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Inversion of mining-induced
stress field based on focal
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study of the 63upper06 working
face in Dongtan Coal Mine
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Cong Wang3,4, Zhenguo Li1 and Quan Zhang1

1Yankuang Energy Group Co., Ltd., Jining, China, 2Chengdu University of Technology, Chengdu,
China, 3Shandong Keyue Technology Co., LTD, Jinan, China, 4China University of Mining and
Technology, Xuzhou, China

Microseismic monitoring is pivotal for mine safety, offering early warnings
for coal mining operations. By introducing the MTfit and MSATSI inversion
methods to study the focal mechanisms of microseismic events and the
stress field in coal mines, we applied these techniques for the first time to the
63upper06 working face in the Dongtan Coal Mine. We selected 107 high-quality
microseismic events during the mining process and used MTfit to invert their
focal mechanisms. Moreover, we used MSATSI to determine the direction of the
maximum horizontal principal compressive stress in the region. This allowed
us to establish a connection between mining activities, focal mechanisms, and
rock strata fractures. Results show the predominance of normal and reverse
faulting with significant CLVD components, underlining tensile and compressive
failures as dominant in the mine’s seismicity. Further, the study subdivides the
research area into three subregions for detailed stress analysis: Subregion 1 is
located below the working face with a maximum principal stress of 20.3 MPa,
oriented between N60°E and N75°E; Subregion 2 is above the working face and
exhibits more complex stress conditions with a maximum principal stress of 30.1
MPa; and Subregion 3 is situated at the roof’s right side of the working face, with
a maximum principal stress of 20.3 MPa, oriented at 30°northwest. It provides
an important reference for seismic risk assessment and disaster prevention and
control during mining.

KEYWORDS

MTfit, MSATSI, microseismic monitoring, focal mechanism, stress field inversion

Key points

• The seismic focal mechanism inversion methodMTfit and stress field inversion method
MSATSI are applied to the coal mine for the first time.

• The study determined dominant factors in seismicity, such as normal and reverse
faulting with substantial CLVD components, through P-wave first-motion polarity
technique.

• Research area was divided into three distinct subregions with unique stress conditions,
revealing complex tectonic stress fields.
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• Study findings indicated that tensile and compressional fractures
predominantly impact the mine’s seismic focal mechanism,
crucial for future hazard prevention.

1 Introduction

Due to the gradual increase in the depth and intensity of
extraction in deep coal mines, strong mining-induced earthquakes
have become increasingly frequent, and the mechanism behind
these strongmining seismic events has become a focus and challenge
for the safe and efficient production in deep mines. During the
mining process in the No. 6 mining area of the Dongtan Coal Mine,
on the 63upper06 working face, dozens of strong mining seismic
events (MW≥1.0) occurred, resulting in significant economic losses
and intense social panic.The evolution of the mining-induced stress
field is indicative of the mode of strata movement and the dynamic
disaster of rock mass, and it serves as a guide for dynamically
adjusting mining operations and controlling mining pressure. The
inversion of the seismic focal mechanism to infer the mining-
induced stress field has also been applied (Li et al., 2016).

Focal mechanism solution analysis is a pivotal technique in
seismology and monitoring research, offering critical insights into
the focal mechanisms and the character, mechanisms, and potential
impacts of seismic activities.The study of McGarr (1984) shows that
there are no systematic and essential differences between the focal
mechanisms of natural earthquakes andmine earthquakes, andmost
of the mechanisms of natural earthquake mechanisms can be used
in mine earthquakes. Stress field inversion, a deep analysis based on
the moment tensor, allows for the determination of the orientations
of the principal stress axes on the horizontal plane, including the
direction ofmaximumcompressive stress, intermediate compressive
stress, and minimum compressive stress (maximum tensile stress
direction). The direction of the maximum compressive stress, in
particular, plays a leading role in guiding safety measures and
mining operations within coal mines. The application scope of
focal mechanism is very broad in engineering, including guiding
hydraulic fracturing work (Li et al., 2023), water injection-induced
earthquakes (Liang et al., 2016; 2021), reservoir-induced seismicity
(Zhao R. et al., 2023), rockburst (Bai, 2023), and mining-induced
stress (Li andQu, 2018).The focal point of this article is the inversion
of the mining-induced stress field using the focal mechanism.

