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Abstract

Assessing the risk of mining-induced earthquakes is crucial for mining safety and disaster mitigation. In this study, we
investigated fault failure and coseismic slip as mining activities approach the fault, using a 2-D plane strain model. We
focused on the stress ratio of shear stress to normal stress on the fault (k) and coseismic slip on the fault in relation to
variables such as the working face location, fault dip angle, fault friction coefficient (), and depth-dependent background
stress field. We examined two models, one with infinite u, (i.e. no fault failure) to analyze total stress disturbance on the
fault, and another with finite 4, ranging between 0.5 and 0.8 to estimate coseismic slip. Our study yields the following key
findings. Fault reactivation induced by mining activities is primarily caused by an increase in & rather than by an increase
in shear stress. Hanging wall mining induces instability beneath the mining level, whereas footwall mining provokes
instability above it. By utilizing the concept of the fault stress ratio (k), this study elucidates the mechanisms responsible
for the pronounced instability induced by footwall mining. Fault stability is highly sensitive to the fault dip angle and
mining distance, which are crucial factors in assessing the potential for induced earthquakes. Higher u, values lead to
small regions of coseismic slip under the same stress environment. Based on these findings, we interpreted a possible
cause of the induced earthquake at the Yuejin coal mine on August 11th, 2010, and introduced a quantitative approach for
establishing the terminal mining line.
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Introduction gas outbursts (Cao et al. 2001; Karacan et al. 2008; Balsamo

et al. 2010). For example, a coal burst accident in the Yima

Since the advent of deep mining operations worldwide,
mining-induced earthquakes have emerged as a significant
concern due to their potential to cause severe damage to
mining infrastructure and surrounding areas (Mark 2016;
Wei et al. 2018; Kang et al. 2023). Verdon et al. (2018)
conducted a comprehensive investigation on an earthquake
associated with longwall mining operations at Thoresby
Colliery, Nottinghamshire, one of the deep coal mines in
the United Kingdom. They presented compelling evidence
that the mining operations directly induced seismic events
in the region. The reactivation of faults due to mining opera-
tions can occasionally lead to catastrophic rock (coal) and
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Qiangiu coal mine in China in November 2011 was attrib-
uted to fault reactivation (Cai et al. 2021). At the No. 25,110
working face of the Yuejin coal mine in China, a total of
20 coal burst accidents were caused by fault reactivation as
mining activities gradually approached the F16 fault (Li et
al. 2014).

Given the increasing demand for coal resources and the
ongoing trend of mining at greater depths, the risk associ-
ated with mining-induced earthquakes could potentially
escalate in the forthcoming years (Ranjith et al. 2017). Cur-
rently, coal mining operations in China extend to increas-
ingly greater depths at 825 m annually. By the end of
2022, more than 50 coal mines in China had reached mining
depths of over 1000 m, with the deepest mine reaching a
depth of 1510 m (Kang et al. 2023). Deep mining operations
in proximity to faults can prompt sudden failure of coal and
adjacent rocks, culminating in roadway roof collapse due to
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violent strain energy release (Chen et al. 2018; Wang et al.
2021; Li et al. 2007; Foulger et al. 2018; Zhou et al. 2022).

Theoretically, stress disturbance due to faulting is rigor-
ously expressed by the slip distribution on the fault as rep-
resentation theorem (e.g., Aki and Richards 2002; Kostrov
and Das 1988). To properly incorporate the effect of the
stress field on the fault, friction theory (e.g., Jaeger et al.
2007; Scholz 2019) has been employed. Therefore, coseis-
mic fault slip is one of the essential aspects when consider-
ing the impact of stress disturbance on fault stability. Given
that the faulting caused by deep mining may lead to rock
(coal) bursts, considerable research has been conducted to
understand the mechanisms underlying mining-induced
fault slip (e.g., Wei et al. 2020). Song and Liang (2021)
employed numerical simulation methods to investigate the
impact of hanging wall mining. They studied the mechanism
behind groundwater outbursts resulting from fault activity,
with a particular focus on the perspective of induced stress
concentration. Wu et al. (2021) analyzed the behavior of a
working face as it advanced towards the hanging wall of
a normal fault, focusing on investigating the influence of
different coal pillar widths from the abutment pressure and
found that high dip faults were more likely to induce earth-
quakes. Shan et al. (2023) investigated the characteristics
of excavation-induced pressure unloading and fault slip in
the overlying rock mass during mining parallel to the fault
using the finite difference method. These studies focused on
fault reactivation induced by mining in view of the stress
distribution. They carefully considered increased abut-
ment pressure, stress concentration, and pressure unload-
ing, attributing the stress change due to mining as a primary
cause of fault instability.

Past studies on fault instability caused by mining activi-
ties primarily focused on shear stress concentration and did
not discuss the changes in normal stress (Wei et al. 2020;
Song and Liang 2021; Shan et al. 2023; Wu et al. 2021;
Jiao et al. 2021; Lyu et al. 2021; Zhang et al. 2023; Zhu et
al. 2021). In contrast, we introduce an approach based on
the Mohr-Coulomb criterion as our rock failure criterion,
emphasizing the critical role of normal stress in fault insta-
bility. We consider the fault stress ratio, which is defined as
the ratio of shear stress to normal stress on the fault. It pro-
vides a more accurate measure of fault stability. This stress
ratio is crucial, as mining activities induce perturbations
both in shear and normal stress on the fault. Therefore, it is
essential to take into account both shear and normal stress in
assessing mining-induced earthquakes. In our research, we
systematically investigated mining-induced fault instability
by employing the fault stress ratio.

