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In this study, we employed Bayesian inversion coupled with the summation-by-parts and simultaneous-
approximation-term (SBP-SAT) forward simulation method to elucidate the mechanisms behind mining-
induced seismic events caused by fault slip and their potential effects on rockbursts. Through Bayesian
inversion, it is determined that the sources near fault FQ14 have a significant shear component. Addi-
tionally, we analyzed the stress and displacement fields of high-energy events, along with the hypo-
center distribution of aftershocks, which aided in identifying the slip direction of the critically stressed
fault FQ14. We also performed forward modeling to capture the complex dynamics of fault slip under
varying friction laws and shear fracture modes. The selection of specific friction laws for fault slip models
was based on their ability to accurately replicate observed slip behavior under various external loading
conditions, thereby enhancing the applicability of our findings. Our results suggest that the slip behavior
of fault FQ14 can be effectively understood by comparing different scenarios.
© 2025 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Published by Elsevier B.V. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Study of rockmass response during fault slip has played a crucial
role in dynamic disaster prevention in coal mines, particularly
given the frequent occurrence of rockbursts near pre-existing faults
(Dou et al., 2014; Keneti and Sainsbury, 2018; Duan et al., 2022).
Tremors induced by fault instability primarily stem from mining-
induced stress perturbations. These tremors are distinguished
from other sources by their release of more energy, which poses
significant destructive potential to roadway structures (Zhang et al.,
2022). A major rockburst accident involving a fault slip occurred on
October 20, 2018, in Shandong Province, China, resulting in 21 fa-
talities (Song et al., 2023). This incident prompted an investigation
into the mechanisms governing rockbursts and strategies for
ock and Soil Mechanics, Chi-

s, Chinese Academy of Sciences. Pu

ang et al., Moment tensor in
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preventing them in the future.
Rockbursts and mining-induced tremors are gaining increased

attention in fault zones (Zhou et al., 2022), as they can amplify the
seismic response (Guo et al., 2022; He et al., 2022; Cao et al., 2023).
In principle, the physical processes of natural earthquakes and
mining-induced tremors exhibit similarities (Kwiatek et al., 2011;
Zhang et al., 2023). Although the magnitude of these tremors
induced in coal mines is relatively small (typically with ML values
ranging between 0 and 1.5) compared to natural earthquakes. This
is due to the limited volumes of rock mined-out during mining
operations, which directly affects the degree of stress transfer and
release.

Research on mining-induced fault slip primarily focuses on
three aspects: (1) understanding the focal mechanisms of mining-
induced tremors caused by fault slip (Mendecki et al., 2020), (2)
investigating how mining operations affect stress transfer and
microseismic (MS) activity near faults (Kozłowska et al., 2021), and
(3) analyzing the response characteristics and instability mecha-
nisms of roadways under the influence of tremors (Sainoki and
blished by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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Mitri, 2014). These research topics typically utilize a combination of
field analyses (Lu et al., 2019; Jiang et al., 2020), laboratory exper-
iments (Deng et al., 2018; Li et al., 2019), and numerical simulations
(Gao et al., 2021). Additionally, moment tensor inversion (MTI)
technology is the most effective approach for analyzing the kine-
matics of fractures at both field and laboratory scales. MTI can
accurately determine source-related parameters of tremors,
including scalar moment, components contribution, and fault plane
parameters (e.g. strike, dip and rake). In particular, focal mecha-
nism solutions can serve as input for the stress inversion routine to
explore stress orientations within the fault zone (Dufumier and
Rivera, 1997; Petru�z�alek et al., 2020; Song et al., 2022). However,
there has been relatively limited exploration into integrating these
detailed source parameters into numerical models for a compre-
hensive analysis of fault instability mechanisms.

MTI methods assist in understanding the mechanism of sources
behind complex phenomena (Martínez-Garz�on et al., 2016a, b).
Different types of seismic data, such as seismic waveforms, first-
motion polarity data and amplitude spectra/ratios, can be used
individually or in combination to extract earthquake kinematics.
Each approach has its distinct advantages and limitations
(Hamidbeygi et al., 2023). First-motion inversion requires stations
to be clustered around and close to the source with good coverage
of the focal sphere (Iwata, 2018; Braunmiller et al., 2020). However,
this method faces challenges when dealing with low-energy events
due to signal-to-noise ratio limitations. Full-waveform inversion
offers a more comprehensive dataset by incorporating a prior ve-
locity model tailored to the local environment, thereby fitting
observed data with a specified signal-to-noise ratio effectively (Ma
et al., 2018). Moreover, building Green's function at high fre-
quencies is complicated (Bentz et al., 2018). The amplitude spec-
trum discards polarity information during the inversion process,
which reduces the likelihood of determining accurate fault plane
information (Cesca et al., 2006). MTI techniques can also partition
the shear and volumetric strain components (Wang and Cai, 2017a,
b), and integrating these results with forward simulation has
proven effective for analyzing fault kinematics (Meng et al., 2022;
Wang and Luan, 2022). Most studies replicate the propagation of
seismic waves in elastic solid media based on the elasto-dynamic
wave equation, but building a realistic source model remains
challenging (Bai et al., 2021). With the development and accessi-
bility of high-performance computing, forward simulations based
on elasto-dynamic response are becoming prevalent (Feng et al.,
2015; Zhang et al., 2019). This method effectively reveals the
propagation of seismic waves and fault rupture processes with focal
mechanisms as inputs within complex underground structures
(Gao et al., 2021; Zhang et al., 2024). The seismic source models for
fault modeling can be categorized into point source and finite fault
source models (Dang et al., 2020). Accurately simulating fault
rupture, especially the stick-slip process on finite faults, requires
appropriate frictional properties (Latour et al., 2011; Hu et al., 2017;
Luo and Duan, 2018; He et al., 2020; Im and Avouac, 2022). Pres-
ently, there are few numerical codes capable of yielding finite
source model results at mine scale. Fault slip involves shear on
fractures that spontaneously propagate along a frictional interface
within an elastic or bimaterial solid. Moreover, fault instability
exhibits different behaviors under varying geological conditions.
However, limited research has been conducted on this phenome-
non specifically in the context of mining-induced stress
disturbances.