The investigation conducted by Li and Yin (2006) underscores
the pivotal role of mine seismic source mechanisms in demystifying
the underpinnings of seismic activity within mines and serves as
a cornerstone for the prognostics and mitigation of such seismic
calamities. Complementary to their earlier work, Li et al. (2005)
highlighted the salient role exerted by the release of gravitational
stress due to mining activities. Similarly, Šílený J and Milev A
(2008) adeptly delineated several distinct fracture modes of rock
masses by inverting the focal mechanisms pertaining to a quintet
of seismic occurrences at South Africa’s Driefontein gold mine.
Shan et al. (2013) infer from their inquiries into the seismic source
mechanisms within mines that the seismic disturbances are a direct
consequence of both the redistribution of stresses across the full
expanse of the mining domain as well as the influence of regional
stress fields. Expanding on this theme, Wu et al. (2016) provided an
insightful summary of the moment tensor inversion methodology

and its adept application to the fracturing of rock masses. Li and
Qu, 2018 implemented reversals of seismic source mechanisms to
elucidate variations within the pristine rock stress fields caused by
mining turbulence. Recently,Wu et al. (2023) delved into the seismic
intricacies of the Dongtan Coal Mine, elucidating that the marked
activity and abrupt rupture of the superjacent dense and rigid
rock layers due to coal extraction concomitant with the resultant
release of considerable strain energy stands as the primary instigator
for the heightened incidence of powerful mining-related seismic
events. Collectively, these scholarly contributions have highlighted
the effective implementation and significant impact of seismic focal
mechanism inversion techniques in the realm of mining.

The elucidation of microseismic rupture mechanisms and the
identification of the maximum horizontal principal stress direction
and focal stress concentration locales are fundamental and crucial
for safety early-warning systems in coal mines. Therefore, we
attempt to examine the microseismic focal mechanisms and stress
fields in coal mines utilizing MTfit (Pugh and White, 2018) and
MSATSI(Martínez-Garzón et al., 2014). This paper presents, for the
first time, an analysis of the focal mechanisms and local stress field
using microseismic data recorded from August 24 to 30 September
2023, at the 63upper06 working face of the currently mined Dongtan
CoalMine.The conventionalmethods formeasuring principal stress
orientations, though commonly adopted in coal mines, are high-
cost and time-consuming. In contrast, the inversion ofmicroseismic
events to infer focal mechanisms and stress fields offers a cost-
effective and expedient alternative, providing robust theoretical and
practical support for coal mine safety.

2 Data and methods

In this study, we analyzed seismicity induced at the 63upper06
longwall face of the Dongtan Coal Mine over the period from
August 24 to September 7, 2023. The investigation employed the
KJ1222microseismiclocationsystem,developedbyKeyueTechnology
(Shandong) Group Co., Ltd., to pinpoint a total of 553 seismic
events as illustrated in Figure 1, utilizing our monitoring system
which includes 12 single-component sensors (WDZ1-WDZ12) with
a sampling frequency of 500 Hz and a dynamic range of 138 dB.
The microseismic event locations predominantly occur in the areas
subjected to advanced support pressure during themining process. In
thelocationresults, theminimummomentmagnitude(Mw)was−0.25,
and the maximum moment magnitude (Mw) was 1.13 (The Mw are
shown in Supplementary Table S1). The distribution of magnitudes
included 183 events with negative magnitudes, 359 events ranging
from 0 to 1 inmagnitude, and 11 events withmagnitudes greater than
1. Microseismic activity within coal mines can generally be classified
into two distinct categories based upon their locational genesis. The
initial category comprises events emanating from the goaf, which is
situated at a considerable distance from the active mining face. These
events are typically characterized by high energy levels and result
from the fracturing of overlying strata due to lateral shifts toward the
goaf. Despite their energy, these events are not typically detrimental
to operational safety. The second category, which is the focus of this
paper, consists of events that occur in proximity to the mining face,
often within a span of 100 m. These are intimately associated with
ongoingmining activities,manifesting as fresh fractures in rock layers
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FIGURE 1
Distribution of microseismic events: (A) Top view, (B) Side view. In the side view, the gray dashed line represents the coal seam, with the roof above and
the floor below. Blue dots indicate the monitored microseismic events, with the dot size corresponding to the magnitude. Black triangles denote the
microseismic sensors. The study area is divided into three regions, labeled①-③.

in response to the advancing mining face, and represent a form of
induced seismicity near the excavation zone.