In our approach, we consider two aspects of fault reac-
tivation: fault failure and coseismic slip. The magnitude of
induced earthquake events is primarily influenced by the
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extent of coseismic slip rather than just stress, highlight-
ing the necessity of in-depth investigations into both fault
failure and coseismic slip processes. To achieve this, we
utilize two models. The first model investigates mining-
induced stress disturbances and the fault stress ratio using
a model with infinite fault frictional strength. The second
model introduces a friction coefficient on the fault, allow-
ing us to quantitatively study coseismic slip distribution
concerning various factors such as mining distance and
background stress ratio. These two models provide a better
understanding of the mechanisms behind mining-induced
fault instability.

Moreover, our study addresses a gap in existing research
by questioning the applicability of traditional terminal min-
ing line designs in deep mining operations under high tec-
tonic stress environments near faults. By investigating the
mining-induced fault stress ratio and coseismic slip along
the fault, our analysis offers insights into the underlying
mechanisms of mining-induced fault instability. In this
study, we constructed a fault reactivation model tailored to
the conditions at the Yuejin coal mine in China, specifically
investigating the impacts of fault failure and coseismic slip
as the mining face approaches the fault.

Numerical modeling procedures
Model overview and input parameters

We utilized a 2-D plane-strain model employing a thin rect-
angular volume, as depicted in Fig. 1. The computational
volume measured 2400 m in length along the mining direc-
tion (x-direction), 1200 m in the vertical direction (z-direc-
tion) and had a width of 10 m (y-direction). Since the origin
was situated at the left bottom corner of the modeling region
and the positive direction was defined as upward. The depth,
denoted as 4, was expressed as #=1600 - z. In this model,
the depth ranged from 400 m to 1600 m. The key governing
equation used in static equilibrium analysis was written as
follows;

V.o+F=0 (1)

where o is the total stress tensor, and F represents the body
forces, including gravity. We introduced the following dis-
placement boundary conditions,

u; =0 atx=0m
u, =0 aty=m andy=10m, and 2)

u, =0 at h=1600 m
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Fig.1 A schematic illustration of the 2-D plane strain model, including
the coal mining working face and the fault ahead of the working face.
a The xyz-coordinate system is set as shown in the bottom left of the
figure. The origin is located at the bottom left corner of the modeling
region. o,,, is the o, stress at the top of the model that simulates over-
burden weight. o, is vertical principal stress. g, is horizontal principal
stress in the x-direction. On the left and bottom sides of the model, the
displacement boundary condition is applied as described in the text.
o stands for fault dip angle. The local coordinate (red line) L is set

where u; is i-component displacement, and i takes either x,
¥, Or z.
Next, we set the following stress boundary conditions,

oy, = pgh
Op = Tp0y

3)

where o, and gy, are vertical and horizontal far field principal
stress, p is the density, and g is the gravitational accelera-
tion. Compression stress was assigned positive in this study.
r, was the background stress ratio defined as

—r 4)

oy
We defined the fault stress ratio k£ as

k= 5)

On

where 7 is shear stress, and o, is normal stress on the fault.
It should be noted that & controls the fault stability. We used
the Mohr-Coulomb criterion to evaluate the fault failure, as
shown in Eq. (6)

7= C + [0, (6)

where 7, is the fault frictional strength, o, is the normal
stress applied on the fault, u, is the friction coefficient, and
C, the cohesion is assumed to be zero. By comparing & with
uy (ort with 7)), we could evaluate the stability of the reverse

along the fault, being the origin is at the center of the coal seam, and
the positive direction of L is taken upward. D,, is the mining distance
measured from the origin of the local coordinate L to the working face,
taken positive at the hanging wall side. The thickness of the coal seam
is 10 m. b Master and slave surfaces are applied to the model. The
green line, located 0.5 m from the fault, represents the measurement
line, along which , o, and coseismic slip are measured on the hanging
wall side. Similarly, the purple line, positioned 0.5 m away from the
fault, represents the measurement line on the footwall side

Table 1 Parameters of the numerical model

Parameters Values Parameters Values

Young’s modulus, £ 15 Cohesion stress, 0

(GPa) C (MPa)

Poisson’s ratio, v 0.25 Depth, /4 (m) 400-1600

Shear modulus, G 6.5 Mining distance, -200-200

(GPa) D,, (m)

Density, p (kg/m?) 2400 Mining level, (m) 1000

Fault dip angle, ¢ (°) 20-70 Panel width, (m) 200
(30)°

Background stress 2or3 Mining thickness, 10

ratio, 7, (1.5)" (m) (11.5)"

Friction coefficient, 4,  0.5-0.8 Dip angle of the 0 (12)"

coal seam, (°)

* The parameters in brackets represent the actual parameters of the
Yuejin coal mine from Cai et al. (2021)

fault due to mining-induced stress disturbance and coseis-
mic slip.

We investigated the effect of parameters such as r,, fault
dip angle ¢, and mining distance D,, on k. It should be noted
that D,, represented the distance between the fault and the
mining face, and was considered positive when the mining
face was located on the hanging wall side. In this study, we
considered two background stress ratios, 7, = 2 and 3, six
@ at every 10° from 20° to 70°, and D,, ranging between
0 m and 200 m, with a constant panel width of 200 m. We
assumed that coal seam and rock layers have the same den-
sity and elastic properties in the computation area, as shown
in Table 1. In order to calculate the distribution of total
stress change on the fault under the mining activities, we
assumed that the fault frictional strength was infinite (i.e., u,
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is infinite, and no slip is allowed to occur) and measured the
stress disturbance on the fault. Subsequently, we computed
k by introducing the Mohr-Coulomb criterion with various
M-

As shown in Fig. 1, we introduced a local coordinate
denoted as L along the fault. The origin of L was set at the
intersection of the fault and the center of the coal seam
layer, taking upward as positive and downward as negative.
Using L facilitated the understanding of the spatial relation-
ship between k, D,,, and ¢.