In this study, we aim to address these documented gaps in
current understanding by conducting a comprehensive analysis of
fault slip behavior and its implications for mining hazard preven-
tion. First, we utilize MTI to analyze the rupture modes of high-
energy seismic events within the fault region. Building upon field
2

observations, we proceed to forward simulation of pure-shear slip
on faults, considering various slip modes and friction laws. Finally,
we interpret our model results in the context of faulting and pro-
pose mining hazard mitigation strategies based on comparisons
with field observations. By critically evaluating and integrating
these aspects, our study aims to deepen understanding of fault
instability mechanisms and identify key controlling variables and
their implications for mining safety.

2. Site characteristics

The study focuses on seismic events monitored in the Dongtan
coal mine in China at the depths ranging between 520 m and
700 m. The 3308 working face is located in District No. 3 of the
Dongtan coal mine (depth range from 538.5 m to 623.7 m). The
unmined area lies to the north, with the 3307 goaf (April 2020) to
the south, separated by a remaining coal pillar 4.5 m in width
(Fig. 1). The No. 1 Xiaochang fault (throw ¼ 0e17 m) and the
boundary coal pillar are located to the west of the mine, close to the
5319 (abandoned in March 2000) and 5320 goafs (abandoned in
December 2002) of the adjacent Xinglongzhuang coal mine (Fig. 1,
upper right inset). The headgate and tailgate of theworking face are
located on parallel roadways, with the north and south roadways
serving as the headgate and tailgate, respectively. The 3308 work-
ing face is accessed by inclined roadways, including tailgate
(1629 m), headgate (1639 m) and cuttergate (364 m). Above the
coal seam is a thick layer of hard sandstone. The immediate roof
consists of siltstone with an average thickness of 2.9 m, while the
main roof is composed by fine sandstone with an average thickness
of 23.5 m. The immediate and main floors are siltstone and fine
sandstone, with thicknesses of 1.2 m and 9.9 m, respectively. The
presence of the hard-thick roof stratum significantly impacts the
mining-induced stress transfer and consequently the occurrence of
tremors.

This coal mine has experienced two rockburst incidents,
occurring on June 1, 2001 and January 3, 2005, both attributed to
mining-induced modulation of tectonic stress. Within the 3308
working face, there are 21 mature faults, which have served as
catalysts for numerous high-energy induced events during mining
operations, with a maximum recorded energy reaching 3.8 � 104 J
(refer to Table A1 in Appendix A). Notably, 15 of these faults (see
Fig. 1) exhibited throws larger than 3 m. Among them, seven faults
are located within 3308 working face, including FQ16 (0e6 m),
FQ14 (0e6m), and FJ124 (15.9 m). Currently, the FQ23, 3FQ80, FQ12
and FQ13 faults have been traversed, with the subsequent mining
phase targeting the FQ14 fault. The potential activation or insta-
bility of this fault poses significant safety concerns. Additionally,
the coal exhibits an elastic energy index of 2.74 and a uniaxial
compressive strength of 9.7 MPa (see Fig. A2 in Appendix A). The
combined factors of the stiff and strong over/underburned, high
burial depth, and low-strength brittle coal create critically condu-
cive conditions for triggering rockbursts on the FQ14 fault. Hence, it
is crucial to explore the rupture mechanism of the FQ14 fault and
employ forwardmodeling to identify potential failure modes under
mining-induced stress. This analysis will help develop effective
strategies to mitigate the hazard.

3. Methods

In this section, we describe the Bayesian MTI methods used to
obtain source information for tremors. We employ a shear slip
model to compute further slip of a selected fault using two
constitutive friction laws. The MTI (first-motion polarity) results
guide the selection of fracture types for the numerical simulation of
the FQ14 fault.



