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Abstract: A fault is a common geological structure encountered in underground coal mining. In-
teractions between the discontinuous structure of a fault and mining activities are the key factors
in controlling the rock bursts induced by the fault. It is of great importance to study the rock burst
mechanism of an extra-thick coal seam under the combined influence of reverse faults and coal mining
for the prediction and prevention of rock burst. In this study, we establish a sliding dynamics model
of rock mass in a fault zone and analyze the mechanical distribution of fault-induced rock bursts
under the combined action of mining disturbances. Additionally, we utilize theoretical calculation
and a 3D numerical simulation method to clarify the rockburst mechanism in an extra-thick coal
seam controlled by a thrust fault under mining disturbance and a fault. The results showed that
the distribution range of the shear stress increment in the fault footwall was larger than that in the
hanging wall, revealing a skewed distribution. The fault dip angle and mining thickness exhibit
significant influence on the structure around the fault. With increases in the dip angle of the fault and
mining thickness, the maximum vertical stress and peak stress first increase and then decrease. A
position 80 m away from the fault is the dividing line between the fault-non-affected area and the
fault-affected area. The 13,200 working face of the Gengcun coal mine is used as a case study to study
the influence of mining disturbances on microseismic events. The results of this study are in good
agreement with the theoretical calculations and numerical simulation results.

Keywords: thrust fault; mining disturbance; strata behaviors; extra-thick coal seam; rock burst mechanism

1. Introduction

Coal geological conditions and mining disturbances have an important influence on
the stress distribution of a longwall face [1,2]. With the increase in coal mining depth,
the geological conditions gradually deteriorate. A rock burst is a serious disaster and a
dynamic instability phenomenon that can occur during the process of coal mining [3–5].
Mining in ultra-deep coal mines leads to frequent rock burst accidents, which restricts the
safety and highly effective production of coal mines. A rock burst is influenced by many
factors, such as fault geological structure, coal mining disturbance, and mining depth [6–8].

When coal is close to a fault structure, coal stress increases, and a rock burst is easily
induced [9–11]. In Central and Western China, coal mining is characterized by thick roofs,
large mining depths, high ground stresses, and complex structural conditions which may
lead to rock burst disasters. For example, an “11·3” rock burst accident occurred in the
Qianqiu coal mine in 2011. This was caused by working face mining near an F16 large-
scale reverse fault. In 2012, a “4·12” accident occurred in the Chaoyang coal mine at the
intersection of a 3110 isolated island working face with two faults (F3110-1 and F3109-1).
In 2013, a “3·15” rock burst accident occurred in the Junde coal mine. This was caused by
F1 and L1 faults. An “8·2” rock burst accident was caused by an F5010 fault and a syncline
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structure in the Tangshan Mine in 2019. In 2020, a “5·24” rock burst accident occurred in
Mengcun Lane, which was affected by a DF29 fault and a fold. The above accidents have
resulted in casualties and huge property losses.

A large number of scholars have researched the influence of geological structures
on the stress distribution of surrounding rocks and rock burst occurrences. He et al. [12]
pointed out that a roadway rock burst is closely linked to fault tectonic stress concentration
and fault activation. Wang et al. [13] inverted the influence of fault structures on the ap-
pearance of roadway rock bursts using seismic tomography technology, putting forward
a prediction method for rock burst disasters. Li and Yang et al. [14,15] emphasized that
faults, lateral roof structures, and periodic roof failures have important influences on the
emergence of rock burst disasters. Digital imaging technology has been used to study
the evolution of fault structures during coal mining [16]. Physical similarity model tests
have been carried out to study the effect of fault angles on surrounding rock stress [17].
Sainoki and Mitri [18] comprehensively considered factors such as fault dip and fall, re-
vealing the sliding instability mechanism of fault structures under the influence of mining.

Fracture mechanics theory has also been used to study fracture damage development
and fault slip mechanisms. Mechanical models of fault fracture damage and rock mass slip
have been established, and the main factors affecting fault activation have been extensively
analyzed [19,20]. Lv et al. [21] developed a simplified mechanical model dominated
by horizontal tectonic stress. They emphasized that fault activation has an important
influence on the stress analysis of stopes, revealing the rock burst mechanism in a roadway
under the superimposed action of ground stress and mining. Wu et al. [22] developed a
mechanical model of overburden movement in graben tectonic regions. A criterion formula
for calculating the starting energy of a rock burst was given, and anti-scour technology for
“breaking chain and increasing consumption” was proposed. Kong and Ji et al. [23,24] have
researched the influence of different mining layouts on fault reactivation. They highlighted
that mining disturbance has a significant effect on induced fault activation, noting, in
particular, that mining activity perpendicular to the fault strike has a larger disturbance
effect. By analyzing numerous accidents, Zhao et al. [25,26] have pointed out that rock
burst accidents are influenced by many factors, highlighting that the combined action of
multiple structures has a greater impact on the appearance of rock bursts. Cao et al. [27]
hypothesized that the width of a coal pillar has an important influence on fault activation
instability and energy variation within faults. Jiao et al. [28] suggested that there was
a positive correlation between the risk of rock bursts in the surrounding rock near the
fault and the mining depth. Tong and Zhao et al. [29,30] proposed criteria for evaluating
structural activity using activation coefficients and damage factors, with the heterogeneity
and non-uniform deformation of the rock considered in the criteria. Sainoki and Orlecka
et al. [31–33] simulated the influence of joint roughness on fault activation and highlighted
the effect of mining disturbances on the maximum shear displacement and energy of a fault.
Similar simulation tests have also been carried out to identify the influence of footwall
mining on fault dislocation instability, revealing that mining disturbance can induce fault
activation instability [34–36]. Wang et al. [37–39] quantitatively analyzed the migration rule
of overlying rock using digital speckle, highlighting that the coupled action of working
face advancements and fault presence has a significant influence on rock burst occurrence.

