment can be estimated using Eq. 1 (Aki, 1968):

4mpvp PRO
M= PVps P,S

1
Fon 1

where p is the density of the source rock, v is the P-wave or S-
wave velocity, R is the source distance, Q is the low-frequency
displacement amplitude, and F is the root mean square of the
far-field displacement pattern mapped onto the source sphere for
P-waves (Fp = 0.516), and for S-waves (Fg = 0.632).
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FIGURE 4
Typical waveforms: (A) rock fracture waveform and (B) noise waveform.

3.4.2 Energy

Microseismic radiation energy (referred to as energy) is the
energy of stress waves radiated outward during the rock fracture
process. In the time domain, the radiated seismic energy of P-waves
or S-waves is proportional to the integral of squared velocity signal,
represented by Eq. 2 (Snoke, 1987):

E = 4mpvp sR*Sy, 2

where Sy, is the integral of the square of the velocity spectrum.

3.4.3 Apparent stress
The apparent stress represents the stress level at the source,
expressed by Eq. 3 (Wyss and Brune, 1968; Wyss and Brune, 1971):
_uE

Op= 57 = §(00+01)

i ©)

where p is the rigidity of the rock mass, £ represents the seismic
efficiency, o, stands for the initial stress, o, is the residual stress.
The larger the apparent stress of the microseism, the greater the
energy released in the process of achieving the same non-elastic
deformation.

3.4.4 Apparent volume

The apparent volume measures the volume of rock body that
undergoes the corresponding non-elastic strain under the effect of
apparent stress, and the calculation formula is as follows:

M _ M
AT 5 T 5% (4)
20, 2uE
In Eq. 4, the physical unit of the apparent volume is m?, so it is

convenient to accumulate and can also be analyzed in the form of
a heat map.
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4 Spatial microseismic distribution
and division of three zones

The rock failure of the roof and floor and the evolution of
water-conducting fractures caused by mining in the working face
are essentially the macroscopic manifestations of micro-fracture
behaviors such as the expansion of the original cracks and the
formation of new cracks. Based on the spatial clustering properties
of microseismic events, the depth of the concentrated region of
micro-fracturing is regarded as the depth of roof and floor damage.
Therefore, it is reasonable to associate the spatial distribution of
microseismic events with the distribution of geological layers to
determine the depth of floor damage.

4.1 Spatial microseismic distribution

Based on the analysis of microseismic data from 11,023 working
face from October to November 2022, spatial analysis of the
microseismic events was conducted. Figure 5 represents the statistical
count of microseismic events changing with elevation. It can be
seen that microseismic events during different time periods show
similar distribution characteristics in terms of elevation. Most of the
microseismic events are distributed within the range of 0-30 m in the
floor and 0-20 m in the roof. There are more microseismic events in
the floor than in the roof, indicating that the floor is affected by mining
activities resulting in more extensive damage.

Additionally, the variation in the degree of microseismic event
clustering in the roof and floor can be observed. There are notable
turning points in the number of microseismic events within the
30-40 m range of the floor and the 20-30 m range of the roof.
This indicates that the failure depth of the floor is not completely
stratified according to the geological structure. Consequently, it is
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The distribution of microseismic events on elevation in different
time ranges.

necessary to determine the depth of roof and floor damage based
on the vertical distribution of microseismic events to dynamically
assess the damage situation.

Figure 6 shows the distribution of microseismic events in the
horizontal direction. It can be seen that during October and
November, microseismic events were mainly distributed within a
range of 100 m in front of the working face. The quantity and energy
of the events increased near the 1# fault anomaly area, mainly due to
the mining activities that disrupted the static equilibrium of the fault
structure, causing the fault to release a large amount of energy and
inducing a great deal of microseismic activity. Early roadway sides
also saw microseismic activity, mainly due to mining disturbance-
caused stress changes in the surrounding rock, plus the extension of
the 1# fault anomaly area from the working face to beyond. The rock
on the outer side of the roadway is prone to fragmentation.

4.2 Division of the roof three zones

After the roof of a coal mining face collapses, the rock layers above
progressively fall, layer by layer, until the collapsed gangue comes into
contact with the overlying rocklayers. This zone of collapse and damage
is known as the roof caved zone. After the free fall of the roof rock,
the rock layers above the collapse zone continue to sink and bend.
When this bending exceeds the strength of the rock layers, tensile
fractures and eventual breakage occur. This process develops layer by
layer upwards until the overall sinking and bending of the overlying
rock layers ceases. This part is referred to as the fractured zone.