The characteristic feature of k as a function of r, and
P

Before conducting the simulation, a theoretical analysis was
performed to investigate the characteristic feature of & as
a function of 7, and ¢ within a reverse fault environment
by adjusting the background stress to the local coordinate
system. These theoretical solutions enabled us to gain basic
insights into how much 7, and ¢ affected & distribution on
the fault. In Fig. 2a, it was observed that as 7, increases,
k also increases. Figure 2b shows the critical angle repre-
sented by the marked stars. When r, was held constant, and
@ was smaller than the critical angle, increasing ¢ led to an
increase in k. Conversely, when ¢ was larger than the criti-
cal angle, increasing ¢ resulted in a decrease in k. Further-
more, the analysis conducted in Fig. 2 revealed that under
the same background stress, a smaller ¢ resulted in a larger
magnitude of &, potentially increasing the risk of mining-
induced earthquakes.

09l
_06}
S
=
X
03}
0.0} —u= 20°=0= 30°=4= 40°=y= 50°~e~ 60°~<~ 70°
1 2 3 4 5

Ty

Fig. 2 Distribution of & as a function of r, and ¢. a Distributions of %,
as a function of r;, when ¢ is 20°, 30°, 40°, 50°, 60°, and 70°. b Dis-
tributions of & as a function of ¢ for the cases where 7, =2 and 3. Red
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Numerical simulation and mesh generation

We used the finite element method software Code Aster
(Ver. 14.6) to simulate the coal mining-induced faulting pro-
cess (see http://www.code-aster.org for details). The mining-
induced stress disturbance and coseismic slip on the fault
were calculated using a 2-D plane strain model, as shown in
Fig. 1. Salome-Meca Ver. 2015.1 was utilized as the pre-and
post-processor for Code Aster, to construct a mesh model
consisting of 216,486 tetrahedron elements with nodes set
on the vertex. The dimensions of the elements were kept
smaller than 10 m. On the contacting interfaces between the
upper and the lower fault surfaces, the dimension of the ele-
ments was set to less than 1 m using the sub-mesh method,
as shown in Fig. 1b.

Analysis of mining-induced fault failure and
coseismic slip

Investigation of stress perturbations and k-
disturbance along fault

Characterization of mining-induced stress distribution
along fault

In our analysis, we measured the stress disturbance result-
ing from mining activities by assuming that the fault shear
strength was infinite. Subsequently, we evaluated the influ-
ence of mining-induced stress distribution along the fault as
a function of D,,,.

Figure 3 illustrates the stress distribution along the fault
in the specific case of D,, = 20 m, r, = 3, and ¢ =20°. In

OO 1 1 1 1 1 1
20 30 40 50 60 70

®(°)
and black stars represent the maximum value of & (k,,,,). The dashed

line with open circles represents the distributions of £ at L=200 m
(Fig. 5a), as a function of ¢
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Fig. 3 Mining-induced stress distribution along the fault when D,,
=20 m, r, = 3, and ¢p=20°. a distribution of &, b distribution of z,
and c distribution of ¢, along the fault. d The geometry between the
fault (black, green, and red lines) and the working face (gray solid
horizontal line). Green and red areas/lines in a and d stand for where k&
decreases and increases due to mining activity, respectively
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Fig. 4 The distribution of k along the fault as a function of distance
along the fault. Different color corresponds to different D,, when 7, =
3 and p=20°

Fig. 3b, the shear stress 7 at point A (L =80 m, L stands for
the coordinate along the fault dip) on the fault was 9.1 MPa.
As we moved along point B (L =-18 m), the stress gradually
decreased to a minimum value of 1.7 MPa. Then, it increased
to the maximum value of 16.2 MPa at point D (L = -168 m).
At depths deeper than point D (L = -168 m), z decreased

again and reached a constant value of 8.7 MPa around L =
-350 m. The normal stress (o,) shown in Fig. 3¢ exhibits an
opposite behavior. It began to vary from 25.9 MPa at point
A (L=280 m), increased to its highest value of 36 MPa at
point B (L = -18 m), then decreased to 8.3 MPa at point C
(L =-118 m), and increased again to L = -220 m achieving
the constant value of 26.4 MPa.

Examining the stress ratio &, as shown in Fig. 4a, it was
found to vary from 0.35 at point A (L=80 m) to a mini-
mum value of 0.05 at point B (L = -18 m). Subsequently,
k increased to a maximum of 1.69 at point C (L = -118 m),
then decreased again until reaching a constant value of 0.32
at L = -350 m along the fault. In the area above point A
(L =80 m) on the fault, k£ was a constant value of 0.35. Since
7 and ¢, were constant in this region, the mining effect was
considered negligible.

Based on the above results, we could observe that 7 and
o, decreased along the fault above L = -60 m. Since the
mining-induced 7 decreased faster than g,, this resulted in
a decrease in £ and an increase in fault stability. On the
other hand, for the case below L = -60 m, an increase in
k could make the fault unstable and generate a coseismic
slip. Therefore, the term fault stress ratio k£ could be used
to quantify fault stability. It is insightful to perform a fault
instability analysis prior to the fault with finite strength.