Moreover, many scholars have also carried out research on rock burst evaluation meth-
ods to prevent and control the occurrence of rock bursts in coal mines. Based on changes in
strain energy in coal and rock masses, Kidybifski et al. proposed evaluation indices for rock
bursts and determined the values of different mining pressure development indices through
laboratory tests [40]. Smoliński and Malashkevych found that mining conditions have
an important effect on pressure production in working faces, and quantitative-qualitative
indicators of mining were proposed to improve the efficiency of mining [41,42]. Moham-
madali and Wojtecki et al. used conventional and numerical methods to assess rock burst
disasters [43,44]. Konicek and Filippov et al. proposed monitoring rock bursts through
acoustic signals and the use of energy absorption support to prevent rock bursts [45,46].
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Kopytov et al. suggested that blasting and drilling for pressure relief could prevent stress
accumulation in coal and rock masses [47]. Zhou et al. compared and analyzed research
achievements and limitations, as well as future research directions for different rock burst
evaluation methods [48]. A rock burst risk assessment method combining tomography and
microseismic monitoring was established. It has been pointed out that longitudinal wave
velocity can reflect the strength, energy, and dynamic load criteria of rock bursts [49]. A
rock burst monitoring system based on stress and energy monitoring was established to
prevent and control rock bursts in coal mines, and a critical stress index evaluation method
for rock burst risk was proposed [50].

In summary, tectonic stress and fault activation are the primary factors influencing rock
bursts in roadway construction. The phenomenon of fault reactivation induced by mining
activities has been verified using theoretical analysis, model tests, field observations, and
numerical calculations. However, few studies have considered the mechanics of rock bursts
induced by the coupling of mining disturbances and thrust faults under the geological
conditions of extra-thick conglomerates. In addition, most experimental, physical, and
mechanical studies of fault activation have only focused on vibration mechanisms, and
the influence of mining disturbance and thrust fault structure coupling on the stress
distribution of the surrounding rock has been largely ignored. Therefore, the mechanism
of rock bursts under these conditions requires further study. It can provide insights for
predicting and preventing rock bursts in extra-thick coal seams subjected to thrust faults
and mining activities. In this study, a sliding mechanical model of a rock mass in a fault
zone is constructed and solved to obtain the stress distribution of a reverse fault. The
stress distribution on the surrounding rock of the working face under different geological
structures and mining conditions, including the influence of faults on this stress distribution,
is clarified. By combining theoretical calculations and numerical analyses, the quantitative
relationship between mining disturbance, fault activity, microseismic event monitoring,
and rock bursts were revealed. The influence law of tectonic stress is analyzed, and the
influence zone of the F16 fault is determined. We expound on the rock burst mechanism
of extra-thick coal seams influenced by thrust faults and mining disturbances. Finally, the
research results are verified by comparing them with the field monitoring results.

2. Engineering Background

(1) Geological structural characteristics of the Gengcun coal mine

The Gengcun coal mine is located in Mianchi County, Sanmenxia City. It is 3.2 km
north of Mianchi County and 15 km northeast of Yima City. It is 53 km west of Sanmenxia
City and 69 km east of Luoyang City. The Gengcun coal mine benefits from convenient
transportation. The Longhai Railway, 310 National Highway, and Lianhuo Expressway
pass through the northern edge of Jingtian. The Mianchi Station is connected to the Longhai
Railway via a special railway line.

There is an outcrop of 2–3 coal seams to the north and an F16 fault to the south of the
coal mine. Prospecting line 41 is bound via the Qianqiu and Yuejin Mines to the east. The
mining area is 11.503 km2.

The 13,200 working face is adjacent to the 13,180 and 13,230 working faces. To the
west and south are 2–3 unmined coal entities. The designed mining length and inclined
length are 749 m and 249 m, respectively. The maximum mining depth is 630 m. The coal
seam thickness is approximately 19.3 m.