Based on the range of microseismic activity in the roof, an
analysis of the damage height of the roof rock layers is conducted.
Since the distribution of microseismic events’ height may not
necessarily conform to the statistical distribution in Figure 5, using
the turning point of the statistical distribution as the basis for
dividing the three zones may not reflect the actual situation.
Therefore, the height of the caved zone is inferred from the height of
80% of the microseismic events. The data analysis infers the height of
the caved zone to be about 31.72 m. The height of the fractured zone
is inferred from the height of the maximum distance between the
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microseismic event and the roof. The inferred height of the fractured
zone is about 44.52 m according to data analysis.

According to the geological conditions of the 11,023 working
face. The heights of the caved zone and fractured zone of the roof
are calculated using empirical formulas from the Regulations on
the Preservation of Roof Pillars of Buildings, Water Bodies, Railways
and Main Wells and the Mining Procedure of Pressurized Coal (short
for Regulations) and the Standards for Hydro-geological Geological
Survey in the Mining Area (short for Standards). The calculations
are compared with the heights of the caved zone and fractured
zone of the roof inferred from the microseismic monitoring,
as shown in Table2. It can be seen that compared with the
empirical formulas, the caved zone height inferred by microseismic
monitoring is higher, and the fractured zone height is in good
agreement.

4.3 Division of floor three zones

Due to the effect of mining pressure, the floor rock strata are
continuously damaged, and the layer zone with significantly changed
water conductivity is called the floor damaged zone. The floor
water-blocking zone is the part where the rock layer at the bottom
of the coal seam maintains its integrity and original waterproof
performance. This zone is located between the floor damaged zone
and the confined water uplift zone. This zone plays a role in
preventing the connection between the floor damaged zone and the
confined water uplift zone. Since the Floor Direct Water-bearing
Layer of 3 Coal is a weak water-bearing layer, the confined water
uplift zone can be ignored. According to the range of microseismic
activity in the floor, the depth of floor damaged is analyzed. Using
the depth where 80% of the microseismic events are concentrated
to infer the height of the floor damaged zone, the data analysis
infers that the floor damaged zone is about 33.94 m below the coal
seam floor; using the deepest depth of the microseismic events
from the floor to infer the height of floor water-blocking zone,
according to the data analysis, the height of the water-blocking zone
is about 54.68 m.

According to the geological conditions of the 11,023 working
face, the height of the floor damaged zone of the floor is calculated
using the empirical formulas from the Regulations and the Standards.
The calculation results of the floor damaged zone height and the
water-blocking zone height are compared with the results inferred
from the microseismic monitoring, as shown in Table 3. It can be
seen that compared with the empirical formula, the height of the
floor damaged zone inferred by microseismic monitoring is higher.
There is no empirical formula for predicting the height of floor
water-blocking zone.

5 Microseismic evolution under the
action of mining disturbance

The formation of water-conducting fractures in coal mine
surrounding rock under mining activities is an evolutionary process
of stress and strain, inevitably accompanied by rock fracturing,
crack expansion, and other rock mechanics phenomena, leading
to microseismic events. Studying the evolution of microseismic
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FIGURE 6
The distribution of microseismic events in the horizontal direction.

TABLE 2 Inferred heights of roof caved zone and fractured zone from

empirical formulas and microseismic monitoring.

Roof caved

zone height (m)

Roof fractured
zone height (m)

microseismic

monitoring

Empirical formula in 9.56-13.96 37.50-48.70
Regulations
Empirical formula in 18.00 47.32-57.52
Standards
Inferred from 31.72 44.52

TABLE 3 Inferred heights of the floor damaged zone and water-blocking

zone from empirical formulas and microseismic monitoring.

Method

Floor damaged

zone height (m)

Floor
water-blocking
zone height (m)

microseismic
monitoring

Empirical formula in 13.96-15.78
Regulations
Empirical formula from 14.62
Standards
Inferred from 33.94 54.68

parameters under the action of mining disturbance can be used to
evaluate the formation of water-conducting channels and the risk of

water inrush.

5.1 Correlation between construction

footage and micro-fractures

The correlation between the cumulative energy of daily
microseismic events, the cumulative number of events, and

Frontiers in Earth Science

the daily footage in November is statistically summarised,
as shown in Figure 7. It can be seen that the mining speed was
relatively high at the beginning of November. Correspondingly,
the number of microseismic events was also higher. As the
mining speed decreased, the degree of mining disturbance
reduced, and the number of microseismic events also showed a
downward trend. Overall, there is a certain positive correlation
between the two.