As shown in Figure 1A, microseismic events are mostly
concentrated within 100 m in front of the working face. Although
the working face has advanced beyond the monitoring range of
sensors WDZ1 and WDZ7, the remaining 10 sensors still form
a good coverage, achieving high location accuracy. Based on the
calibration blasts in the research area, we obtained an average
horizontal location error of 5.73 m and an average depth location
error of 7.58 m. Figure 1B provides a side view of the monitored
microseismic events, indicating that most events occur in the coal
seam and the roof, with fewer events occurring in the floor.

We conducted data quality assessment and analysis for each
event. Prior to this, the standard we set for high-quality events was:
clear waveform and clear polarity. We evaluated the waveforms of
all events with energy magnitudes greater than 1,000 J, and it is
undeniable that the larger the energy (the greater the magnitude),
the clearer the event waveform, and the waveforms captured by
three-component microseismic probes are clearer than those from
single-component probes. Due to the fact that mining-induced
seismic events contain a large number of informational elements
and have a broad waveform frequency band, there can often be
some waveforms superimposition; however, on the whole, the
recorded waveforms quality in the Dongtan research area stations
is relatively good.

For polarity signs, there are “up” (U), “down” (D), and
“uncertain” (x). For clarity signs, there are “impulsive” (I),
“emergent” (E), and “uncertain” (−) (Zhao M. et al., 2023). Among
the 553 events mentioned, we selected those with good station
envelopes and small station azimuth gaps. Specifically, we focused
on events within ±150 m of the channels where the WDZ1-WDZ12
microseismic detectors are located, and we identified events with
impulsive or emergent polarity. We have selected an example of
high-quality event waveforms, as shown in Figure 2.Then, theMTfit

(Pugh and White, 2018) method was then used to invert for the
focal mechanism with polarities, followed by the application of the
MSATSI (Martínez-Garzón et al., 2014) inversion for the regional
maximum principal stress.

2.1 MTfit

MTfit, an innovative moment tensor inversion tool devised by
Pugh (2015), Pugh et al. (2016), harnesses a Bayesian paradigm,
setting it apart from traditional techniques such as FPFIT
(Reasenberg and Oppenheimer, 1985), HASH (Hardebeck and
Shearer, 2002), and FOCMEC (Snoke et al., 2003). This program
transcends conventional methodologies by incorporating both
polarities and amplitude ratio data to compute the probability
density function across the expansive moment tensor model space
relevant to the double-couple mechanism, thereby facilitating a
more nuanced characterisation of seismic source parameters (Pugh
and White, 2018).

The fit of the moment tensor can be determined by comparing
the observed P wave polarities for different receivers with the
modelled values.

For a sophisticated velocity model featuring a defined
hypocentre, it is possible to determine the departure angles and
orientations of the rays between the source and receiver based
on their trajectories. The theoretical polarities, denoted as Y, are
determined by the signs of the uniform isotropic radiation elements,
R, associated with the departure angles and orientations of these
source-receiver rays.

Y = sgn(R) (1)

If the moment tensor, M, is written in six-vector notation,
normalising it is consistent with the Frobenius norm of
the matrix:
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FIGURE 2
Example of high quality waveforms, with polarity signs and clarity signs indicated in red text.

|M̃| = √M2
11 +M

2
22 +M

2
33 + 2M
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12 + 2M
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13 + 2M

2
23 (2)

As a result, the components of radiation are determined by the
dot product of the angular coefficients, a, associated with the path

of the source-receiver ray, as specified in Eq. 4, and the six-vector of
the moment tensor.

R = a ⋅ M̃ (3)
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By replacing the radiation components with their six-vector
form in Eq. 1, we obtain an expression for polarity that relies on the
moment tensor:

Y = sgn(a ⋅ M̃) (5)

This introduces a non-linearity due to the function sgn(x), which
defines the polarity. Consequently, to address polarity inversions, it
becomes essential to assess the forward problem and ascertain the
degree of fit. Eqs 1–5 referred to Pugh (2015).

An accurate determination of the focal mechanism is
fundamental to the study of the stress field. Therefore, it is essential
to validate the correctness and accuracy of the methods used. For
validation, we chose a roof-blasting eventmonitored in the Dongtan
Coal Mine. Coal mine blasting events are considered external
explosion incidents, and their theoretical seismic mechanism
is represented by a completely black beach ball, indicative of
tensile forces (Stein and Wysession, 2002). We utilized eight
microseismic probes (with four probes having fallen off as the
working face was mined), solely employing the initial P-wave
polarity for moment tensor inversion in geophysics. Since the
explosion source is located above themicroseismic probe, according
to Supplementary Figure S1, all polarities recorded by the probe
must be reversed. The outcomes are presented in Figure 3.