The relationship between D, and k

To assess the risk of mining-induced fault reactivation, we
analyzed the dependence of k on D,,. Figure 4 depicts the
variation of k as the mining activity approached the fault
when r, = 3 and ¢=20°. It could be observed that the
maximum value of k (k,,,) increased when the working
face gradually approached the fault. For example, when
D,, = 100 m, the maximal value k,,,. became 1.1 at L =
-220 m, then gradually increased to 1.7 at L = -100 m when
D,, = 0 m. Simultaneously, the minimum value of k (k,,;,)
decreased gradually as mining activity approached the fault.
In Fig. 4, k,,;,, was proportional to D,,, which indicates
that the mining activity contributed to stabilizing the fault.
In contrast, the increase in k,,,, as D,, decreases indicated
that mining activity had the potential to make the fault
unstable in this specific area. The value of D,,, determined
based on the findings of this study, was crucial in evalu-
ating fault instabilities and mitigating the risk of induced

earthquakes.
The influence of ¢ on the distribution of k
We investigated the effect of ¢ on the distribution of k& by

altering ¢ at every 10° interval from 20° to 70° and show
the results in Fig. 5. The investigation was performed under
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Fig.5 Distribution of k along the fault with different ¢ when D,, =0 m
and 7, = 3. a Distribution of k for ¢ from 20° to 70° at 10° intervals.
Zone 1 represents the initial area where no mining-induced stress dis-
turbances occur. Zone 2 corresponds to an area where mining activities

r, = 3 and D,, = 0 m. The results showed that the value of
k remains constant from L=100 m to L=200 m along the
fault. This implied that the mining activities do not have a
significant impact on the value of k. Therefore, we evaluated
the & values at L =200 m as the mining-unaffected ones and
plotted the result in Fig. 2b. Notice that the curve with open
circles in Fig. 2b indicated the dependence of & as a function
of fault dip angle ¢. It slightly increased at 20° < ¢ < 30°
and decreased at 40° < ¢ < 70°. From the plots shown in
Fig. 2b, it was concluded that the numerical results were
validated by the theoretical ones explained in Sect. 2.2.

In Fig. 5, we observed that ¢ significantly affects the dis-
tribution of k along the fault. Specifically, from the results
shown in Fig. 5a, for different values of fault dip angle ¢, the
corresponding range of k values could be determined. For
example, when ¢ =70°, k ranged from 0.18 to 0.40; in the
case of p=40°, k ranged from 0.26 to 1.03; and for ¢ =20°,
k ranged from 0.03 to 1.73. Thus, we found that a smaller
value in ¢ induces a larger value in k. Figure 5a showed
that & along the fault was sensitive to ¢. Therefore, the coal
mining activities in the vicinity of a fault with a small ¢
could cause drastic k changes and have a larger potential to
induce earthquakes. Figure 5c shows the variation of k,,,,. as
a function of ¢. k decreased gradually from 1.73 to 0.4 as ¢
increased from 20° to 70°. The above results suggested that
¢ significantly influenced the range of k and its distribution
along the fault.

In Fig. 5a, the mining site could be divided into three dis-
tinct zones. In Zone 1, the initial area demonstrated stabil-
ity without significant changes. Zone 2, on the other hand,
experienced an increase in fault stability due to mining-
induced & decrease. Conversely, mining operations in Zone
3 resulted in a decrease in fault stability.

@ Springer

30 40 50

o (°)

lead to an increase in fault stability. In contrast, Zone 3 denotes an area
where mining operations result in a decrease in fault stability; b Varia-
tion of k,,,,, as a function of g at L = -100 m

Coseismic fault slip under contact friction
0,, T, k, and coseismic slip distribution

After analyzing the stress distribution using the infinite
u, fault model, further investigation was conducted using
the finite x4, model by introducing contact interfaces on
the fault. Specifically, we evaluated the stress drop under
the conditions of r, = 2 and ¢=30°. The stress drop was
measured as the difference in 7 between the hanging wall
and the footwall sides. In this study, we introduced a new
term called ‘k-drop’ (4k), which is defined as the difference
between k& on the hanging wall side (kj, = 7" /o) and that
on the footwall side (k; = 7//a)).

Ak =k, — k‘f @)

where ', ¢!, 7' and o/ represent the shear and normal stress
on the hanging wall and footwall sides of the fault, respec-
tively. These stresses were evaluated at the locations 0.5 m
off the fault, as indicated in Fig. 1b, as purple and green
thin lines, respectively. In the third panel of Fig. 6a, & also
generated some difference as the stress drop induced 4k as
observed in Figs. 6b and c. It should be emphasized that this
definition for 4k is only valid for reverse fault environments.