(2) Developmental characteristics of the F16 fault

The strata were subjected to nappe tectonic stress, which caused the Triassic strata to
push upward along the deep coal seam to form the F16 fault. Moreover, part of the coal
seam under the nappe surface was shoveled away. The coal seam under the nappe surface
becomes thinner, while the coal thickness in the nappe zone increases significantly. The
13,200 working face area is greatly affected by F16 fault thrust. The coal seam thicknesses
at both ends of the 13,200 open cutting are both 13–15 m, which is less than that in the
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cutting hole. The upper and lower thrust lines of the F16 fault are the boundaries of the
thick coal seam. The thick seam belt runs obliquely through the 13,200 working face. The
lower thrust line of the F16 fault intersects with the lower roadway at 160 m, and the upper
thrust line of the F16 fault intersects with the lower roadway at 620 m.

The roof structure exhibits a close relationship with the F16 fault. As a result, the roof
structure changes with the advancement of the working face. The upper wall of the F16
fault is a Triassic rock layer with an angle of 50–75◦. The immediate roof on the northern
side of the upper thrust line of the F16 fault is Jurassic mudstone with a thickness of 25 m.
The range of influence of the Jurassic immediate roof gradually increases from the open
cutting to the end. The immediate roof on the south side of the downthrust nappe line of
the F16 fault is a Triassic formation, which is grayish-white sandstone with a thickness of
7 m. The area affected by the immediate roof of the Triassic system gradually decreases by
160 m in front of the stop.

3. Mechanical Analysis
3.1. Mechanical Model

The generation of concentrated stress during mining is a significant factor contributing
to rock bursts induced by reverse faults. Figure 1 shows the rock burst distribution of a
working face influenced by a reverse fault.
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Figure 1. Rock burst distribution influenced by the reverse fault.

According to a study by Wang et al. [51], it is believed that the tectonic stress of a fault
is influenced by the fault length, fault dip angle, mining disturbance, and ground stress.
The dip profile of the F16 fault in the Gengcun Mine is regarded as an elliptical formation
fracture, and a complex coordinate system z = x + iy is established by combining the fault
angle (θ) and the center of the ellipse (see Figure 2). The infinite region outside the crack
is transformed into a polar circle of the coordinate system (ζ = ξ+iη = ρeiφ) through the
conformal transformation of the complex potential function [51,52]. In Figure 2, ρ is the
length of the point at the edge of the ellipse hole and the line at the center of the ellipse, m;
φ is the angle between the line of the edge point of the ellipse hole and the center of the
ellipse, and the major axis of the ellipse (◦). ρ and φ form the polar coordinate system.
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Complex functions and polar coordinate functions can be converted as follows:

z = x + iy = ω(ζ) =
a
2
(1/ζ + ζ) (1)

where, ω(ζ) is the variogram function. x and y are the horizontal and vertical coordinates
in the cartesian coordinate system with the major and minor axes of the ellipse, respectively.
The complex variables and boundary conditions of the stress component are as follows:

σx + σy = 4Reφ′(z) (2)

σy − σx + 2iτxy = 2[zφ′′ (z) + ψ′(z)] (3)

φ′(z) + zφ′(z) + ψ′(z) = i
∫

( fx + i fy)ds (4)

where, σx is the tectonic stress in the x direction, Pa; σy is the tectonic stress in the y
direction; τxy is the shear stress, Pa; φ(z) and ψ(z) are reset potential functions; fx + i fy is
the complex number of boundary surface forces.

By combining Equations (1)–(4), we can obtain:

σφ + σρ = 4Reϕ(ζ) (5)

σφ − σρ + 2iτρφ =
2ζ2

ρ2ω′(ζ)
[ε(ζ)ϕ′(ζ) + ω′(ξ)Ψ(ζ)] (6)

i
∫

( fx + i fy)ds = Φ(ξ) + ω(ξ)/[ω′(ξ)ϕ′(ξ) + Ψ(ξ)] (7)

where, σφ is the hoop stress in the polar coordinates, Pa; σρ is radial stress in the polar
coordinates, Pa; τρφ is shear stress in the polar coordinates, Pa; Re(z) is the real part of the
complex number z.

Moreover, Equation (8) can be represented as follows:

φ(ζ) = φ(z) (8)

By using derivation, we can obtain the following:

φ′(z) = φ′(ζ)/ω′(ζ) = Ψ(ζ) (9)

Furthermore, Equation (8) can be obtained using coordinate transformation:

ψ(ζ) = ψ(z) (10)

By using derivation, we can obtain the following:

ψ′(z) = ψ′(ζ)/ω′(ζ) = Ψ(ζ) (11)

The complex functions are:

ϕ(ζ) =
1 + υ

8π
(Fx + iFy) ln ζ + Bω(ζ) + φ0(ζ) (12)

Ψ(ζ) =
3 − υ

8π
(Fx − iFy) ln ζ + (B′ + iC′)ω(ζ) + ψ0(ζ) (13)

φ0(ζ) =
∞

∑
n=1

bnζn (14)

ψ0(ζ) =
∞

∑
n=1

cnζn (15)
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Based on the distribution of the ground stress field and boundary conditions (see
Figure 2), we can obtain the following:

B = (σ1 + σ2)/4; B′ = −(σ2 − σ1)/2; C′ = 0; ( fx + i fy)ds = 0 (16)

Fx = Fy = 0 (17)

φ′(z) =
σ1

2
(

z√
z2 − a2

) +
σ2

4
− σ1

4
, ψ′(z) = −σ1 + σ2

2
(18)

Assuming that α, α1, α2, and l, l1, l2 are the angles and distances between A and the
left, middle, and right ends of the fault, the increment of structural stress at point A can be
obtained by using Equations (19) and (20).