Fig. 1. Location of high-energy mining-induced tremors in relation to faults and layout of working face roadways. The black and white circles represent fault plane solutions of
individual high-energy events near faults. The image in the upper-right corner shows the overall layout of the mine roadway including the locations of the geophones array used for
detecting seismic tremors. Small dots indicate MS event locations with two levels of color-coded seismic radiated energy values (events occurred from May 1, 2022 to August 31,
2022). The two orange lines depict the mining positions of the working face in August 2022 and September 2022, respectively.
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3.1. Bayesian MTI (first-motion polarity)

MTI is a well-known technique and can be represented as

U ¼ Gm (1)

where U is the ground displacement vector at the receiver; G is the
spatial derivative of Green's function, which contains the propa-
gation effects between the source and receiver; and m terms are
composed of the nine moment tensor components of the point
source. We often assume that the event is a point source parame-
terized by a centroid moment tensor, where the primary parame-
ters are the moment tensor, centroid location, and time. Bayesian
inversion framework offers a powerful approach for parameter
estimation, integrating prior knowledge, effectively handles un-
certainty, and provides robust, and interpretable results. It consists
of three parts: (1) transforming prior information into prior dis-
tributions, (2) calculating the posterior probability and storing
sufficient samples, and (3) statistics and analysis of model param-
eters (Vasyura-Bathke et al., 2021). The posterior probability dis-
tribution of the model parameters is the key to Bayesian inversion
and can be written as follows:

pðmjdobsÞfpðmÞpðdobsjmÞ (2)

where m mainly includes the source and hierarchical parameters
(hyper-parameters), and dobs is the displacement waveform data
monitored by the geophone. The likelihood function is defined as
3

rDðdÞ¼
h
ð2pÞN det Cd

i�1=2
exp

�
� 1
2
ðd� dobsÞtC�1

d ðd� dobsÞ
�
(3)

where N is the number of valid waveforms; Cd is the covariance
matrix (uncertainty function) of the displacement data d.

ðd� dobsÞtC�1
d ðd� dobsÞ measures how the observed data deviates

from the model prediction. To monitor the potential instability of
the fault system, a 16-channel seismological observation system
with 32 geophones was installed in the Dongtan coal mine. The
frequency range of the geophones was 1e600 Hz, the sampling rate
was 500 Hz, the vertical resolution of the A/D converter was 16 bits,
and the maximum data transfer rate was 1 MB/s. We used the
criteria reported by Si et al. (2020) to convert between energy and
ML for high-energy seismic events (ML � 0.754) as follows:

log10 E¼1:9ML þ 1:8 (4)

Previous research has emohasized the crucial need of a three-
dimensional velocity model to enhance the accuracy of inversion
results (Heimann et al., 2019). We utilized various parameters,
including density, thickness, wave velocity, as well as measured
logging and geological data to establish a Type-B Green's function
(Vasyura-Bathke et al., 2020). This inversion process was per-
formed using the beat Bayesian inversion framework. Samplingwas
performed using Metropolis Hastings sampling (MHS) (Yildirim,
2012), with a total of 7500 chains across 15 stages used in each
routine.



Fig. 2. Schematic diagram of numerical fault model. Velocity weakening is applied
inside the fault area (white color), and velocity strengthening outside the fault area
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3.2. Numerical approach

3.2.1. Fracture modes used in the numerical approach
We analyze mining-induced tremors through two types of shear

fracture models: in-plane and out-of-plane. The kinematics of
earthquake rupture is described by the dislocation of two fault
planes, described by their strike and dip, relative to each other. In
dislocation theory, a shear rupture is represented as a pair of shear
forces that are momentum-free in the sum. Typical examples of
shear fracture modes are commonly found in overlying strata and
in the fault slip regions due to mining operations. Mode II corre-
sponds to an in-plane strike-slip shear rupture that propagates
parallel to the direction of fault slip, whereas Mode III involves
fracture propagation perpendicular to the fault slip direction.
(blue color). A transition layer (yellow color) allows to adapt fraction laws.
3.2.2. Friction laws used in the numerical approach
Fracture nucleation, growth, and termination of faults are

significantly influenced by constitutive frictional behavior. Slip
weakening (SW) and rate state (RS) friction laws are selected to
capture the dynamic and static behaviors of faults under mining-
induced stresses. These laws have been broadly applied (Bizzarri
and Cocco, 2003; Rojas et al., 2009) in many aspects, offering
confidence in their applicability for accurately simulating fault
behavior in mining environments.

(1) Slip-weakening friction law (Andrews, 1985)

Previous rock physics experiments have demonstrated that the
friction coefficient decreases as the fault slip rate increases. Based
on this premise, an SW friction criterion is proposed:

T ¼

8><
>:

�
mf þ

�
ms � mf

�V0

V

�
sn ðV � V0Þ

mssn ðV＜V0Þ
(5)
Bðy;W;wÞ ¼

8>>>><
>>>>:

1 ðjyj � WÞ
1
2

�
1þ tanh

�
w

jyj � ðW þwÞ þ
w

jyj �W

��
ðW � jyj � W þwÞ

0 ðjyj � W þwÞ

(7)
where V0 represents the reference slipping rate. The static friction
coefficient ms quickly decreases to the dynamic friction coefficient mf
when the slip rate V gradually increases beyond V0. As V decreases,
the friction coefficient gradually increases, forcing the rupture to
gradually arrest. This law can represent self-healing on faults and has
been implemented in the numerical model used in this study.

