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Abstract: A fault disrupts the continuity of the rock strata in a mining area. To study the law
governing the fracture of overlying strata in mining areas under discontinuous boundary conditions,
the overlying strata were redefined and grouped based on the activity characteristics of each rock
layer during the overall movement of the overlying strata. The activity patterns of different layers
of the fault were obtained through the movement and failure forms of each group of rock layers.
The relationship among the size of the coal pillar at the boundary of the fault, the dip angle of the
fault, and the movement angle of the rock strata was considered. A model of the spatial relationship
between the overlying rock movement zone of the quarry and the fault surface was established. The
limit equilibrium equations of the key layer in the fault zone before breaking were established based
on the tensile strength of the rock layer. In addition, the mechanical slip instability criterion and the
deflection instability criterion of the discontinuous-boundary rock mass are given herein. Based on a
field case, a double criterion was used to determine the initiating activated rock layers of the fault in
the cases where the fault dip was smaller than the rock movement angle. Rock movement during
excavation was simulated by similar simulation tests, and different levels of rock movement patterns
in the boundary fault zone were focused on monitoring and analyzing. The stress and displacement
changes in different rock layers in the fault zone were analyzed with numerical simulation results.
The results show the following: if the dip angle of the fault is smaller than the movement angle of
the rock layer, the delamination space of the fault surface is mainly distributed in the bending and
sinking zone of the overlying rock; with an increase in the working-face advancement distance, the
vertical pressure of the upper part of the fault gradually decreases, and the stress-concentration area
in the middle and lower part of the fault gradually increases; the rock layer of the upper part of the
fault, which is mainly composed of the key stratum, is the main area of activation of the fault.

Keywords: faults; rock movement lines; key stratum; ultimate tensile stress; instability criterion

1. Introduction

Faults, as a common geological structure in mining, are often involved in the activities
of overburden in the quarry. The discontinuous structure of faults severely restricts the
orderly and regular activity of the overburden in the quarry. The instability of the fault
structure and the fragmentation of the surrounding rock will change the pressure step of
the overlying rock, the stability of the masonry beam structure and the stress distribution of
the surrounding rock, etc. [1–4]. The theories of structural modeling, destabilization criteria,
energy transfer criteria, and stability control of surrounding rock for independent faults
have been gradually improved. Li et al. [5] studied the disaster control mechanism through
which multiple factors such as faults, coal seams, and the roof and floor surrounding rocks
affect the formation of rockburst based on the mechanism of faults acting on rockburst.
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Jiao et al. [6] derived the law governing the evolution of mining-induced fault damage slip
by on-site microseismic monitoring and constructing a fault slip evaluation method with
fault damage variables as indicators. Dou et al. [7] analyzed the similar tests and field data,
and concluded that: the different directions of the working surface advancing towards
the fault, the damage to the stability of the fault is different. Jiang et al. [8,9] modeled a
three-dimensional working face advancing along a positive fault and concluded that the
fault destroys the integrity of the working-face roof plate; most of the stresses migrate
to the coal and rock body where the working face intersects the fault line. Liu et al. [10]
investigated the law governing the instability of fault slip under different lateral pressures
and fault dip angles through direct shear friction sliding tests. Pan et al. [11] summarized
the distribution pattern of rockburst and proposed three new basic characteristics: fault
displacement, coal compression, and top fault. The research results of many scholars
at home and abroad show that mining-induced fault destabilization is the direct cause
of fault impact ground pressure, and the dynamic and static loading effects of mining
coal on the rock body can easily induce coal-mine impact ground pressure [12–15]. Jiang
et al. [16] monitored the mining activities of Huafeng Coal Mine in Shandong Province
using their self-developed explosion-proof microseismic positioning and monitoring (MS)
system. They found that the occurrence of rockburst pressure is closely related to rock
fracture, determined the safe distance between the working face and the fault, and proposed
measures to eliminate the impact pressure caused by fault zones. Wang et al. [17] took the
Laohutai Mine in Fushun as an example and determined the impact-tendency criterion
based on 3 g acceleration through numerical calculations. The area with an acceleration
greater than 3 g was defined as the significant area of rockburst, while the area with an
acceleration less than 3 g is defined as the nonsignificant area of rockburst. Based on this,
the hazardous areas for rockburst disasters were classified. Stewart et al. [18] found that
faults can cause mine tremors, of which there are two types: sudden failure of surrounding
rock and sliding of rock blocks along faults. Myer et al. [19] discussed and analyzed the
mining seismic parameters by calculating the deformation and fracture mechanics models
of fractured rock masses under loading. Krzysztof et al. [20] found through experiments
and numerical simulations that a reasonable support method can effectively improve the
stability of the fault area and the rock surrounding the roadway. Zhu et al. [21,22] studied
the mechanical characteristics of fractured surrounding rock in damaged tunnels and
analyzed the mechanical deformation and failure characteristics of fractured surrounding
rock through rock mechanics experiments. Yu et al. [23,24] carried out three-dimensional
geological modeling of a quarry containing close-range double faults based on the site,
and through similar simulation experiments and three-dimensional numerical simulation
analysis, they derived the form of mutual transformation of the energy and stress of the
two faults in the whole mining process of the quarry, the overall joint control mechanism of
the faults on the regional peripheral rock structure, and the law of the mutual influence
of the faults, and, moreover, they gave a map of the joint action of the two faults in the
whole mining process. Wu et al. [25] analyzed the occurrence mechanism of impact ground
pressure in the graben tectonic zone formed by two faults by establishing mechanical
models and numerical simulations. Wang et al. [26] analyzed the role relationship between
the damage characteristics of overburden rock and anchor loads in a double fault zone
through similar simulation tests.