The results from the figure generally agree with the theoretical
beach ball model. If the polarities were not reversed here, the
inversion result would indicate an implosion event, which would
be inconsistent with the actual scenario. This also demonstrates the
applicability of the MTfit for the moment tensor inversion in the
study area. Using only the initial polarities, the data preparation
is straightforward, and the rapid inversion calculation provides
feasible conditions for the future real-time inversion of seismic focal
mechanisms.

2.2 MSATSI

MSATSI (Martínez-Garzón et al., 2014) is a tool based on SATSI
that combines traditional methods with a novel user interface and
intuitive visualization tools. The inversion technique of SATSI is
designed to find the optimal stress tensor that corresponds to the
sequence of focal mechanisms.

Michael (1984) established the foundational principles of the
SATSI inversion approach, Jeanne Hardebeck and Andy Michael
(2006) wrote SATSI algorithm for regional scale stress field inversion
by adding damping factors.The tool MSATSI, aimed at determining
the stress tensor by reconciling the variances between the observed
slip vectors across fault planes and the corresponding solved shear

FIGURE 3
MTfit moment tensor inversion results, the red areas in the figure
correspond to the black area on the theoretical beach ball, and white
dots indicate upward polarities.

stress vectors. The governing equation to resolve is succinctly
expressed as (Eq. 6) (Michael, 1984):

Gm = d (6)

The vector m represents the stress tensor, while the vector d is
composed of the slip vectors obtained from solving the earthquake
source mechanism. The data kernel matrix G is derived from the
normal vectors of the fault planes of various source mechanisms.
The solution is obtained using the Gaussian elimination method.The
uncertainty is estimated by bootstrap resampling of the data. If there is
uncertainty in the actual fault plane, itmay involve randomly choosing
one of the two nodal planes from the earthquake sourcemechanisms.

The inversion process elucidates the orientations of the principal
stress axes and quantifies their relative magnitude, (R), represented
by the ratio (ϕ):

φ = 1−R =
σ2 − σ3
σ1 − σ3

(7)

Here, σ1 through σ3 correspond to the magnitudes of the
principal stress axes as deduced from the deviatoric stress tensor.The
metric (ϕ) gauges the proximity of the intermediate principal stress
(σ2) to either the maximum (σ1) or minimum (σ3) compressive
stress magnitudes.

3 Result

3.1 Focal mechanism and stress field
inversion

According to research by Qian et al. (2018), during the
advancementofworking faces incoalmining,numerousmicroseismic
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FIGURE 4
(A) Shows a high-quality solution of the focal mechanism of the full moment tensor for 107 earthquakes, the depth of the event is represented by the
color of the beach ball, (B) shows the P-axis determined from the focal mechanism, the direction of the short rod represents the azimuth of the P-axis,
and the color represents the plunge of the P-axis. And (C) and (D) provide rose plots indicating the azimuth and plunge of the P-axis respectively.

events are generated not only front the mining face and in the corner
between the mining face and the return airway roof, but also near the
return airway roof.These findings are consistent with the distribution
of microseismic events we have actually monitored. Hence, based
on the above circumstances, and referencing the study by Wu et al.
(2023), the stress field in this research area is complex andmay exhibit
heterogeneity. Therefore, to enable the application of MSATSI, we
selected three key sub-areas within the study region, designated as
Areas①,②, and③ shown in Figure 1. We conducted regional stress
field inversions separately for each area to fulfill the fundamental
requirement for using MSATSI: based on the basic property that the
transition between two different stress states must be continuous.

We further filtered events within the study area that had clear
waveforms and unambiguous polarities. From the field data (August
24 to September 7, 2023), we selected 107 seismic events that met
the criteria and conducted polarity picking and polarity inversion
for these 107 events, thereby inverting the focal mechanisms
for the region (Figure 4), with an earthquake catalog provided
in Supplementary Table S1.