Similarly, the daily cumulative energy of the microseismic
events on the 11,023 working face is positively related to the
mining speed. Since the energy release size during the surrounding
rock destruction mainly depends on the original geostress field
and the coal rock geological conditions, the defects like joints,
structural planes, and other adverse geological bodies existing
in the surrounding rock make different sections have certain
differences in the stress field and geological conditions. Therefore,
the fluctuation of cumulative energy is relatively more apparent.
The advancement speed of the working face and the frequency
and energy of the microseismic events caused by disturbances
are somewhat related. When the mining speed is faster, the
intensity of microseismic activity will increase, thereby increasing
the risk of roof and floor fracturing and water inrush. Thus,
the risk of roof and floor fracturing and water inrush can
be reduced by reasonably controlling the mining speed of the
working face.

By taking daily excavating progress, microseismic event counts,
cumulative energy, apparent stress, and apparent volume as five
parameters in November, their correlation coefficients are calculated
and the resultant confusion matrix is acquired, as shown in Figure 8.
The excavation progress has a low correlation coefficient with
various source parameters. The number of microseismic events and
the cumulative energy are significantly positively correlated, and the
apparent stress and apparent volume are negatively correlated at a
smaller degree. In short, these microseismic parameters characterize
the evolution of rock micro-fractures under the influence of mining
disturbance from different dimensions. Through the statistical
analysis of the abnormal changes of these parameters, dynamic early
warning of roof and floor fracturing and water inrush risks can
be realized.
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FIGURE 7
Changes of microseismic parameters under excavation disturbance in November. (A) Relationship between daily microseismic event count and daily
footage, (B) Relationship between daily cumulative energy and daily footage.

5.2 Periodic changes in microseismic
parameters

Figure 9 shows the variation curves of the daily average apparent
stress and cumulative apparent volume of the roof microseismic
events from October to November. It can be seen that the apparent
stress and apparent volume are roughly negatively correlated.
Moreover, the apparent stress and apparent volume generally show
periodic changes. The time interval for the trough of the apparent
volume is about 3 days.

Periodic pressure is a phenomenon that occurs when the mining
face continues to advance and the span of roof exposure reaches
a certain length, causing the roof to break and collapse along the
coal wall. Influenced by the advancement of the working face, this
collapse phenomenon often appears periodically. According to field
records, the periodic pressure time interval of the initial mining
face roof is about 4 days. Judging from the periodic changes of
the microseismic event parameters above, the two have a good
correspondence. Specifically, when periodic pressure occurs, the
average microseismic apparent stress is often low, and the cumulative
apparent volume is often high. Then the average apparent stress
gradually increases and the apparent volume decreases. When
the next periodic pressure event occurs, the apparent stress of
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a microseismic event drops again, and the cumulative apparent
volume increases simultaneously.

According to the periodic changes in microseismic parameters,
it can be considered that the rock mass has undergone a process of
stress accumulation and stress release. As the working face advances,
the roof continues to accumulate stress under its own weight and the
load of the overlying rock layer, which is manifested as an increase in
microseismic apparent stress. When the accumulated stress reaches
a certain level, the accumulated stress starts to be released and the
roof collapses as weight, manifested as an increase in microseismic
apparent volume. With the release of stress, the apparent stress also
starts to decrease. In summary, the apparent stress and apparent
volume effectively reflect the stress-strain process in the rock mass
under excavation disturbance. Apparent stress can serve as an
indicator to measure the degree of stress accumulation in the rock
mass, while the apparent volume can serve as an important index to
quantify the extent of rock fracturing.

5.3 Microseismic energy distribution
The energy released during rock fracturing involves dissipative

energy and elastic strain energy. Elastic strain energy is
positively correlated with high stress, which is a necessary
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FIGURE 9
The daily average apparent stress and cumulative apparent volume of the roof microseismic events from October to November 2022.

condition for the fracturing and water permeability of the roof
and floor. Therefore, the vertical distribution of microseismic
energy obtained from monitoring can indirectly reflect the
high-stress distribution necessary for the formation of water-
conducting channels.
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From October to November 2022, the maximum energy of a
microseismic event on the mine floor was 6,655.89 J. The number
of events in the energy ranges of 0J-100J, 100J-500], 500J-10007,
and above 1000 J were 401, 58, 5, and 1, respectively, accounting
for 86.24%, 12.47%, 1.08%, and 0.22% of the total. The energy
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The distribution of cumulative energy on elevation in different time ranges.