∆σx = −σ1(D − E − 1) (19)

∆σy = −σ2(1 − D − E), ∆τxy = −σ1F (20)

D = (l1/
√

ll1) cos[α1 − (α + α2)/2] (21)

E = [a2l1/
√
(ll2)

3] sin α sin[3(α + α2)/2] (22)

F = −[a2l1/
√
(ll2)

3] sin α cos[3(α + α2)/2] (23)

As mentioned above, σ1,σ3 are the initial ground stresses, respectively, which can be
obtained by ignoring the fault inclination θ,

σ1 =
σh + σv

2
− σh − σv

2
cos 2θ (24)

σ3 =
σh + σv

2
+

σh − σv

2
cos 2θ (25)

Here, σh is the horizontal stress of rock mass in the fault zone, Pa. σv is the vertical
stress of rock mass in the fault zone, Pa.

The field measurement results showed the horizontal principal stress of the Gengcun
coal mine was perpendicular to the fault structure. The horizontal stress (σh) and vertical
stress (σv) are 15.8 MPa and 14.60 MPa, respectively. The geometric parameters of the F16
fault were substituted into Equations (15)–(20), and then the conversion formula of stress
and the stress increment cloud map were combined. Figure 3 shows the vertical tectonic
stress increment distribution of the fault.

Figure 3. Shear stress increment field of the fault structure.

Figure 3 shows that the distribution range of the shear stress increment in the footwall
of the fault is larger than that in the hanging wall, exhibiting an asymmetric distribution.
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The maximum shear stress increment in the footwall is 9.69 MPa, and the maximum value
is located 49 m away from the fault plane. The maximum increment in shear stress in the
hanging wall is 8.78 MPa, and the maximum value is located 43 m away from the fault
plane. The shear stress increment in the hanging wall is less than that in the footwall, the
main reason being that mining disturbance has a greater impact on the footwall of the fault.
The shear stress of the lower wall changes when the working face is 80 m away from the
fault plane. As the distance from the fault decreases, the shear stress slowly increases at
first and then rapidly decreases. Because the working face is significantly farther away
from the fault plane, the shear stress of the hanging wall shows an initial rapid increase
followed by a slow decrease. When the mining face is 80 m away from the fault plane, the
shear stress no longer changes significantly.

3.2. Rock Burst Mechanism

The “three-factor” induction theory for rock bursts was proposed by Qi et al. [53,54],
which suggests that the three key factors affecting the evolution and occurrence of rock
bursts are divided into force source, physical property, and structural factors (see Figure 4).

Processes 2024, 12, x FOR PEER REVIEW 8 of 21 
 

 

way. This also creates ideal conditions for the accumulation of elastic energy in the sur-
rounding rock, serving as an important basis for measuring the burst risk of the surround-
ing rock. 

From the perspective of physical properties, the spatial structure of the hard roofs in 
the surrounding goaf and the 13,200 working faces induces a high concentration of stress 
in the working faces. From a structural perspective, the F16 fault structure disrupts the 
uniformity and continuity of the surrounding rock mass and forms a new spatial system. 
When the influence of mining disturbance reaches the limit state of the spatial structure, 
failure will occur, thus inducing a rock burst. 

From the perspective of rock burst types, the 13,200 working face is affected by sev-
eral primary factors, such as the significant burial depth, hard roofs, fault structures, and 
mining disturbance. Coal mining and ground stress load cause energy accumulation in 
the surrounding rock. The dynamic load induced by the fracture of the hard roof induces 
energy release, resulting in coal pillar failure and, thus, a rock burst. 

 
Figure 4. Theoretical framework of “three factors” [48]. 

It can be concluded that the tectonic stress generated by the F16 fault structure has 
an important influence on the roadway, as shown in Figure 5. In other words, roadway 
support and tectonic stresses jointly affect static loads in the structural area. The static 
stress load of coal near the roadway in a single structural area can be represented as σS + 
σT + σD. 

Here, σS is the roadway support stress, σT is the structural stress, and σD is the dy-
namic load stress of the coal seam roof. Compared to areas with no structure, the incre-
ments in static load stress and the superimposed stress of the coal body caused by the 
structure exceed the impact source area of the critical stress. Moreover, the dynamic load 
caused by coal seam mining disturbances leads to a higher peak value for the superim-
posed load. This increases both shock risk and the range of shock sources. 

In general, the static load consists of the original rock stress and abutment stress 
(Equation (26)). 

j j1 j2 ( )k Hσ σ σ λ γ= + = +  (26)

where γ is the bulk density of overlying strata; H is the overlying strata thickness; λ is the 
coefficient of structural stress concentration; and k is the abutment pressure concentration 
coefficient. 