From Figure 4A, it is apparent that the microseismic events
in the entire study area mainly display characteristics of normal
and reverse faulting, with some events exhibiting strike-slip
rupture. These events occur at depths between −600 m and −700 m
and contain a significant component of CLVD (Compensated
Linear Vector Dipole, a seismic source model describing
earthquake mechanisms involving complex deformation, not just

FIGURE 5
Dependence between data misfit and model length, calculated from a
discreet set of damping parameters (damping values are indicated
beside each point). The selected damping parameter is shown with a
cross.

shear dislocations), suggesting that the high CLVD component
mechanisms in the area might be attributed to the fracturing of
the compacted coal seam caused by the mining activities and the
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FIGURE 6
Inversion results of zonal stress. The red, green, and blue dots represent the inversion results of σ1, σ2, and σ3, respectively, from bootstrap resampling
within 95% confidence intervals. The subfigure at coordinates (0,0) represents the stress inversion results for area①, the subfigure at coordinates (0,1)
represents the stress inversion results for area②, and the subfigure at coordinates (1,1) represents the stress inversion results for area③.

advancement of the working face, similar to cracks opening under
tensile stress. The results obtained by our inversion are similar to
those obtained by Wu et al. (2023).

In areas① and②, which are directly above the working face, the
events are primarily influenced by pressures parallel to the direction
of the mining panel, while events in the upper left corner of area
② and in area ③ are largely subjected to pressures from N45°W to
N60°W. By analyzing the P-axis azimuths and plunge angles of each
event (Figures 4B–D), we identified two distinct dominant directions:
N45°WandN75°E, with gentler plunge angles at theworking face and
steeper ones along the direction of the return airway.

The software MSATSI (Martínez-Garzón et al., 2014)
automatically determines the optimal damping parameter based on
the provided input data. Additionally, it generates the associated
trade-off plot. As illustrated in Figure 5, the chosen damping
parameter is 2.0. To determine the principal stress orientations
in each subregion, we performed an inversion of the damped stress
tensor using the selected focal mechanism solutions (Figure 6), with
a damping factor of 2.0.

The regional stress distribution is complex. In area ①, which
corresponds to the lower half of the working face, the stresses are
predominately from an N60°E-E direction (nearly perpendicular
to the working face). Based on the focal mechanism, the principal
stress direction in this region is inferred to be between N60°E and
N75°E. The stress in area② is more complicated; focal mechanisms
indicate the presence of both N60°E-E directional stress and NW
directional stress.Therefore, the principal stress direction in this area
depends on the proportional weighting of working face or corner

event occurrences. In our field data, the NW directional stress has
a greater weighting, resulting in a σ1 direction between N30°W and
N45°W. In area③, the primary stress direction is from the NW, with
the σ1 direction based on focal mechanism inversion being N30°W
to N45°W.

3.2 Fracture type

The decomposition of the moment tensor can be visualized
and interpreted using a diamond plot, as shown in Figure 7
(See Supplementary Table S1 for the specific proportion of each
component). This diagram illustrates the epicenter location within
the CLVD-ISO coordinate system, with the DC component
indicated by varying shades of color (CLVD (Compensated Linear
Vector Dipole) models earthquake mechanisms involving complex
deformation beyond shear dislocations. ISO (Isotropic) represents
pure volumetric changes during an earthquake. DC (Double-
Couple) describes pure shear dislocation). Epicenters of pure shear
fracturing or predominantly shear fracturing are situated at or near
the origin of the coordinates. Explosions and implosions are located
at the top and bottom vertices of the diamond, respectively. Pure
tensile fractures and pure compression fractures are plotted along
the edges of the diamond diagram. Points along the CLVD axis
correspond to fracturing on non-planar faults, while points in the
first and third quadrants of the diamond diagram are indicative of
shear-tensile and shear-compression sources, respectively.

It can be seen from Figure 7 that the events are primarily
distributed in the first and third quadrants, with a majority being
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FIGURE 7
CLVD-ISO diamond diagram.

tensile and compressional fractures, as well as a mix of tensile-
shear and compressive-shear fractures, alongside a fraction of shear
fracturing events. The hypocenters should not fall into the second
and fourth quadrants of the diamond plot, however, there are
four events located within these quadrants, which may be due to
errors in moment tensor inversion caused by noise or other factors.
Refer to the rock mass fracture criteria by Liu et al. (2021), shear
fractures account for 14.02%, tensile fractures make up 28.04%,
compressional accounts for 32.71%, tensile-shear mixed fractures
constitute 11.21%, and compressive-shear waveforms represent
14.02%. The results indicate that compressive and tensile fractures
play a dominant role in the focal mechanisms of Dongtan Coal
Mine seismic events. A small amount of shear rupture should not
be neglected. In the context of coal mining, the vertical stress on
the goaf roof are transferred to the solid coal side through the rock
beams, leading to the compressive stress on the coal body exceeding
its compressive strength and causing rupture. The tensile stress on
the rock beams above the coal body exceeds its tensile strength,
resulting in rupture. Meanwhile, the originally relatively stable rock
block twist structure in adjacent goafs is damaged, causing the roof
to slip and become unstable, leading to strike-slip faulting.