(2) Rate-and-state friction law (Fukuyama and Madariaga, 1998)

In this approach, we use the 'TPV102' benchmark problem for
planar fault dynamics rupture (Harris et al., 2009; Duru, 2016). The
application of the RS friction model is described briefly as follows,
where the shear strength of the fault plane varies nonlinearly ac-
cording to the friction law:

t¼ asn arcsin h
�

V
2V0

exp
�
f0 þ b lnðV0j=LÞ

a

��
(6)
4

where dj=dt ¼ 1� Vj=L and couples with the state evolution
equation defined by the aging law. The reference slip rate is
denoted as V0, and f0 is the friction coefficient under the reference
slip velocity. The parameter ɑ is the direct effect used to describe
the response of the model under changes in velocity and b is the
evolution effect used to describe changes in steady-state friction
with L being a critical slip distance. To contain the fault rupture, the
velocity weakening law is applied inside the fault footprint, while
velocity strengthening is applied outside the fault area (Fig. 2).
Consequently, the fault is more likely to fracture and expand in the
inner region, where the friction coefficient decreases with slip ve-
locity. Outside this region, however, the friction coefficient in-
creases with slip velocity, preventing further fault propagation. The
transition from velocity weakening to velocity strengthening is
achieved by increasing a (x, y) with a transition layer (width
w ¼ 0.1 km).

We have Daðx; yÞ ¼ 0:008f1� Bðx� x0;W =2; WÞBðy;W ;wÞg,
where
Function Bðy;W ;wÞ is the boxcar function. In case of mode II
fracture, the initial two-dimensional stress tensor applied to the

fault is s0 ¼
0
@ s0xx s0xy

s0yx s0yy

1
A, with the traction force acting on the fault

calculated as T0 ¼
0
@ T0

x

T0
y

1
A ¼ s0n,

0
@ T0

n

T0
m

1
A ¼ RT0, where R is the

unit rotation matrix, and n is the normal vector. The normal vector

n ¼ ð1;0ÞT and rotationmatrix R are both identity matrices because
the unit vector on the fault plane is a canonical basis vector. At time
t ¼ 0, the onset of horizontal fault slip occurs with initial velocity
V]V ini, and is subjected to initial shear force and normal stresses of
t ¼ T0

m and sini ¼ � T0n , respectively. The initial state variable is
jiniðx; yÞ (see Eq. (8)). The initial velocity and stress remain con-
stant, while the initial state variable changes over time.



Table 1
Simulated model parameters of fault slip with rate and state friction law and slip
weakening law.

Scenario Parameter Value

Basic properties of the model Length (km) 0.25

jiniðx; yÞ ¼
L
V0

exp
�
aðx; yÞlnf2 sinh½tini=aðx; yÞsini � g � f0 � aðx; yÞlnðVini=V0Þ

b

�
(8)
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Applying horizontal shear traction disturbance from t¼ 0 causes
the fault to rupture and nucleate as follows (Duru, 2016):

Dtðx; y; tÞ ¼ Dt0FðrÞGðtÞ
r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx� x0Þ2 þ ðy� y0Þ2

q )
(9)

where r is the radius of the finite region of the fault, and

FðrÞ¼

8><
>:

exp
	

r2

r2 � R2



ðr＜RÞ

0 ðr � RÞ
(10)

GðtÞ¼

8><
>:

exp

"
ðt � TÞ2
tðt � 2TÞ

#
ð0＜t＜TÞ

1 ðt � TÞ
(11)

During the period 0＜t＜T , the shear traction force gradually
increases from 0 to Dt within the radius of R.

3.2.3. Numerical model setup
The numerical discretization method known as SBP-SAT is

widely used in finite difference and finite element methods, which
is crucial for capturing complex dynamics like fault slip. However, it
requires computationally intensive computations and careful
handling of boundary conditions to ensure stability and accuracy.
The primary concept involves dividing the solution domain into
smaller modules. Within the computational domain, the SBP-SAT
method has a significant advantage in handling predefined crack
paths, allowing for more accurately simulation of the full fault slip
process (Abgrall et al., 2020; Eriksson, 2021). Additionally, the
Fig. 3. Discretization model. Nodes and computational grids are represented by blue
circles and black lines, respectively. The P-wave velocity parameter used in this model
is 4.2 km/s. The fracture propagation path is indicated by the white dashed line.

5

finite-difference technique developed using this method has
enhanced the accuracy and the stability of model results.

We performed a dynamic slip simulation to represent the
nucleation of a pure shear source, fracture propagation, and arrest.
The simulation considered two shear rupture modes and two
friction laws. A discretization model was established to evaluate
stress variations during fault slip, as shown in Fig. 3. The fault
rupture is 500m long (indicated by thewhite dashed line in Fig. 3),
consistent with the observed size of medium-sized faults in the
coal mine. Five monitoring locations were set up horizontally
(H1eH5) and vertically (V1eV5) to record stress changes during
the fault slip process. Normal and shear loads of 25 MPa and
45 MPa, respectively, were applied to the fault. We used a traction
vector to initiate fault slip, similar to that used for mining-induced
fault slip. The shear slip simulation process involves several steps:
(1) establishing a discretization model and setting monitoring
points, (2) selecting the shear fracture mode and friction law, (3)
assigning model parameters and friction law parameters, and (4)
interactive plotting and data export after model run. Table 1 lists
the specific model parameters that were applied. To systematically
study fault slip, the following four scenarios were modeled: (a)
Mode II fracture with RS friction law (RSeII); (b) Mode III fracture
with RS friction law (RSeIII); (c) Mode II fracture with SW friction
law (SWeII); and (d) Mode III fracture with SW friction law
(SWeIII).
Width (km) 0.5
Grid points in X-axis 20
S-wave velocity (km/s) 2.43
Density (kg/m3) 2.5
Spatial order of accuracy 4
Grid points in Y-axis 40
Snapshot frequency (s) 0.01
P-wave velocity (km/s) 4.2
sxx 0
syy 0
syx �1/