In terms of fault slip mechanics models, a micro-element fault plane mechanics model
based on the Anderson fracture mechanism has been established [27]. A fault mechanics
instability model based on the fault mechanics model has been established for the study of
key layers in the working face [28]. The above model is based on the overlying rock structure
after the key layer is broken. For small coal pillars and a hard, thick roof, fault instability is
more likely to occur before the key layer is broken. To this end, a fault mechanics instability
model under the ultimate tensile stress before the critical layer fracture was derived, and
the horizontal sliding criterion and rotational instability criterion were established in this
model. A dual criterion calculation was conducted on specific cases to determine the failure
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and instability mode of the interruption layer in the case model, which was verified through
numerical simulation analysis.

2. Characteristics of Rock Movement in the Fault Zone
2.1. Characterization of Rock Movement

According to factors such as mining depth, overlying rock structure, and height of goaf,
rock layer movement can be divided into the following three situations: (1) a mining layer
movement model having multiple key layers and forming a stable three-zone structure, as
shown in Figure 1a; (2) a surface subsidence rock movement model with few key layers and
unstable overlying strata in goaf, as shown in Figure 1b; and (3) an internal and external
hyperbolic overall movement model of rock strata movement and surface subsidence, as
shown in Figure 1c.
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Figure 1. Rock stratum movement model in goaf. (a) Strata movement model. (b) Ground sur-
face settlement model. (c) The overall movement models of rock strata movement and surface
subsidence [29].
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2.2. Fault Mechanics Model

A micro-element fault plane mechanical model based on the Anderson fracture mech-
anism has been established for the mechanical instability model of fault plane slip [27]. The
micro-element mechanical model of the fault is shown in Figure 2. Take a micro-element in
a two-dimensional fault section with the fault line as the diagonal; the fault plane where
the fault line is located is the weak structural plane inside the micro-element. The normal
stress on this weak structural plane (σn) and shear stress (τn) can be expressed as follows:{

σn = 1
2 (σh + σv)− 1

2 (σh − σv) cos 2α

τn = − 1
2 (σh − σv) sin 2α

(1)

where α is the fault dip angle, in ◦; σh is the horizontal stress received by the micro-element,
in MPa; and σv is the vertical stress received by the micro-element, in MPa.
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If the micro-element in the fault plane slips along the weak structural plane, the shear
stress on the weak structural plane should be greater than the sum of the maximum static
friction force generated by the normal stress on the structural plane and the cohesion of the
structural plane itself. According to the Mohr–Coulomb strength theory, the ultimate shear
stress of the weak structural plane in the fault plane micro-element is as follows:

τf = σn tan φ f + c f (2)

where τf is the limit shear stress under the normal stress of the fault plane, in MPa; τn is
the internal friction angle of the fault plane, in ◦; and cf is the fault plane cohesion, in MPa.