FIGURE 11

Cumulative apparent volume contour of the floor during October-November

of microseismic events is low, indicating a lesser degree of rock
fracturing. Vertically, high-energy events are mainly concentrated
within 20m of the mine floor (as shown in Figure 10). In
the Carboniferous II group limestone and below, only scattered
low-energy microseismic events were observed, with no deep
aquifer microseismic events detected. No hidden water-conducting
structures or weak areas were found in the monitored area
of the working face floor, making it impossible to form water
inrush channels.

5.4 Apparent volume and water inrush risk

Since apparent volume can quantify the degree of rock
fracturing, it can be used to assess the development of water-
conducting fracture zones in the mine floor and the risk of

Frontiers in Earth Science

water inrush. Project the microseismic events of the mine floor
onto a horizontal plane and divide the mining area into a
grid of 30 x 160. Calculate the cumulative apparent volume
of microseismic events in each grid. Based on the cumulative
apparent volume in each grid, draw an apparent volume cloud
map. By analyzing the apparent volume cloud map, the extent
of non-elastic deformation of the mine floor and the potential
locations of water-conducting fractures can be determined. Finally,
the potential directions of extension of water-conducting channels
can be identified based on areas with higher apparent volumes
on the map.

The apparent volume cloud map of the mine floor from
October to November is shown in Figure 11. It can be seen
that the areas with higher apparent volumes overlap with the
distribution of 1# fault anomaly area. The highest cumulative

apparent volume is 204,514 m®. According to hydrogeological
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TABLE 4 The range of warning indicators for the depth of fractures.

Indicator: Height (m) Roof caved zone Roof fractured zone  Floor damaged zone Floor
water-blocking zone
Average 31.72 44.52 33.94 54.68
Standard deviation 10.75 14.25 8.87 13.32
Low level warning threshold 53.21 73.02 51.69 81.31
Medium level warning 63.96 87.27 60.56 94.63
threshold
High level warning threshold 74.71 101.53 69.44 107.95

TABLE 5 The range of warning indicators for the intensity of fractures.

Roof event count Roof cumulative Floor event count Floor cumulative
energy energy

Average 21.95 1,460.53 36.86 2060.14

Standard deviation 9.22 1,115.67 12.63 1,598.01

Low level warning threshold 40.39 3,691.87 62.12 5,256.15

Medium level warning 49.62 4,807.54 74.75 6,854.16
threshold

High level warning threshold 58.84 5,923.21 87.38 8,452.16

TABLE 6 The range of warning indicators for the water inrush risk.

The maximum cumulative apparent The elevation of the maximum
volume in each grid cell microseismic energy event
Average 122,231.20 —474.06
Standard deviation 39,700.23 17.94
Low level warning threshold 201,631.65 —-509.93
Medium level warning threshold 241,331.88 —527.87
High level warning threshold 281,032.11 —545.81

conditions, this magnitude of cumulative apparent volume is 6 Comprehensive Wa rning method of
insufficient to form fault water. In early warning practices, FOOf and floor CraCking and water
microseismic energy and apparent volume are often complementary  [Nrush risk

parameters. For example, a large apparent volume may

indicate a broad area of fracturing and deformation but does 6.1 Early warning method

not necessarily mean that these areas are accompanied by

a significant release of energy. On the other hand, high- Due to the fact that microseismic activity is mainly concentrated
energy microseismic activity may indicate a localized area  in the range of 0-20 m on the roof and 0-40 m on the floor, and the
undergoing severe damage, representing the manifestation of  microseismic energy is generally small, the risk of water inrush is
high stress. Therefore, using both indicators in combination  relatively low, making it difficult to establish a microseismic index
can provide a more comprehensive assessment of the rock  quantization early warning model based on traditional intelligent
damage status and water inrush risk. algorithms and established water inrush disasters. Therefore, this
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The fracture depth and warning results from December 2022 to May 2023. (A) Roof, (B) Floor.
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Date

study adopts an anomaly detection approach to establish an early
warning model for water inrush risk based on anomaly judgment
criteria. From the three dimensions of fracture depth, fracture
strength, and water inrush risk, different discriminant indicators are
used for early warning. Based on the results of previous microseismic
monitoring, the distribution of each indicator is determined, and
the expected value and standard deviation of each indicator under
normal conditions are solved. Then, the double standard deviation is
taken as the early warning threshold. That is, if the indicator deviates
from the double standard deviation, it is considered abnormal and
an early warning judgment is made. The greater the degree of
deviation of the indicator, the higher the risk of cracking and water
inrush. Therefore, every time a standard deviation is exceeded, the
early warning level is raised one level.