4 Discussion

4.1 Numerical simulation verification of
stress field in study area

To validate the accuracy of the stress field orientation
inversion in the study area, this paper utilizes numerical modeling
software to construct a numerical model based on the geological

conditions of the No. 6 mining area of the Dongtan Coal
Mine. The simulation predicted the magnitude and direction
of the principal stresses in the roof and surrounding rock of
the 63upper06 working face. Referencing the comprehensive
stratigraphic columnar diagram for the Dongtan 63upper06 fully-
mechanized working face (Supplementary Figure S2) and the
compiled table of mechanical testing parameters for coal and rock
bodies (Supplementary Table S2), a three-dimensional numerical
model is established. The dimensions of the model are 500 m
in length, 500 m in width, and 100 m in height. The model
features grids of various sizes in the XYZ directions, as shown in
Supplementary Figures S3, S4. The overall meshing strategy focuses
on the coal seam area with dense grids, while using sparse grids in
other regions to concentrate computational resources and ensure
faster convergence of the numerical model. The model’s zoning
also follows the principles outlined earlier in the text, dividing the
research area into three regions A, B, and C.The front view and top-
down view of themodel are shown in Supplementary Figures S3, S4,
respectively.

According to related reports, the maximum horizontal stress in
the Dongtan No. 6 mining area ranges from 24.96 to 27.12 MPa,
with an orientation of 148.93°–150.00°(Wu et al., 2023). The layout
orientation of the 63upper06working face is N79°, with themaximum
principal stress forming an angle of 71° with the direction of the
working face’s advancement. The average depth of burial for the
working face is 687 m, with the model’s upper surface burial depth
being 627 m and the lower surface burial depth being 727 m. Using
the average density of the overlying strata which is 2,700 g/cm3, the
vertical stress on the upper and lower boundaries of the model are
calculated to be 16.9 MPa and 19.6 MPa, respectively. To simulate a
real stress field environment, stress boundary conditions are applied
to all boundaries of the model. Ultimately, the solved model yields a
spatial stress distribution cloud diagram in the basal sandstone.

The model is divided into regions (Figure 8) according to the
partitioning method shown in Figure 1. The magnitude of stress
components of stress fields in each region is counted, and the stress
field matrix is shown in the following format.

(
xx xy xz
yx yy yz
zx zy zz

) (8)

The statistical results of the stress field matrix for regions①,②
and③ are as follows, Eq. 8, and the unit is MPa.

(
19.8 2.3 0.8
2.3 10.5 1.1
0.8 1.1 28.0

)

area①

(
26.2 2.5 1.2
2.5 28.5 1.6
1.2 1.6 40.2

)

area②

(
17.8 1.2 0.6
1.2 19.7 0.4
0.6 0.4 30.1

)

area③

Calculate the eigenvalues and eigenvectors of the top-left 2×2
matrix of the stress field matrix to obtain the magnitude and
direction of the principal stresses in the X-Y plane. The calculation
results are as follows:

(1) For area①, the maximum principal stress is 20.3 MPa, with a
direction of (0.97, 0.23), and the minimum principal stress is
9.96 MPa, with a direction of (−0.23, 0.97).

(2) For area②, the maximum principal stress is 30.1 MPa, with a
direction of (−0.54, −0.84), and the minimum principal stress
is 24.6 MPa, with a direction of (−0.54, 0.84).
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FIGURE 8
Schematic diagram of model partitioning.

FIGURE 9
R-values of stress field inversion for each subregion.

(3) For area③, the maximum principal stress is 20.3 MPa, with a
direction of (−0.43, −0.9), and the minimum principal stress is
17.2 MPa, with a direction of (−0.9, 0.43).