ffiffiffi
2

p

sxy �1/
ffiffiffi
2

p

SW-II and SW-III tini (MPa) 25
Dynamic friction coefficient 0.42
sini (MPa) 45
Critical slip 0.005
Static friction coefficient 0.59
Total duration (s) 0.04

RS-II and RS-III a 0.008
Reference friction coefficient 0.6
tini (MPa) 25
b 0.01
L 0.0011
sini (MPa) 45
V0 (km/s) 1 � 10�25

Vini (km/s) 2 � 10�12

Total duration (s) 0.24



Fig. 4. Distribution and inversion of MS sources surrounding the FQ14 fault (circle
dots). The diagram includes two black lines at top and bottom representing headgate
and tailgate, respectively. Blue contour lines illustrate the density of events, and the
dashed line represents the current mining position of the working face. This area in-
cludes four faults: FQ12, FQ13, FQ14 and FQ16.
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4. Field results

4.1. Mechanism of mining-induced tremors induced by FQ14 fault
slip

Particularly, the FQ23, 3FQ80, FQ12, FQ13 and FQ14 faults have
strikes approximately perpendicular to the working face. The
abutment pressure from the advancing working face is super-
imposed on the background stress field of the fault, causing local-
ized stress concentration. Therefore, there is a possibility of local
instability due to stress concentration at the tip of the FQ14 fault,
which has also triggered a series of MS events. Therefore, the slip of
the FQ14 can be easily induced. Given the current mining position
shown in Fig. 4, stability monitoring of the FQ14 fault will be the
focus of future work.

As illustrated in Fig. 1, seven MS events associated with nearby
faults were inverted for MT. According to the results of moment
tensor decomposition, the dominant factor restricting safety mining
is the shear-type source. Considering the spatiotemporal distribu-
tion of these sources, events #4 and #5were particular influential in
triggering subsequent events within the fault region. They were
mainly distributed at the tip of the fault with shear rupture, likely
Table 2
Inversion results of high-energy MS hypocenters surrounding the faults.

No. FMT Date Time (s) Strike 1 (�) Dip 1 (�) Rake 1 (�) S

#1 2022-05-01 2:26:00 88 89 �90 2

#2 2022-08-22 9:17:10 82 65 �7 1

#3 2022-08-23 9:04:20 140 89 �84 2

#4 2022-08-23 2:56:22 104 28 �5 1

#5 2022-08-24 2:58:56 242 19 �24 3

#6 2022-12-10 3:03:41 304 73 �172 2

#7 2022-12-20 8:51:23 73 85 91 2

Note: C ¼ Compression, T ¼ Tensile, S ¼ Shear.

6

due to elevated abutment pressure and fault stress field within the
fault region. As shown in Fig. 4, these events may have created
conditions leading to the overall instability of the FQ14 fault. Thus,
we focus is on understanding the occurrence mechanisms of events
#4 and #5, which are crucial for the planning the upcoming stages of
mining that will interest with the FQ14 fault.

4.2. Displacement fields after FQ14 fault slip

Events #4 and #5 occurred on 23 and August 24, 2022,
respectively (Table 2). No further MS events were reported within
the detection limit following event #4. As shown in Fig. 5, we
analyzed slip vectors using MT results of events #4 and #5 to
explore the relationship between mining-induced tremors caused
by faults and subsequent events (Toda et al., 2011).

According to the spatiotemporal distribution of sources in Fig. 4,
event #5was induced by the preceding event #4, primarily because
event #5 occurred at the fault tip, an area with intense stress
concentration. The lune-type plot in Fig. 5 shows that the main
cause of these two events was shear rupture, followed by many
low-energy events. From the displacement vectors of events #4 and
#5 in Fig. 5, it is observed that the direction of the displacement
vectors aligns with the fault strike. This suggests a potential trend
of instability near the southeast end of the fault. Field observations
indicate that the 3307 goaf shed significant lateral support pressure
on the working face during the mining operation. This likely
influenced the rupture direction of seismic event #5 (strike, dip and
rake are 242�, 19� and 24�, respectively). Additionally, event #4 is
more likely to have slipped along the existing plane of weakness,
i.e. the FQ14 fault. The following section will discuss the stress-
dependent spatiotemporal relationships between the selected MS
events of interest (refer to Table 2 for high-energy seismic events).