The primary source of dynamic load in coal mining is the substantial stress change 
caused by mining activities, which manifests as rock burst activity. When the superim-
posed stress, formed by the static load of mining surrounding rock and the dynamic load 
induced by mine earthquakes, exceeds the critical load of coal and rock, the coal and rock 
mass is dynamically damaged, resulting in rock bursts. 

Figure 4. Theoretical framework of “three factors” [48].

The 13,200 working face of the Gengcun coal mine is utilized as a case study. The
redistribution and concentration stresses caused by coal mining disturbances are the main
sources of force. The concentration stress is caused by the increment in structural stress in
the tectonic-affected area, and the coefficient of structural stress concentration significantly
increases. This provides a fundamental driving force for rock burst formation, thus resulting
in the deformation and destruction of rock masses in the working face and roadway. This
also creates ideal conditions for the accumulation of elastic energy in the surrounding rock,
serving as an important basis for measuring the burst risk of the surrounding rock.

From the perspective of physical properties, the spatial structure of the hard roofs in
the surrounding goaf and the 13,200 working faces induces a high concentration of stress
in the working faces. From a structural perspective, the F16 fault structure disrupts the
uniformity and continuity of the surrounding rock mass and forms a new spatial system.
When the influence of mining disturbance reaches the limit state of the spatial structure,
failure will occur, thus inducing a rock burst.

From the perspective of rock burst types, the 13,200 working face is affected by several
primary factors, such as the significant burial depth, hard roofs, fault structures, and
mining disturbance. Coal mining and ground stress load cause energy accumulation in
the surrounding rock. The dynamic load induced by the fracture of the hard roof induces
energy release, resulting in coal pillar failure and, thus, a rock burst.

It can be concluded that the tectonic stress generated by the F16 fault structure has
an important influence on the roadway, as shown in Figure 5. In other words, roadway
support and tectonic stresses jointly affect static loads in the structural area. The static stress
load of coal near the roadway in a single structural area can be represented as σS + σT + σD.
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Here, σS is the roadway support stress, σT is the structural stress, and σD is the dynamic
load stress of the coal seam roof. Compared to areas with no structure, the increments
in static load stress and the superimposed stress of the coal body caused by the structure
exceed the impact source area of the critical stress. Moreover, the dynamic load caused by
coal seam mining disturbances leads to a higher peak value for the superimposed load.
This increases both shock risk and the range of shock sources.

In general, the static load consists of the original rock stress and abutment stress
(Equation (26)).

σj = σj1 + σj2 = (k + λ)γH (26)

where γ is the bulk density of overlying strata; H is the overlying strata thickness; λ is
the coefficient of structural stress concentration; and k is the abutment pressure concentra-
tion coefficient.

The primary source of dynamic load in coal mining is the substantial stress change
caused by mining activities, which manifests as rock burst activity. When the superimposed
stress, formed by the static load of mining surrounding rock and the dynamic load induced
by mine earthquakes, exceeds the critical load of coal and rock, the coal and rock mass is
dynamically damaged, resulting in rock bursts.

4. Numerical Simulation
4.1. Model Construction and Rock Mechanics Parameters

In order to further study the mechanism of rock burst induced by an extra-thick
conglomerate and a thrust fault, the surrounding rock deformation and fault tectonic stress
distribution are simulated for a 13,200 working face using FLAC-3D software(version 6.0,
ITASCA, Minneapolis, MN, USA, 2017). Based on the mining and geological conditions
of the F16 fault in the Gengcun coal mine, a FLAC-3D numerical model is constructed
considering a thrust fault and mining disturbance.

The model contains 449,280 elements and has a size of 700 m × 500 m × 200 m (see
Figure 6). In the construction process of the model, the dip angle of the Jurassic roof strata
in the footwall of the F16 fault is set to 10◦, with the dip angle of the Triassic strata in the
upper fault set to 50◦. The extremely thick seam zone is simplified into a triangular area
with a length of 150 m and a height of 60 m. In the model, a built-in interface module
of FLAC 3D is used to simulate the F16 fault structure. The fault inclination is set to 50◦,
with the starting coordinates of the lower end of the fault plane set to (520, 0, 50). The
physical and mechanical parameters were measured using laboratory tests for simulations,
as shown in Table 1. The mechanical properties of the fault are shown in Table 2. The
boundary conditions of the model are set as follows: normal displacement constraints are
applied around the model, the bottom boundary is set to a fixed boundary, the displacement
in the X, Y, and Z directions is zero, and the upper boundary is set as a free boundary
(see Figure 7). A uniform load of 10.75 MPa is utilized to simulate the overlying rock
pressure, with a height of 430 m. In order to simplify the spatial relationship between the
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13,200 working face and the F16 fault in the simulation process, the F16 fault in the model
is fixed, and the excavation step is 20 m along the coal seam inclination. Moreover, the
excavation is stopped near the fault in the lower roadway due to frequent microseismic
events. The influence of mining disturbance, seam thickness, fault dip angle, and other
factors on the structural stress of the coal seam is studied.
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Table 1. Mechanical properties of rock masses.