According to numerical simulations, the simulated direction
of maximum principal compressive stress at area ① is N66°E, at
area ② is N22°W, and at area ③ is N16°W. When compared with
actual inversion data, areas ① and ② show some discrepancies

with the simulation, while area ③ matches the simulation results.
The divergence between the numeric simulation outcomes for
area ① and the inversion results is attributable to characteristics
of the numerical modeling numerical simulation software. Since
numerical modeling operates on the finite difference method, the
stress transfer between the adjacent mined-out area’s main roof and
the current working face is not interrupted, thus resulting in this
deviation. As for area②, the simulation reflects chiefly the direction
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of change of the stress concentration area, whereas the actual data
segmentation possesses both the upper part of the working face and
the stress concentration area; therefore, the overall area’s stress field
inversion is subject to interference from forces in other directions,
suggesting the structural stress field is not singular but a composite
stress field.Hence, there are somedifferences between the actual data
and the simulation, yet they fall within reasonable bounds.

4.2 Stress factor analysis

R-value is a stress factor, which represents the relative stress
magnitude of the principal stress in the three directions, mainly
reflected in whether the intermediate stress axis is more inclined to
compressive stress or tensile stress, and can also explain the stability
and certainty of the maximum principal compressive stress axis
and the maximum principal tension axis. The calculation formula
is as Eq. 7.

The stress intensity factor (R-value, Eq. 7) in two regions of
the working face, area ①② and area ③, are 0.44, 0.13, and 0.67
respectively, as shown in Figure 9.This indicates that on the working
face, the intermediate stress axis is gradually approaching the axis
of the maximum principal compressive stress. The intermediate
stress axis also exhibits the characteristics of compressive stress.
Furthermore, this confirms that the tectonic stress field in the
working face area is fairly complex and might be influenced by
various structural forces. It is affected by pressures from both the
northwest and northeast to east directions, resulting in a lower R-
value on the working face. However, the R-value at area ③, which
corresponds to the top of the upper gateway, is 0.67. This suggests
that the axes ofmaximumprincipal compressive stress, intermediate
stress, and maximum principal tensile stress are relatively stable and
certain at the return airway roof. The tectonic stress encountered
at the return air roof is comparatively simplistic. Existing research
(Li et al., 2016) suggests that the orientation of roadways should
be parallel to or intersect at a small angle with the direction of
the maximum horizontal principal stress, to avoid perpendicular
orientations as much as possible. However, according to the results
mentioned above, the direction of the roadways intersects at a large
angle with the direction of the maximum principal compressive
stress, inevitably resulting in the upheaval and impact on the roof
and floor of the roadways.

5 Conclusion

We have applied theMTfit source mechanism inversion method
and the MSATSI stress field inversion method to the 63upper06
working face, and successfully calculated the source mechanisms of
microseismic events for the 63upper06 working face of the Dongtan
Coal Mine: normal and reverse faulting, with some oblique-slip
faulting components and a significant CLVD (Compensated Linear
Vector Dipole) component. Consequently, it is inferred that the
cause of the seismicity is due to the coal seam being subjected
to a pressure that exceeds its compressive strength, the roof being
subjected to a tensile force that exceeds its tensile strength, and
slippage failure of the roof. We have computed the directions of
the maximum horizontal principal compressive stress for different

areas. For area ③ and area ②, σ1 is approximately N30°W, while
for area①, σ1 is between N60°E and N75°E, almost perpendicular
to the working face, which is generally consistent with the results
from numerical simulation. Additionally, the types of fractures
within the study area are primarily compressional and tensional
fractures, as well as theirmixed formswith shear fractures, reflecting
the redistribution of rock stress caused by coal mining. The
calculation of the stress intensity factor (R value) reveals the relative
complexity and stability of the principal stresses in different areas.
To sum up, this study provides an important reference for the
assessment of seismic hazards and disaster prevention and control
during the mining process. The following preventive measures
can be taken:

• Strengthen roadway support based on the specific stress values
at the location of the roadways; for new mines in deep coal
seams, measure the geostress during geological exploration to
inform the design of the mining layout.

• Implement roof pre-splitting blasting and caving blasting to
effectively relieve the vertical stress on the roof caused by
mining.

• Implement drilling and slotting at the bottom to alter the
rock environment that causes disasters due to the maximum
principal compressive stress.

• Based on the prediction results, implement induced blasting
measures in dangerous areas to direct and better control the
release of mining pressure.
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