During early warning, the size of the early warning indicator is
calculated based on the current monitoring data, and the early warning
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level is determined. Finally, the comprehensive early warning results of
the depth of fractures, the intensity of fractures, and the water inrush
risk are provided, providing a reference for the prevention and control
of water disasters. This comprehensive early warning method can
be integrated with the microseismic data processing and positioning
interface based on artificial intelligence to achieve automatic early
warning and generate early warning reports automatically.

6.2 On-site performance

6.2.1 Quantification of early warning indicators
based on initial mining monitoring data
6.2.1.1 The depth of fractures

The depth of fractures mainly depends on the vertical
distribution of microseismic events in the 3 days before the warning.
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FIGURE 13
The fracture intensity and warning results from December 2022 to May 2023. (A) Roof, (B) Floor.

Following the stratification criteria determined in Section 4, the
height at which 80% of the microseismic events are concentrated is
used to infer the height of the roof caved zone and the floor damaged
zone. The maximum distance between microseismic events and the
roof and floor are used to infer the height of the roof fractured
zone and the floor water-blocking zone. According to the statistical
results of monitoring from October-November, the average height,
standard deviation, and the range of warning indicators for the depth
of fractures obtained from the warning criteria are shown in Table 4.

6.2.1.2 The intensity of fractures

The intensity of fractures is primarily determined based on the
number of microseismic events and the cumulative energy in the
roof and floor during the 3 days preceding the warning. According to
the statistical results of the monitoring from October to November,
the average number detected in the floor over three consecutive days
was 36.86, the average cumulative energy was 2060.14 ], and the
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standard deviations were 12.63 and 1,598.01 J, respectively. For the
roof, the average number of events was 21.95, the average cumulative
energy was 1,460.53 ], and the standard deviations were 9.22 and
1,115.67 J, respectively. According to the warning criteria, the range
of the intensity of fracture warning indicators are shown in Table 5.
A warning is issued if any one of the event count or cumulative
energy exceeds the warning indicator.

6.2.1.3 The water inrush risk

The water inrush risk is primarily based on the cumulative
apparent volume cloud map of the floor in the 3 days preceding
the warning moment. To simplify calculations, only the maximum
cumulative apparent volume in each grid cell of the cloud map
is taken as the warning indicator for assessing the risk of water
inrush. According to the warning criteria, the range of warning
indicators for the water inrush risk is shown in the table. As a useful
supplement, the elevation of the daily maximum microseismic
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The water inrush risk and warning results from December 2022 to May 2023.

energy is also used as an indicator of water inrush risk warning, in
order to quantify the depth of stress accumulation. According to the
statistics of the monitoring results from October to November, the
range of the warning indicator obtained is shown in Table 6.

6.2.2 Evaluation of early warning effect

The proposed early warning method was applied to the roof and
floor cracking and water inrush warning for the 11,023 working face
since December. During the application process, input parameters
needed to update daily. Microseismic data were collected, input
classification and arrival picking algorithms. The location and
solution of the source parameters were carried out, and warning
indicators were calculated and the warning level determined, finally
giving the early warning result. The fracture depth and warning
results from December to May are shown in Figure 12. After
December 2022, as the mining face gradually moved away from
1# fault anomaly area, the roof fracture depth gradually decreased.
Then, during February 2023, while crossing 2# fault anomaly area,
the roof damage depth increased. Until April 2023, when the mining
essentially crossed 3# fault and coal seam thinning anomaly area,
as the mining speed slowed down, the depth of roof fractures
decreased. In comparison, the change of depth was insignificant in
the floor damaged zone and the floor water-blocking zone. As the
warning indicators did not exceed the threshold, no fracture depth
warning was triggered.

The fracture intensity and warning results from December to
May are shown in Figure 13. Due to the slowdown of the mining
pace in December 2022, the number of roof microseismic events
was small. From February 2023, as the mining speed increased, the
number of roof microseismic events increased, but the cumulative
energy decreased. From March to April 2023, with a faster mining
speed, and crossing 3# fault and coal seam thinning anomaly
area, the disturbance caused the surrounding rock to fracture
more, thus the number of roof microseismic events and cumulative
energy reached their peaks. As the mining speed decreased in the
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late period, the number and energy of microseismic events also
decreased. As the cumulative energy exceeded the threshold in
mid-April, a low and medium level warning was triggered for roof
fracture intensity. In comparison, the peak of floor microseismic
events occurred in March, and the peak of cumulative energy
occurred in April, overall being less influenced by geological
conditions. As the warning indicators exceeded the threshold in
March, a low-level warning was triggered for floor fracture intensity.