Lithology Density
(kg/m3)

Bulk
(GPa)

Shear
(GPa)

Tensile
Strength (MPa)

Poisson
Ratio

Internal Friction
Angle (◦)

Cohesion
(MPa)

Coal 1344 1.6 1.4 0.4 0.25 30 2.08
Mudstone 2450 10.4 7.3 2.1 0.24 35 4

Sandy mudstone 2550 12.1 9.5 2.6 0.26 37 4.66
Siltstone 2600 12.4 9.2 3.1 0.24 34 4.7

Fine sandstone 2650 16.3 12.5 4.3 0.3 38 7.5
Medium sandstone 2600 13.5 10.1 3 0.24 35 5

Table 2. Mechanical properties of the fault.

Lithology Density/kg/m3 Bulk/GPa Shear/GPa Tensile
Strength/MPa Poisson Ratio Internal Friction

Angle/◦

Fault 1344 1.78 1.28 0.4 0.25 30
Processes 2024, 12, x FOR PEER REVIEW 10 of 21 
 

 

 
Figure 7. Boundary condition of the model. 

Table 1. Mechanical properties of rock masses. 

Lithology 
Density 
(kg/m3) 

Bulk 
(GPa) 

Shear 
(GPa) 

Tensile 
Strength 

(MPa) 

Poisson 
Ratio 

Internal 
Friction 
Angle 

(°) 

Cohe-
sion 

(MPa) 

Coal 1344 1.6 1.4 0.4 0.25 30 2.08 
Mudstone 2450 10.4 7.3 2.1 0.24 35 4 

Sandy mudstone 2550 12.1 9.5 2.6 0.26 37 4.66 
Siltstone 2600 12.4 9.2 3.1 0.24 34 4.7 

Fine sandstone 2650 16.3 12.5 4.3 0.3 38 7.5 
Medium sandstone 2600 13.5 10.1 3 0.24 35 5 

Table 2. Mechanical properties of the fault. 

Lithology Density/kg/m3 Bulk/GPa Shear/GPa 
Tensile 

Strength/MPa 
Poisson 

Ratio 

Internal 
Friction 
Angle/° 

Fault 1344 1.78 1.28 0.4 0.25 30 

4.2. Simulation Results and Discussion 
4.2.1. Evolutionary Law of Supporting Stress and Surrounding Rock Stress of the F16 
Fault 

In order to obtain the stress distribution law of surrounding rock at different posi-
tions in front of the coal wall during coal mining, the working face is inclined along the 
coal seam, and the length of each excavation is set to 10 m. The monitoring line is set at 
the 10 m position of the roof, with monitoring points spaced at 10 m intervals (see Figure 
7). The stress distribution curves of the surrounding rock are obtained at different posi-
tions in front of the coal wall, as shown in Figure 8. The excavation positions are 100 m, 
80 m, 70 m, 60 m, 50 m, 40 m, 30 m, and 10 m away from the fault. 

 
Figure 8. Monitoring point arrangement. 

The following stress distribution law during the advancement of the working face 
can be obtained from Figures 9–11. 

Compensated load 10.75 MPa

Footwall Hanging wall

200 m Fault width 10 m
Falut fall 50 m

175 m525 m

Coal seam 19.3 m

50°

Figure 7. Boundary condition of the model.

4.2. Simulation Results and Discussion
4.2.1. Evolutionary Law of Supporting Stress and Surrounding Rock Stress of the F16 Fault

In order to obtain the stress distribution law of surrounding rock at different positions
in front of the coal wall during coal mining, the working face is inclined along the coal
seam, and the length of each excavation is set to 10 m. The monitoring line is set at the
10 m position of the roof, with monitoring points spaced at 10 m intervals (see Figure 7).
The stress distribution curves of the surrounding rock are obtained at different positions in
front of the coal wall, as shown in Figure 8. The excavation positions are 100 m, 80 m, 70 m,
60 m, 50 m, 40 m, 30 m, and 10 m away from the fault.
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The following stress distribution law during the advancement of the working face can
be obtained from Figures 9–11.
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(1) Figure 9 shows that stress concentration is likely to occur, with peak stress located
13–17 m in front of the working face. The stress peak value is higher than 35 MPa, and
the stress concentration coefficient is larger than 2.42. Due to the thick and hard rock
in the upper part of the mining area, a large overhanging roof is formed behind the
goaf, and the phenomenon of stress concentration appears.

(2) With the increase in mining distance, both stress peak and stress concentration coeffi-
cient values first increase and then decrease (see Figures 10 and 11), with maximum
values of 46.62 MPa and 3.17, respectively, located 50 m away from the working
face. When the distances from the fault are 100 m and 80 m, the peak stress values
are 34.51 MPa and 35.52 MPa, respectively. The distribution law of the advanced
supporting pressure of the working face is similar. When the distance is less than 80 m,
the stress peak value increases significantly. With the advancement of the working
face toward the fault direction, the influence of the fault on the working face becomes
increasingly obvious. The stress reaches its maximum value at a distance of 50 m from
the fault, and at a distance of 80 m from the fault, it is divided into a fault-affected
zone and a fault non-affected zone. When the distance from the fault is less than 50 m,
the increasing trend of the stress peak and stress concentration coefficient decreases.
When the working face is excavated 10 m away from the fault, the stress on the coal
far exceeds the compressive strength because of the small distance between the fault
and the working face. Consequently, coal failure occurs, and the peak stress is reduced
by 36.14 MPa. The fault reduces the supporting stress range and forms a large stress
gradient between the coal wall and the fault, which results in a rock burst.