5. Model results: the effect of predicting the rupture of FQ14
fault

Field studies indicate that high-energy events in fault area
exhibit a high double-couple component. To simplify ourmodel, we
establish a pure shear model to study the evolution of relevant
properties following the slip of the FQ14 fault. Due to the com-
plexities of underground engineering, obtaining precise properties
of fault planes is challenging. Therefore, we introduce different
friction criteria to examine the characteristics of fault slip (Orlecka-
Sikora et al., 2009). Based on this approach, we conducted a for-
ward simulation to investigate the dynamic rupture process of the
shear source using two friction laws.
trike 2 (�) Dip 2 (�) Rake 2 (�) Magnitude Misfit Type of rupture

76 1 �83 1.25 0.12 S

76 83 �155 1.35 0.09 S

41 6 �169 1.07 0.11 S

99 88 �118 1.18 0.2 S

55 82 �107 1.33 0.05 SeC

11 82 �17 1.04 0.14 S-T

46 5 84 1.07 0.17 S



Fig. 5. The distribution of the displacement field (olive green arrows) is illustrated by olive green arrows, focusing on two high-energy tremors (marked #4 and #5). Arrows
represent the direction of displacement, and their length representing the magnitude. The larger green arrow denotes the movement direction of the fault FQ14 under consid-
eration. The probability distribution of events #4 and #5 is depicted in lune clouds on both sides of the diagram, with red indicating an increasing likelihood of occurrence.
Compared to Figs. 1 and 4, this figure has been rotated for better alignment with the simulations in the following chapters.
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5.1. Dynamic rupture process of shear source under different
friction laws

5.1.1. Shear stress
For mode II, there are two regions with opposite shear stress

directions on one side of the fault (areas A and B), as depicted in
Fig. 6a and c. The modeled shear stress distribution aligns with the
moment tensor composition results observed for event #5 (see
Fig. 5). In contrast, this phenomenon does not exist in the mode III
fracture source scenarios. In this scenario, the range of influence of
the shear stress caused by fault rupture was much smaller
compared to mode II fracture scenario. Furthermore, the range of
stress influence under the SW friction law is significantly smaller
than that the RS friction model. There is a significant increase in
shear stress at the fault tip under the RS friction law. Based on
these model results, the RS friction model provides a better
agreement with the observed data from MTI in the previous
section.
5.1.2. Normal stress
Fig. 7 shows the evolution characteristics of normal stress for

different model scenarios. It is interesting to note that the RS fric-
tion law results in a wider normal stress influence range compared
to the SW friction law, which is consistent with the observed
pattern of shear stress variation. The crack tip of the fault is the
position of the normal stress concentration, and as the crack tip
moves, the stress concentration gradually migrates upwards while
the stress magnitude at the initial position gradually decreases. The
overall changes in normal stress exhibit a pattern of decreasing,
then increasing, and finally decreasing again as the distance in-
creases from both sides of the fault. This also explains why the
events in Fig. 6 were mostly located within a certain distance from
the fault.
7

5.2. Parametric changes in fault plane during rupture process

5.2.1. Traction of fault plane
The traction variables can be used to evaluate the applicability of

different friction laws to fault slip and reveal their dynamic
behavior (Fig. 8). In both friction law scenarios, there is an accu-
mulation of traction prior to the fault slip. The fault rupture process
is fast in the RS mode; therefore, more energy is released during
seismic monitoring (with a higher waveform amplitude) compared
to other models. In the RS-III model, faults exhibit extremely un-
stable slip, which can easily induce multi-peak waveforms under
field conditions. Under the same stress conditions, the size of the
fault rupture in the SW-II model is relatively large. Based on these
characteristics, the SW-II model can be used as an indicator to infer
the mode of fault slip instability in the field.
5.2.2. Slip rate
Fig. 9 depicts the slip rate of the fault evolution over time at

different stages. As time progresses, the slip rate at the tail of the
fault plane remains relatively high, whereas that inside the fault
decreases steadily. The length of the fracture produced by themode
II rupture is longer than that of mode III at the same time. The RS
friction law initiates static stress accumulation in the fault during
the initial phase (0e0.17 s), followed by a rapid transition to slip
instability at t ¼ 0.17 s. This process of fault instability unfolds
quickly, leading to an instantaneous release of energy and the
generation of powerful seismic waves that significantly affect the
stability of roadways in the mines. In mode II, the fault rupture
plane extends horizontally in an elliptical shape, whereas in mode
III, it also elongates vertically. This shape facilitates the concen-
tration of shear stress on the fault, leading to a higher likelihood of
unstable fracture propagation. Therefore, the fault slip process in
mode III is more unstable compared to mode II.