Figure 6 shows the distributions of ¢,, 7, k, and coseis-
mic slip along the fault, assuming that u,=0.55 and D,, =
90 m. In Fig. 6b and ¢, we could observe that v decreased
and generated a stress drop where k was larger than 0.55 due
to mining activity. This indicates that the regions with larger
values of k£ were more prone to experiencing stress drop due
to coseismic slip on the fault. In contrast, o, remained rela-

> ~n

tively unchanged above and below the fault. The coseismic
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Fig. 7 Distribution of a 4k and b coseismic slip along the fault for
different u, from 0.5 to 0.8 under the condition of 7, = 2, D,, = 90 m,
and ¢ =30°

slip occurred in the region where k£ exceeded the threshold
condition of u,=0.55. The slip zone was confined to the
region below the mining level, specifically, ranging from L
=-110 m to -340 m along the fault. The largest slip (0.14 m)

Distance along the fault L (m)

represent 7 and & at the footwall side. The bottom trace is the distribu-
tion of coseismic slip on the fault. b Stress drop distribution in 7 of
Fig. 6a. ¢ A4k distribution in k£ of Fig. 6a

was observed at L = -200 m on the fault. Note that the slip
was asymmetric concerning L = -200 m along the fault.
Therefore, an asymmetrical slip could be attributed to the
asymmetric distribution for L = -200 m of the 4k along the
fault. The asymmetric slip distribution disappeared if ¢ was
close to 90°. Figures 6b and c reveal that Ak and stress drop
exhibit different shapes, attributed to the influence of g,
(as shown in the top panel of Fig. 6a) with varying values
across different positions within the slip zone.

Ak distribution for various p,

To investigate the influence of u, on the distribution of Ak
along the fault, we varied the value of u, from 0.5 to 0.8.
As shown in Fig. 7, the length of A4k region decreased from
296 m (from L = -89 mto L = -385 m) for 4,=0.5to 98 m
(from L = -152 m to L = -250 m) for x#,=0.8. In contrast,
as u, decreased from 0.8 to 0.5, it was observed that the
coseismic slip zone increased from 90 m to 280 m, respec-
tively. Our analysis revealed that higher values of fault
frictional strength (u,) result in larger Ak occurrences due
to nearby mining activities. In contrast, lower values of u,
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Table 2 Fault coseismic slip for different u  (D,, = 90 m)

M Maximum slip (mm) Slip zone length (m)
0.5 180 280
0.6 130 230
0.7 50 148
0.8 20 90

were associated with expanded coseismic slip zones. The
data presented in Table 2 provided a summary of coseismic
slip instances characterized by distinct u..

Influence of D, on coseismic slip in hanging wall and
footwall mining

Figure 8a illustrates the coseismic slip distribution above
the mining level on the fault, considering the variation of

(@) =+ D,=-10m
400 - Dm=-50 m
A D,=-90m
¥ D,=-130m
_300f - D,=-170m
g < D,=-200m
2200}
n
; .2
100 | A 2
“’/‘ : :E
400 200 0
Distance along the fault L (m)
©

T T T T T T
o

L0 0 .00 0 0.0 .0.0.0.0 |
2400 m

Fig. 8 Slip distributions for different D,, ranging from 10 m to 170 m
at 40 m intervals under footwall and hanging wall mining conditions, a
for footwall mining with , = 2, u,=0.7, and ¢ =30°, and b for hang-
ing wall mining with r, =2, 4,=0.7, and ¢ =30°. ¢ A schematic illus-
tration of the 2-D plane strain model based on the conditions at Yuejin
coal mine. The scale and coordinate system of the model, including
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D,, from —10 m to -170 m at 40 m intervals with r, = 2 and
u,=0.7. The fault began to slip at slightly larger than D,, =
-200 m. With the working face approaching the fault from
D,,=-170 mto D,, = -10 m, the length of the coseismic slip
zone and the maximum slip increased (Table 3).

Figure 8b illustrates the coseismic slip distribution that
appeared beneath the mining level on the fault, consider-
ing the variation of D,, from 10 m to 170 m at 40 m inter-
vals with 7, = 2 and u,=0.7. The fault began to slip at
slightly larger than D,, = 170 m, and with the working face
approaching the fault from D,, = -170 m to D,, = -10 m,
the length of the coseismic slip zone and the maximum slip
increased (Table 3).

Figure 8d presents simulation results based on the actual
conditions at the Yuejin coal mine (as depicted in Fig. 8c).
These results indicate that the location of the coseismic slip
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>
KOox
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Mining Ie\;e_l i

400 300 200 100 0
Distance along the fault L (m)

both global and local systems, align with those presented in Fig. la.
The background stress ratio (r;) is 1.5. The coal seam, intersected by
the fault, lies 1000 m deep, dips at an angle of 12°, and has an average
thickness of 11.5 m. d Slip distributions with footwall mining at Yuejin
coal mine with the conditions r, = 1.5, u,=0.7, =30°, and a coal
seam dip angle of 12° based on the model shown in ¢
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Table 3 Fault coseismic slip for different D,, (u, = 0.7) Table 4 Fault parameters and moment magnitudes for the cases com-
D, Maximum slip Slip puted
(mm) zone D, (m) D (mm) AverageL (m) L, (m) M,
length Hanging wall mining 10 125 232 116 2.8
(m) 50 55 191 955 2.5
Hanging wall mining 10 265 232 90 24 138 69 2.0
50 123 191 Footwall mining .10 200 273 1365 3.1
90 50 138 50 102 240 120 238
130 12 37 90 60 215 107.5 26
170 7 3 Yuejin coal mine 10 130 213 1065 2.8
Footwall mining -10 447 273 250 50 178 89 24
-50 215 240 90 20 130 65 2.0
-90 130 215
-130 80 190 . .
170 m 159 given the conditions that D,, = 90 m, 50 m, and 10 m, L,
200 14 58 was calculated to be 74 m, 87 m, and 115 m, respectively.
Yuejin coal mine -10 275 213 These calculations also applied to the footwall mining and
50 108 178 Yuejin mining conditions, as shown in Table 4. They were
-90 46 130 consistent with the empirical relationship among M, , L, L,,
-130 15 63 and D (Wells and Coppersmith 1994; Wells 2013).
-170 6 3

was situated below the mining level, and the magnitude of
this slip, prompted by mining activities, closely parallels the
fault slip observed during hanging wall mining (see Fig. 8b;
Table 3).