Meanwhile, a macroscopic mechanical instability model of the fault was obtained; the
mechanical model of the fault is shown in Figure 2. The support stress FN and horizontal
stress T on the fault plane are decomposed along the fault:{

Fx = T sin α − FN cos α
Fy = T cos α + FN sin α

(3)

where FN is the support force of the footwall of the fault to the fault plane, in kN; t is the
horizontal extrusion force of the hanging wall of the fault on the fault surface, in kN; α is
the fault dip angle, in ◦; Fx is the force in the x direction of the fault plane, in N; and Fy is
the force in the y direction at the fault plane, in N.

The instability criterion of fault slip is as follows:

Fx tan φ = Fy (4)

where φ is the internal friction angle of the rock mass in the fault zone, in ◦.
In the process of coal mining, due to the existence of goaf and the movement of

overlying strata, the abovementioned fault slip instability model can no longer meet and
accurately describe the failure instability mode of stope faults. The difference in the layered
structure and lithology of the overlying strata in goaf determines the diversity of the vertical
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stratum movement mode of overlying strata in the stope. Therefore, the mechanisms and
mechanical models of fault instability in different stratum movement models are different.
Aiming at the stratum movement model of the stope without the surface subsidence area,
considering that the movement state of the key stratum plays a leading role in the overlying
stratum activity of the stope, the fault slip model and mechanical instability criterion after
the key stratum is broken are given [28]. Based on the fault mechanics model, the model
takes the key layer as the research object and considers the horizontal force T and vertical
force R [30] between the broken rock blocks in the structure of the ‘masonry beam’ after
the key layer is broken. At the same time, the advanced abutment pressure F1(x) and
the original rock abutment pressure function F2(x) [31] are introduced. The mechanical
instability model of the fault at the key layer of the upper and lower mining is shown
in Figure 3. In the figure, M is the thickness of coal the seam, in m; H is the key layer’s
thickness, in m; h is the thickness of the rock layer above the key layer, in m; h1 is the
thickness of the weak rock layer under the key stratum, in m; L1 is the width of the limit
equilibrium zone of the fault coal pillar, in m; L2 is the width of the elastic zone of the fault
coal pillar, in m; L3 is the distance from the original rock stress zone to the fault, in m; A
and B are the fractured rock blocks of the key strata; θ is the fault dip angle, in ◦; ψ is the
span angle of the lower rock mass of the key stratum, in ◦; and θ1 is the rotation angle of
the key block A, in ◦.
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Figure 3. Movement of key strata when mining on a hanging wall and a footwall [22]. (a) Movement
state of key strata in hanging-wall mining. (b) Movement state of key strata in footwall mining.

The above model is established under the condition of the key stratum breaking, but
under the condition of a small coal pillar and a thick and hard roof, the possibility of fault
instability before the key stratum breaks is much greater than that after the key stratum
breaks. The instability mode before the fracture of the key strata is often the structural
instability of the roof strata. Due to the limitation of fault-protection coal pillars, fault slip
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instability mainly leads to stress concentration and impaction of the coal pillars. In contrast,
structural failure of the fault is more harmful.

3. Model of Relationship between Fault Plane and Stratum Movement Line

The range of stratum movement angles in a stope is 60–80◦ [32]. When the dip of the
fault plane is the same as that of the stratum movement line and the dip angle of the fault
is less than 60◦, the stratum movement line will gradually approach the fault plane. The
adjacent rock strata with similar mechanical properties and similar rock movement angles
are grouped. Therefore, the consistent stratum movement angle of the same group can be
approximated. The model of the fault plane and rock movement line is shown in Figure 4.
The moving line coefficient of rock strata in different groups is as follows:

K1 =
h11k11 + h12k12 + · · ·+ h1nk1n

h11 + h12 + · · ·+ h1n
(5)

Kn =
hn1kn1 + hn2kn2 + · · ·+ hnnknn

hn1 + hn2 + · · ·+ hnn
(6)

knn = tan βnn (7)

where hnn is the thickness of the nth rock layer in the nth group, in m; knn is the nth stratum
movement line coefficient in the nth group; and βnn is the movement angle of different
strata in different groups, in ◦.
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The stope rock movement line function is as follows:

f (x) =


K1(x − x0)

(
x0 ≤ x ≤ x0 +

h1
K1

)
K2x + (H1 − K1x1)

(
x0 +

h1
K1

≤ x ≤ x0 +
h1+h2

K2

)
Knx + (Hn−1 − Kn−1xn−1)

(
x0 +

h1+h2+···+hn−1
Kn−1

≤ x ≤ x0 +
h1+h2+···+hn

Kn

) (8)

where
x = x0 +

h1 + h2 + . . . + hn−1 + hn−1∼n
Kn

(9)

Hn = h1 + h2 + . . . + hn (10)
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where hn is the thickness of the nth stratum group, in m; hn−1~n represents the height
range of the nth layer, in m; and x0 is the distance between the working face and the upper
boundary of the protective coal pillar of the fault, in m.