4.2.2. Supporting Stress and Surrounding Rock Stress of the F16 Fault for Different Fault
Dip Angles

In order to obtain the stress distribution law of the surrounding rock under the coupling
effect of mining disturbance and a fault at different dip angles, we conducted simulations
for fault inclinations of 0◦, 30◦, 40◦, 50◦, 60◦, 70◦, and 80◦. Moreover, the monitoring line
was set at the 10 m position of the coal seam roof, with monitoring points spaced at 10 m
intervals. The stress distribution of the surrounding rock at different positions in front of the
coal wall was obtained when the working face was 50 m away from the fault (see Figure 12).
Moreover, the stress variation trend of the surrounding rock for different fault angles was
obtained. The variation laws of the stress peak value and stress concentration coefficient for
different positions near the fault are shown in Figures 13 and 14.
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The following stress distribution law for different dip angles can be obtained from
Figures 12–14.

(1) Figure 12 shows that peak stress occurs 12–17 m in front of the working face and is
less affected by the fault dip angle. For different fault dip angles, the vertical stress
near the fault plane is maintained at about 14.7 MPa, and the difference is small.

(2) Figures 13 and 14 show that the stress concentration coefficient and stress peak at
different positions show a similar trend for different fault dip angles. With an increase
in the dip angle, the stress concentration coefficient and stress peak first increase
and then decrease. When the maximum dip angle is 75◦, the stress concentration
coefficient and peak stress values are 3.33 and 48.9 MPa, respectively. The simulation
results show that the dip angle of the fault has an obvious effect on the tectonic stress
of the fault.

4.2.3. Supporting Stress and Surrounding Rock Stress of the F16 Fault for Different
Mining Thickness

In order to study the influence of the coupled effect of mining disturbance and faults
on the stress of the surrounding rock, we simulated stress distribution using mining
thicknesses of 8 m, 13 m, 17 m, 19 m, 21 m, and 26 m (see Figure 15). The monitoring line
was set at the 10 m position of the roof, with monitoring points spaced at 10 m intervals.
The stress variation trend of the surrounding rock for different mining thicknesses was
obtained. The variation laws of the stress peak and stress concentration coefficient for
different positions near the fault are shown in Figures 16 and 17.
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The following stress distribution law for different mining thicknesses can be obtained
from Figures 15–17.

(1) Figure 15 shows that peak stress occurs 12–17 m in front of the working face and is
less affected by the mining thickness. For different mining thicknesses, the vertical
stress near the fault plane is maintained at about 14 MPa, and the difference is small.

(2) Figures 16 and 17 show that the stress concentration coefficient and stress peak at
different positions show a similar trend for different mining thicknesses. With an
increase in mining thickness, the stress concentration coefficient and stress peak first
increase and then decrease. When the maximum mining thickness is 21.3 m, the stress
concentration coefficient and peak stress values are 3.19 and 46.89 MPa, respectively.
When the minimum mining thickness is 8.3 m, the stress concentration coefficient and
peak stress values are 3.01 and 44.32 MPa, respectively. The difference in the stress
peak value is 2.57 MPa. Therefore, the simulation results show that mining thickness
significantly affects the tectonic stress of a fault.

5. Case Study
5.1. The Law of Shock Instability in the Working Face under the Influence of “Fault Structure”

Microseismic events in front of the “fault” tectonic area were counted to further verify
the mechanisms of rock burst for extra-thick coal influenced by a large conglomerate and
a thrust fault. Microseismic events are defined as high-energy events when E > 106 J;
conversely, microseismic events are defined as low-energy events when E ≤ 106 J.

Two high-energy events occurred on 1 February and 6 March 2021, accompanied by a
large number of microseismic events (E = 105) in their vicinity, indicating that the highly
static coal body in the structural area is significantly influenced by mining disturbance.

The spatio-temporal relationship between the distribution of microseismic events and
the advancement of the working face shows that the tectonic influence area is 0–80 m in
front of the fault, with microseismic events being more active in this area (Figures 18 and 19).
High-energy microseismic events frequently occur 30–60 m in front of the fault. The non-
affected area of the fault structure is more than 80 m away from the fault, representing the
balance area of microseismic events. The influence range of the fault structure is consistent
with the above theoretical calculation and numerical simulation results. There are many
factors affecting rock bursts. In this paper, the influences of fault dip, seam thickness, and
mining disturbance on rock burst are mainly considered. It is necessary to comprehensively
and thoroughly study the correlation between more relevant data on in-situ mine pressure
manifestation and rockburst occurrence. In future investigations, deep learning theories
will be used to analyze comprehensive field data, such as overburden movement, surface
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subsidence, support pressure, displacement, and microseismic events, and their correlations
will be clarified. The probability of rock bursts will be predicted, thus providing guidance
for the prevention and control of rock bursts.
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5.2. Prevention and Control of Rock Burst under the Influence of “Fault” Structure