We found that under the same |D,,| conditions, footwall
mining resulted in a larger coseismic slip size and dislo-
cation length compared to hanging wall mining, although
their relative shape of slip distribution was similar. In other
words, footwall mining induced more significant fault insta-
bility than hanging wall mining.

Since we assumed depth-dependent background stress,
the stress drop differed between the slip zones caused by
footwall mining and those caused by hanging wall mining.
In contrast, the stress change resulting from mining-induced
stress was consistent. Consequently, footwall mining would
cause a larger fault slip than hanging wall mining.

Estimation of seismic magnitudes and nucleation size

We estimated the seismic moment, M,, of the mining-
induced earthquake in the case of D,, = 90 m, 50 m, and
10 m. M, was defined as follows (Aki 1967; Kanamori and
Anderson 1975; Aki and Richards 2009),

A/[() = GLstD (8)

where G is the shear modulus of the rocks on the fault, which
is 6.5 GPa in this study (Table 1), L, and L,, are the coseis-
mic slip length and the width along the fault, respectively. D
is the average coseismic slip on the fault. Here, we assumed
that L, and L,, followed the empirical relation of L, = 2L,
for moderate-sized earthquakes (Geller 1976). Therefore,

Using M, in the unit of Nm, we calculated the moment
magnitude M,, from the following equation (Hanks and
Kanamori 1979);

~logMy — 9.1

M,
15

)

The reason why we used moment magnitude (M,,) is that it
is based on the physical values. Thus, it is easy and suitable
to apply to the present numerical simulation results. When
comparing the magnitudes predicted by numerical simula-
tions with those observed in the field, we need to pay atten-
tion to the magnitude scale.

The values for M, were compiled and presented in
Table 4. It was crucial to carefully consider the terminal
mining lines for deep mining nearby faults, particularly in
high tectonic stress environments, to mitigate disastrous
fault ruptures. Our simulation results indicated that hanging
wall mining generates fault coseismic slip below the mining
level when D,, was less than 170 m. As shown in Fig. 9, the
length of the coseismic slip zone increased as D,, decreased.

The nucleation length is the critical length of the initial
crack where the unstable rupture starts to propagate outward
if the initial crack size exceeds the critical size (Uenishi and
Rice 2003). The coseismic slip length can be compared with
the nucleation length. It is important to highlight that when
the slip zone size caused by mining activity exceeds the
nucleation zone size, there is a potential to generate a large
earthquake by expanding the rupture outside the slip zone.
According to Uenishi and Rice (2003), the nucleation length
L, could be expressed under the linear slip weakening law
(Andrews 1976) as follows:
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Fig. 9 The relation between the coseismic slip zone size and D,, (see
Table 3). The nucleation zone size of 138 m (broken horizontal line)
is assumed under the condition that u, - u,=0.1, D, = 0.03 m, and the
average normal stress is 20 MPa. The solid star indicates the location
of the limit line of D,,
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(10)

where D, is the slip-weakening distance, E is Young’s mod-
ulus, v is Poisson’s ratio. 7, -7, is the breakdown strength
drop. 7, is the fault shear strength, 7, is the dynamic shear
strength.

If D, was small and/or the strength dropped, i.e., 7, -7,
was large, L, became short. In the present study, D, was
assumed to be 0.03 m, based on typical seismic observa-
tions (Abercrombie and Rice 2005), 7, -7, was taken as
0.10,, so the shear stress drop was 2.0 MPa (with an aver-
age o, of 20 MPa, ranging from 14 MPa to 34 MPa as shown
in Fig. 6a). These assumptions resulted in L, being 138 m.
Based on the slip data in Table 4, we could consider the
limitation of D,, as 90 m (Fig. 9).

Our simulation results enable the accurate prediction of
coseismic slip distribution, which is crucial for identifying
the area most susceptible to seismic events. By pinpoint-
ing these high-risk zones, mining operations can be planned
to avoid or reinforce these areas, thereby minimizing the
potential for significant seismic disturbances. Additionally,
our method facilitates the redefinition of safe mining stop
lines, particularly in deep mining operations where tradi-
tional guidelines may be inadequate (National Coal Mine
Safety Administration 2000). By considering both shear and
normal stress changes that cause fault slip to meet the nucle-
ation length (Z,), which may further induce earthquakes,
we estimate seismic magnitudes and nucleation sizes. This
approach allows us to establish new stop lines that mitigate
the risk of fault reactivation and coseismic slip.
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Discussions
Stress drop

Stress drop, which is the difference in shear stress across
a fault before and after an earthquake rupture, is directly
associated with the elastic energy released as a consequence
of an earthquake rupture (Sato 1972; Kanamori and Ander-
son 1975; Mayeda and Walter 1996). Fukuyama and Madar-
iaga (1995) derived a relationship between slip and stress
drop, which is consistent with the previous works, as a new
boundary integral equation of dynamic tensile and shear
cracks. They explicitly demonstrated that the final stress
drop on the fault was equivalent for both static and dynamic
problems.

As shown in Fig. 10a, under the condition of r, = 2
and u,=0.7, the mining-induced stress drop ranged from
—6.1 MPa to 6.7 MPa in the case of D,, = 10 m, -1.0 MPa
to 1.7 MPa in the case of D,, = 40 m, and —0.4 MPa to
0.8 MPa in the case of D,, = 90 m. The large slip zone
caused a larger stress drop zone, and the large slip magni-
tude generated large values of the stress drop.