Fig. 6. Evolution of shear stresses in four model fault scenarios: (a) Rate and state model with in-plane shear rupture source, (b) Rate and state model with out-of-plane shear
rupture source, (c) Slip weakening model with in-plane shear rupture source, and (d) Slip weakening model with out-of-plane shear rupture source. The direction of the fault is
consistent with the orientation in Fig. 5.
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5.2.3. Stress changes at monitoring points
The shear stress variations at monitoring locations during fault

slip under different schemes are illustrated in Fig. 10. During fault
rupture, the RS friction law exhibits a higher peak stress and a
longer duration of static stress compared to the SW. This prolonged
static stress accumulation signifies increased energy build-up
within the fault, leading to rapid rupture and the release of an
intense stress wave. Monitoring points detect a sudden change in
8

stress along the fracture, indicating stress redistribution within the
fault region accompanied by a shift in shear stress direction. In the
horizontal direction, the stress initially increases gradually; sub-
sequently, oscillating fluctuations occur at a certain stress level
(Fig.10b and c), indicating the complex nature of the stress changes.
The stress changes observed in the horizontal direction lacked
regularity compared to those in the vertical direction.



Fig. 7. Evolution of normal stresses for the four modeled fault scenarios: (a) Rate and state model with in-plane shear rupture source, (b) Rate and state model with out-of-plane
shear rupture model, (c) Slip weakening model with in-plane shear rupture source, and (d) Slip weakening model with out-of-plane shear rupture source. The direction of the fault
is consistent with the orientation in Fig. 5.
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6. Discussion

Numerous high-energy events have occurred in the 3308
working face, triggered by tectonic stresses modified by mining
operations. We explore potential failure modes associated with the
FQ14 fault and its subsequent phases. We analyze rupture mecha-
nisms of events near the fault, followed by the construction of a
forward model to discern the potential slip mode on FQ14.
9

6.1. Combined interpretation of field and rupture model results

The research findings reveal that shear rupture sources are
prevalent near the fault zone. In nonlinear fracture mechanics, the
stress singularity at the crack tip is replaced by a process zone. In
Fig. 5, we observe that the displacement field and energy release
rate associated with a shear fracture tip at the mine scale. Frozen-in
shear fracture tips are challenging to replicate in laboratory tests
(e.g. Zang et al., 2000). The elevated abutment pressure



Fig. 8. Variations in traction along the fault plane during rupture of the fault in four
different model scenarios: Slip weakening models (upper) and rate and state models
(lower).
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significantly raises the likelihood of fault activation and failure in
this region, particularly under the influence of thick and hard rock
stratum.

From Fig. 4, it is observed that the angle between the mining
position and the fault is approximately 60�. Therefore, the orien-
tation of the fault is not the most favourable for slip induced by
mining-induced stress. However, as one end of the fault is close to
the location of excavation and related stress transfer, it experiences
Fig. 9. Evolution of slip rate during dynamic rupture of the fault: (a) Slip weakening model
shear rupture source, (c) Rate and state model with in-plane shear rupture source, and (d)

10
local instability first (events #4 and #5). Subsequently, many events
are primarily distributed within the disturbed area affected by
these two events. As excavation continues, the portion of the fault
under critical stress expands, and new events occur in accordance
with this migration pattern.

According to Fig.11, event #5 exhibited a pattern consistent with
the simulated distribution of shear stress after FQ14 fault slip.
Outside the region of reduced shear stress on the fault plane, there
is an area of increased stress, which is prone to triggering MS
events. The simulated results align with the field observations in
terms of these stress patterns. Following event #5, a series of MS
events occurred, particularly in the region where shear stress is
positively increased, as shown in Fig. 11. Additionally, the interac-
tion between MS events and mining disturbances further induces
fault slippage. This fault slippage, in turn, induces additional MS
events. Besides, micro-fracturing is promoted by increases in shear
stress while being restrained by decreases in shear stress. This
complex interplay highlights how stress variations and mining
operations can dynamically influence fault behaviour and seis-
micity in the study area. The mechanism of event #5 can be vali-
dated using the RS-II model scenario shown in Fig. 9a. Events #4
and #5 are identified as belonging to fracture mode-II based on the
results of the MTI. This rupture mode has a larger stress influence
range than the SW friction model, resulting in numerous after-
shocks (Fig. 6). The extensive distribution of these aftershocks
strongly suggests their association with the RS-II model. Events #4
and #5 played a significant role in promoting slip instability along
the FQ14 fault, which is identified as mode-II rupture based on the
displacement field presented in Fig. 5. Thus, we consider timelyMTI
and stress inversion analysis of MS sources near the fault zone
with in-plane plane shear rupture source, (b) Slip weakening model with out-of-plane
Rate and state model with out-of-plane shear rupture model.



Fig. 10. Stress changes at monitoring locations during dynamic rupture for different model scenarios: (a) Slip weakening model with in-plane shear rupture source, (b) Rate and
state model with in-plane shear rupture source, (c) Slip weakening model with out-of-plane shear rupture source, and (d) Rate and state model with out-of-plane shear rupture
model. The locations of monitoring locations are shown in Fig. 7, where V and H represent the vertical and horizontal monitoring points, respectively.

Fig. 11. Results of shear stress distribution for event #5 (data from the result of MT inversion) and fault slip (simulation): (a) The distribution of shear stresses caused by event #5.
The locations of aftershocks following events #4 and #5 are indicated by black dots within the time window from August 23, 2022 to September 29, 2022. (b) Evolution of shear
stresses in the rate and state model with an in-plane shear rupture source.
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crucial for assessing fault stability. Importantly, as depicted in
Fig. A1 (Appendix A), fault rupture (assuming RS friction) occurs
abruptly and is unstable even under low-stress conditions. This
scenario poses a higher hazard compared to others and can
significantly impact roadway safety.