The mechanism of rock bursts in a fault tectonic area involves abutment pressure and
tectonic stress, resulting in the formation of high static load stress. When high static loads
exceed the critical stress, the energy accumulated in the coal body is released in a nonlinear
manner. When a roadway with a high static load is disturbed by mining activities, the
superimposed load on the coal body far exceeds the critical stress. The rock burst risk
source area is larger, and the microseismical activity is more intense. Moreover, the impact
and microseismic events of the roadway are concentrated in areas with high structural
stress. Therefore, the prevention and control of roadway rock bursts in “fault” structural
areas can be carried out considering two aspects. On the one hand, the static load stress
of coal should be decreased. Pressure relief measures, such as large-diameter drilling and
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blasting, should be adopted to reduce the concentration of structural stress. On the other
hand, efforts should be made to reduce or avoid dynamic load disturbances in structural
areas of roadways. In the process of coal mining, increasing the width of coal pillars can
isolate mining faces from the structural areas of roadways. This can extend the propagation
path of dynamic load stress waves. Thus, the influence of disturbed dynamic loads on the
surrounding rock of roadways can be decreased or avoided.

6. Conclusions

The following conclusions can be drawn:

(1) In this paper, a mechanical model of structural stress increment for a thrust fault is
established and solved. The results show that the stress distribution around the fault
is significantly influenced by the depth of coal, the stress concentration coefficient of
the stope, the lateral pressure coefficient, and the fault dip angle. The fault tectonic
stress field in the Gengcun coal mine is asymmetrically distributed under the ground
stress and dip angle of the fault. The shear stress increment range in the footwall of
the fault is larger than that in the hanging wall. The shear stress in the hanging wall is
greater than that in the footwall, and the impact risk is higher.

(2) A 3D numerical simulation method is used to reveal the distribution law of the
bearing stress in front of the working face during mining. The results show that stress
concentration is likely to occur in front of the working face under mining disturbance.
The stress distribution is relatively regular, and the peak stress is generally located
13–17 m in front of the working face. The stress peak value is greater than 35 MPa,
and the stress concentration coefficient is greater than 2.42. Due to the thick and hard
rock layer in the upper part of the mining area, a large overhanging roof and stress
concentration occur at the back of the goaf.

(3) The stress peak value and stress concentration coefficient vary for different distances
from the fault. As the working face is excavated and approaches the fault-affected
area, the stress first increases and then decreases. The peak stress and maximum
stress concentration coefficient values are 46.62 MPa and 3.17, respectively, at a 50 m
distance from the working face. Under the influence of mining disturbance, an 80 m
distance from the fault is the dividing line between the fault non-affected area and the
fault-affected area.

(4) The fault dip angle and mining thickness have significant influences on the structure
around the fault. With an increase in the dip angle, the maximum vertical stress and
peak stress first increase and then decrease. For a maximum angle of 75◦, the stress
concentration coefficient and peak stress values are 3.33 and 48.9 MPa, respectively.
For a minimum value of 0◦, the stress concentration coefficient and peak stress values
are 2.58 and 37.95 MPa, respectively. Moreover, with an increase in mining thickness,
the peak stress and stress concentration coefficients show a trend of first increasing
and then decreasing. For mining thicknesses of 8 m and 21 m, the corresponding
stress concentration coefficient and peak stress values are 3.01 and 44.32 MPa and 3.19
and 46.89 MPa, respectively.

(5) The 13,200 working face of the Gengcun coal mine is used as a case study, and field
microseismic events are analyzed. The field microseismic events mainly occur at
a distance of 0–80 m from the footwall of the fault, with the energy and frequency
of microseismic events reaching their maximums at a distance of 30–50 m from
the footwall. This is in good agreement with the simulated results of the stress
concentration area. When the working face is located in the influence zone of the
tectonic area, microseismic events occur more frequently and with greater energy.
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List of Symbols

Symbol Explanation Unit Symbol Explanation Unit

x
Horizontal coordinates in the cartesian

m y
Vertical coordinates in the cartesian coordinate

mcoordinate system with the major axes system with the minor axes of
of the ellipse the ellipse

φ

Angle between the line of the ellipse
◦ ρ

Length of the point at the edge of the ellipse
medge point, the ellipse center, and the hole and the line at the center of

major axis of the ellipse the ellipse
ω(ζ) The variogram function 1 Re(z) The real part of the complex number z 1
σx Tectonic stress in the x direction Pa σφ Hoop stress in the polar coordinates Pa
σy tectonic stress in the y direction Pa σρ Radial stress in the polar coordinates Pa
fx + i fy Complex number of boundary surface forces Pa τρφ Shear stress in the polar coordinates Pa
σ1 Initial ground stresses Pa σ3 Initial ground stresses Pa
σh Horizontal stress of rock mass in the fault zone Pa σv Vertical stress of rock mass in the fault zone Pa
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