To validate the stress drop distribution calculated through
Code Aster, we compared it with that of DC3D (Okada
1992). DC3D provided us with a theoretical representation
of fault slip and strain distribution around the fault formu-
lated by Okada (1985) and Okada (1992). We used a sub-
routine package for DC3D (https://www.bosai.go.jp/e/dc3d.
html) to calculate displacement and its space derivatives at
any arbitrary point on the inside or surface of the elastic
half-space medium due to a uniform slip on a finite rectan-
gular fault.

Since the mining-induced fault slip was not uniform, we
assumed a piecewise constant slip distribution divided at an
interval of 10 m and computed the stress drop distribution
by summing the stress change from these fault elements.
In Fig. 10b and c, and 10d, the bars shown at the bottom
indicated the approximated slip distribution and were used
as input to DC3D. The stress drop distribution calculated by
DC3D was shown as solid lines with open circles for three
cases (D,, = 10 m, 50 m, and 90 m) under the condition of
r, =2 and u;=0.7. The mining-induced stress drop calcu-
lated by DC3D ranged from —7 MPa to 4.6 MPa for D,, =
10 m, -2.1 MPa to 2.1 MPa for D,, = 50 m, and —0.7 MPa
to 1.0 MPa for D,, = 90 m. These results were consistent
with the results by Code Aster, shown as solid lines in
Figs. 10b-d.

In Fig. 10a, we noticed a slight difference in stress dis-
tributions between Code_Aster and DC3D. A possible rea-
son for this difference may come from the effect of mesh
size in the model used in Code Aster, especially from the
contact interface mesh size on the fault. This was because
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Fig. 10 Distribution of stress drop (top) and coseismic slip displace-
ment (bottom) for different D,, under r, = 2, u,=0.7, and p=30°.
a Stress drops and slip distributions for different D,, obtained from
Code_Aster. Comparison of stress drop slip distributions between

when we used a coarse mesh model, the discrepancy in
stress distribution increased. Actually, we constructed the
mesh model that consists of 216,486 tetrahedron elements
whose element size at the contact interface was about 0.5 m.
This model was close to the limitation in Salome-Meca Ver.
2015.1 with the computer available at this moment. While
we could not assert the perfect validity of the present Code
Aster computation, we believed that both results would con-
verge if we decreased the element size of Code Aster to
infinitesimally small.

Application to the mining-induced earthquake in
Yuejin coal mine

On August 11th, 2010, an earthquake with a M, of 2.7
occurred at the No. 25,110 working face in the Yuejin coal
mine, which was the reactivation of the reverse fault named
F16 (Cai et al. 2015, 2021). This event was considered a

Distance along the fault L (m)

Code_Aster and DC3D for the case of b D,, = 10 m, ¢ D,, = 50 m, and
d D,, = 90 m. The rectangle at the bottom of the figure indicates the
piecewise constant slip distribution used in DC3D, and the black curve
is the coseismic slip obtained by the Code_Aster

mining-induced earthquake in our model, occurring at D,
equal to -80 m (Li et al. 2018). Considering actual condi-
tions such as coal seam thickness, mining depth, fault dip
angle, working face locations, background stress, and fault
friction parameters (Table 1), we constructed a similar
model as that of the Yuejin coal mine (Fig. 8c).

Our numerical simulation results predicted an earthquake
magnitude range of 2.0 < M, < 2.8. This is not surpris-
ing, as the mining dimension is roughly equivalent to that of
magnitude 2 earthquakes. In our simulation, an earthquake
was induced when D,, reached 90 m, a value akin to D,,
from the actual event. However, it should be reminded that
our estimate includes a significant amount of uncertainty,
especially in fault friction. Despite these uncertainties, our
proposed procedure and simulation results can help estimate
the coseismic slip distribution due to mining activities and
provide crucial information for optimizing mining design
and enhancing the safety of mining operations.
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In contrast, local magnitude (M;) is primarily used for
field observations of small earthquakes. M, is an empiri-
cal scale based on the observed maximum amplitudes of
recorded seismographs. For small earthquakes (M~3), M,
and moment magnitude (,,) are generally consistent. Actu-
ally, several empirical relations are proposed. For example,
M, = 081 M, + 0.61 for California (Bakun and Lindh
1977) and M,, = 0.64 M; + 0.84 for Italy (Bindi et al. 2005).
For more details, please refer to Table 6.11 in Havskov and
Ottemoller (2010). The magnitude of the Yuejin coal mine
event was M, 2.7. Following the above conversion rela-
tions, M; 2.7 corresponds to M,, 2.8 for California (Bakun
and Lindh 1977) or M,, 2.6 for Italy (Bindi et al. 2005).

Fault reactivation: fault failure and coseismic slip

We considered fault reactivation in two aspects: fault failure
and coseismic slip. By analyzing the fault stress ratio (k)
in a reverse fault environment, we evaluated the sensitivity
of various parameters to mining-induced fault instability. A
mining-induced earthquake occurred on November 3, 2011,
when mining reached near the F16 fault (Cai et al. 2015,
2021). Jiao et al. (2021) developed a refined 3-D numerical
model to analyze stress evolution in the surrounding rock
near the F16 fault during mining. They used in-situ stress
data and geological information around the F16 fault. They
observed a decrease in normal stress and an increase in shear
stress on the upper fault plane when mining approaches the
fault.