Incorporating observed moment tensors into forward modeling
can help determine the potential increase in shear stress range.
However, it is crucial to recognize that the range derived from these
models may not perfectly match on-site conditions. Coal mine sites,
unlike isotropic media assumed in inversion models, exhibit non-
isotropic characteristics. Consequently, analyzing the stress
11
tensors obtained from stress inversion enables a more precise un-
derstanding of fault stress perturbations. Consequently, analyzing
the stress tensors obtained from stress inversion enables a more
precise understanding of fault stress perturbations.
6.2. Application: blasting for stress-relief to prevent fault slip and
rockburst

Here, we present a case study from the Xinjulong coal mine,
where insights from this study were applied to mitigate future
dynamic disasters arising from fault instability. Combined with



Fig. 12. Location of high-energy mining-induced tremors and layout of the 8302 working face roadways for the Xinjulong coal mine. The blasting borehole layout in the roadway is
shown in the upper-right inset, and the middle-right inset depicts the state of boreholes before and after blasting. Prior to blasting, 10 high-energy MS events were recorded (blue
dots). In the subsequent mining operations after blasting, the induced events exhibited energy ranging from 1 � 102 J to 1 � 104 J, represented by orange and black dots (events
occurred from July 16, 2023 to August 1, 2023).
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source parameters and Coulomb stress analysis, critical fault zones
prone to slip can be identified (as discussed earlier), prompting the
implementation of stress-relief measures. This included targeted
blasting near the fault zone, as illustrated in Fig. 12. This approach
has proven successful and validated for its effectiveness in pre-
venting high-energy tremors. The selected 8302 working face is
located in district No. 8 of the Xinjulong coal mine (Fig. 12). Fig. 12
shows the Huangtang syncline located in the east, the 8301 goaf
(2019) located in the west, and the F21 and Bihai faults located in
the northwest. The mining seam at Xinjulong coal mine ranges in
depth from 906.5 m to 992.6 m, with an average thickness of
8.97 m. Overlying this seam are thick and hard interbeds consisting
of medium sandstone, fine sandstone, and siltstone. Within the
working face, the FG1 fault and several minor faults have been
encountered, presenting potential instability concerns.

A total of 11 high-energy MS events occurred in the 8302
working face from October 13, 2022 (start mining) to November 10,
2022. Most of them (events # 1, # 5, # 7, # 8, #9 and #10) clustered
in the vicinity of the FQ1 fault zone (Fig. 12), especially event #8
occurred at the tip of the fault (consistent with the mechanism of
event #5 in Fig. 5). To mitigate rockburst accidents stemming from
fault instability, management decided to stop mining operations
and implemented blasting pressure-relief measures. The primary
objective of these measures was to alleviate stress concentrations
12
near the FG1 fault zone and reduce elevated abutment pressure.
Analysis of the data from July 16, 2023 to August 1, 2023 indicates a
decrease in the energy of events following the blasting. The energy
levels ranged mainly between 1 � 102 J and 1 � 104 J (Fig. 12). This
outcome suggests that the implementation of blasting pressure-
relief measures targeting the fault and roof effectively decreased
the likelihood of high-energy events occurring in this region.

7. Conclusions

This study uses Bayesian MTI and SBP-SAT forward simulations
to identify the sourcemechanisms of mining-induced seismicity for
the mapped FQ14 fault. The main results of this study are sum-
marized below:

(1) Bayesian moment tensor reveals shear as the dominant
rupture type for mining-induced high-energy events near
mapped faults in Carboniferous strata at the Dongtan coal
mine in China. The clustering of these events near the fault is
associated with elevated abutment pressures and fault tec-
tonic stress, and in combination with displacement fields
provided insights into frozen-in tip stresses at themine scale.

(2) Stress increase areas/volumes at shear fracture tips are
smaller in SW models with in-plane shear compared to RS
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models. Faults with an in-plane strike-slip had longer
rupture lengths than those with an out-of-plane slip. For the
pure-shear source, distinct regions of increased and
decreased shear stress were observed on either side of the
fault plane, explainingwhy tremor hypocenters tend to occur
at certain distances from faults.

(3) The RS friction law exhibited relatively high peak stress with
a longer duration of static stress accumulation compared to
slip weakening. This suggests that the rate-and-state model
generates a rapid release of intense stress. Higher dynamic
friction coefficients resulted in lower slip rates and shorter
rupture lengths, and increased normal stress reduced fault
rupture length. At low normal stress levels, significant
instability in slip rates was observed at various fault seg-
ments under the RS model, characterized by multiple peaks
in slip rates.

(4) Based on these results, we propose that MTI and modeling
should be routinely used to identify potentially unstable
fault zones. This is important even though the results ob-
tained by modeling may not be consistent with the actual
situation on site due to the impact of mining disturbance on
the stress regime. Subsequently, by analyzing the stress
tensor derived from the stress inversion, we can precisely
determine the extent of stress perturbations caused by fault
slip. This allows us to accurately identify areas of elevated
shear stress and guide the implementation of stress-relief
measures.
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