The water inrush risk and warning results from December to
May are shown in Figure 14. Since December 2022, as the mining
face gradually moved away from 1# fault anomaly area, the stress
release of the working face slowed down, keeping the apparent
volume low. From January to March 2023, as the face crossed
2# fault anomaly area, 3# fault and coal seam thinning anomaly
area, the apparent volume returned to the level established by
the warning indicators from October to November. After April,
the apparent volume continuously decreased. In comparison, the
elevation of the maximum microseismic energy event does not
show any apparent anomalies. Since the warning indicators did not
exceed the threshold, no warning was triggered for water inrush
risk. In summary, the changes in microseismic activity, geological
conditions, and early warning indicators during the mining period
have a good correspondence, which demonstrates the effectiveness
of the established early warning method.

7 Discussion

Based on the initial monitoring data from working face 11,023,
the early warning method for water inrush proposed in this study has
established a comprehensive early warning model. The characteristics
of microseismic activity may vary for different projects, but remain self-
similar within the same project. Figures 5, 10, as well as other figures,
also demonstrate similar spatial and energy distribution characteristics
of microseismic activity across different time periods. Therefore, it is
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reasonable to develop an early warning model based on the self-similar
nature of microearthquakes.

However, due to variations in microseismic activity among
different projects, the actual distribution characteristics of
microseismic activity used to divide the three zones and establish a
comprehensive early warning model may differ significantly from
those observed in this case. For instance, at the Dongjiahe Coal
Mine, most microearthquakes are concentrated in the roof area
and occurrences within tens to hundreds of meters depth are
not uncommon (Chengetal,, 2017). In such cases, appropriate
adjustments should be made to the segmentation threshold of the
comprehensive early warning model based on actual microseismic
distribution and geological conditions.

Additionally, this study utilizes the standard deviation of
microseismic distribution to establish the warning threshold.
Depending on the degree of similarity of the specific problem,
the distribution characteristics of key early warning indicators,
skills, types
warning methods can also be considered (Fengetal, 2023b;
Xiang et al., 2023; Cai et al., 2024).

and mathematical modeling other of early

8 Conclusion

This study focuses on assessing the cracking of both the roof
and floor within the 11,023 working face of the Paner Coal
Mine, particularly under the influence of mining disturbances and
hydraulic pressure, while also evaluating the potential risk of water
inrush incidents. Through meticulous analysis of the spatiotemporal
distribution of microseismic events and an in-depth exploration
of the interplay between key source parameters including energy,
apparent stress, and apparent volume, and excavation disturbances,
the research endeavors to gauge the extent of roof and floor cracking
and the associated risk of water inrush. Moreover, the study pioneers
the establishment of a comprehensive early warning methodology
tailored to predict roof and floor fractures as well as anticipate water
inrush risks. The conclusions can be drawn as follows:

(1) It proposes to use the height at which 80% of microseismic
events are concentrated to infer the height of the roof caved
zone and the floor damaged zone; and to use the maximum
distance between microseismic events and the roof and floor to
infer the height of the roof fractured zone and the floor water-
blocking zone. Compared to the three-zone height division
based on empirical formulas, the three-zone division through
microseismic monitoring can dynamically identify the current
fractured zone height of the roof and floor of the working
face, better predicting the impact of mining disturbances and
hydraulic pressure on them.

(2) The advancement speed of the working face has a certain
correlation with the frequency and energy of microseismic
events caused by disturbances. The periodic changes in average
apparent stress and cumulative apparent volume correspond
well with the roof pressure during back mining. Apparent
stress can be used as an indicator to measure the degree of
stress accumulation in the rock mass, while apparent volume
is an important indicator for quantifying the degree of rock
fracturing.
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(3) It proposes a comprehensive early warning method for roof
and floor cracking and water inrush risk, considering three
dimensions: the depth of fractures, the intensity of fractures,
and the water inrush risk. Based on previous microseismic
monitoring results, twice the standard deviation of each
warning indicator is used as the warning threshold. The
application and verification during the back mining period of
the 11,023 working face show a good correspondence between
microseismic activity, geological conditions, and the change
in warning indicators, demonstrating the effectiveness of the
established warning method.
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