In this study, we further estimated the coseismic slip dis-
tribution resulting from mining, taking into account the fault
friction properties as well as the stress field applied as the
working face approached. We observed a significant sensi-
tivity of k along the fault to the dip angle ¢, particularly for
small ¢ values, which was also illustrated in Jiao et al. (2021).
Coal mining, in such cases, leads to a notable increase in £;
thus, it increases the potential for induced earthquakes. By
analyzing the fault stress ratio (k) with friction parameters
in a reverse fault environment, we assessed the sensitivity of
various parameters to mining-induced fault instability. Cai
et al. (2021) developed a 3-D numerical model to analyze
stress evolution in the surrounding rock near the F16 fault
during mining, using in-situ stress data and geological infor-
mation. They observed a high stress concentration around
the coal pillar as mining approached the fault, which is also
measured in the current study. However, a simple analysis
of the stress state that did not account for the stress ratio
and subsequent coseismic slip is not sufficient to capture
the fault-induced coal bursts. In this study, we estimated the
coseismic slip distribution resulting from mining by consid-
ering the fault friction properties and the stress field as the
working face approached. Ultimately, earthquakes may be
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induced when the coseismic slip zone exceeds L, (Uenishi
and Rice 2003).

Zhang et al. (2022) reported the implementation of a pre-
mining grouting technique as an idea to enhance the strength
of the fault plane, ensuring safety during mining operations
in the Yangcun coal mine. As shown in Figs. 9 and 11 of
Zhang et al. (2022), on-site grouting significantly reduced
fault slip displacement and ensured safe mining operations
across the fault and, suppressed inducing earthquakes. Our
computation results support their results and observations
that the fault coseismic slip was reduced by increasing the
fault frictional strength by grouting. In our computation,
increasing the friction coefficient from 0.5 to 0.8 results in a
substantial reduction in coseismic slip from 280 m to 90 m

(Fig. 7).
Limitations

The main assumptions of this study were the background
stress and friction properties of the fault. Regarding the
background stress field, we do not include the heterogene-
ity of the material, which might alter the stress field. In the
practical application of this approach, the material structure
should be properly included in the model, which could be
feasible in most cases. The background stress ratio r, also
affects the predicted slip distribution on the fault. The param-
eter 7, does not need to remain constant along the depth; it
may vary. Our methodology is capable of accommodating
this heterogeneity, ensuring accurate modeling and analysis.

Regarding the friction property on the fault, we assumed
zero cohesion on the fault. This assumption was sometimes
applied to ore mines and gas mines, where the mining-
induced fault reactivation process was considered (e.g.,
Sainoki and Mitri 2014, 2015; Buijze et al. 2019). Some
studies pointed out that cohesion also affects the mining-
induced fault stress ratio and coseismic slip (Bizzarri 2010);
we should carefully input the cohesion into the simulation.
The friction coefficient used in our simulations was based
on Byerlee’s law (Byerlee 1978) and data from studies
on induced earthquakes (Cai et al. 2021). Materials with
plate-like structures, such as graphite and talc, exhibited
lower friction compared to rocks and minerals with bulk
structures. These minerals, often products of hydrothermal
alteration, were commonly found in fault gouges and could
significantly influence fault strength (Nguyen et al. 2016;
Garofalo et al. 2023). Therefore, investigation of the fric-
tion properties of these minerals was deemed a valuable
area for future research. In addition, fault geometry is cru-
cial because this affects the global friction property as well
as the stress ratio on the fault (Hok et al. 2011).

The estimation of the nucleation size (L,) was based on the
assumed breakdown shear strength drop (z-7,) and critical
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slip distance (D,). L, was estimated by friction parameters
but these parameters are quite difficult to measure in the
field but can be obtained by laboratory experiments. We
now examine the uncertainty in the friction parameters on
L,.1If D, is increased by 20% from our assumed value, while
other conditions remain the same, L, will increase to 178 m,
requiring the terminal mining line to be at least 50 m away
from the fault. Similarly, based on Eq. (10), we can evaluate
the uncertainty in 7, -7, on the nucleation length. Hence, it
should be emphasized that the parameters, D, and 7, need to
be carefully estimated for practical applications. Once we
obtain these values reliably, we can evaluate the nucleation
length following Uenishi and Rice (2003).

Conclusions

We conducted a numerical investigation to explore fault
failure and coseismic slip phenomena under the condi-
tions of deep coal mining, considering multiple variables
including ¢ (fault dip angle), r, (background stress ratio),
D,, (mining distance), and y (fault frictional strength). Our
numerical modeling demonstrated that fault reactivations
occur not only due to shear stress concentration but also as a
result of a decrease in normal stress. Therefore, we proposed
that monitoring the £ value will serve as the indication for
mining-induced fault reactivation. Moreover, the value of
k along the fault is found to be highly sensitive to the ¢
parameter. When ¢ is small, coal mining will substantially
increase the k value on the fault, elevating the potential for
induced earthquakes.

We found that hanging wall mining induces fault insta-
bility beneath the mining level, whereas footwall mining
generates slip above the mining level. And footwall mining
yields greater instability under similar conditions. Both u;
and D,, are critical in determining coseismic slip and 4k. To
accurately assess the terminal mining line without inducing
earthquakes, we conducted quantitative evaluations of in-
situ monitoring values for parameters such as stress field,
fault geometry, and fault friction. Nevertheless, further
investigations are needed to assess the size of the nucleation
zone in order to precisely quantify the terminal mining line.
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