The horizontal distance between different horizontal fault lines and stratum movement
lines is as follows:

u(x) = x − f (x)
tan α

(x ≥ x0) (11)

where α is the fault dip angle, in ◦.
Equation (8) can be substituted into Equation (11) to obtain the following:

u(x) =


x − K1(x−x0)

tan α

(
x0 ≤ x ≤ x0 +

h1
K1

)
x − K2(x−x0)

tan α

(
x0 +

h1
K1

≤ x ≤ x0 +
h1+h2

K2

)
. . .
x − Kn(x−x0)

tan α

(
x0 +

h1+h2+···+hn−1
Kn−1

≤ x ≤ x0 +
h1+h2+···+hn

Kn

) (12)

According to Equation (12):

u(x) =



(
1 − K1

tan α

)
x + K1x0

tan α

(
x0 ≤ x ≤ x0 +

h1
K1

)(
1 − K2

tan α

)
x + K2x0

tan α

(
x0 +

h1
K1

≤ x ≤ x0 +
h1+h2

K2

)
. . .(

1 − Kn
tan α

)
x + Knx0

tan α

(
x0 +

h1+h2+···+hn−1
Kn−1

≤ x ≤ x0 +
h1+h2+···+hn

Kn

) (13)

According to Equation (13), it can be inferred that the function u(x) is a univariate
linear equation. From Equation (14), the following can be inferred:

tan βmin ≤ Kn =
hn1 tan βn1 + hn2 tan βn2 + · · ·+ hnn tan βnn

hn1 + hn2 + · · ·+ hnn
≤ tan βmax (14)

Therefore, when the strata movement angle β is greater than the fault dip angle α, it
can be concluded that u(x) is a linear inverse proportional function. As the distance x of the
working face increases, the horizontal distance u(x) between the rock movement line and
the fault plane gradually decreases, and the range of rock activity gradually approaches
the fault’s affected area. When u(x) decreases to a certain value, the fault begins to activate,
and a fault separation space appears.

From Figure 5, it can be concluded that the horizontal separation width v(x) of the fault
is negatively correlated with the value of u(x). According to material mechanics [33–35],
it is known that when the bending moment of the rock mass is less than or equal to the
maximum bending moment of the rock mass, the rock mass only bends and does not break.
For the discontinuous boundary of double faults, the lateral separation distance v(x) of
the fault causes the overlying rock layer on the goaf to enter the curved subsidence zone
sooner. The originally fractured fracture space is transferred to the fault separation space at
both ends. Therefore, it can be concluded that the double faults make the overlying rock
mass of the goaf transition to the bending subsidence area earlier, and the bending zone is
more closely combined. The increase in the spatial transfer coefficient makes the bending
zone and the upper hard rock layer form a larger separation space. The increase in the
upper space further increases the height of the overlying strata. For shallow coal seams,
subsidence areas on the surface result easily. At the same time, the bottom of the separation
zone has greater tightness and easily forms a gas and liquid accumulation zone.
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4. Existence Analysis of Separation Space

According to the above functional relationship, it can be seen that when the dip angle
of the fault is smaller than the movement angle of each rock layer, as the height increases,
the width of the boundary modules of different rock layers gradually decreases. At the
same time, the center of gravity of the boundary rock mass gradually shifts to the goaf.
The ability of the boundary modules to resist deformation is poorer, the stability is lower,
and the possibility of movement deformation is greater. The partition of discontinuous-
boundary support modules is shown in Figure 6. In the Figure, α is the fault dip angle, in ◦;
β is the span angle of the lower rock mass of the key stratum, in ◦.
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4.1. Mechanical Determination of Critical Layer Slip Instability

The stable compression module, deviatoric stress transition module and deviatoric
stress instability module defined in Figure 6 were divided into rock strata and analyzed
using a mechanical model. Combined with the three-zone division of the stope, the key
stratum theory and the basic lithology of the rock strata, the rock strata in the three module
areas are divided. The stable compression module is basically composed of the caving-zone
rock layer and the fracture rock layer. The deviatoric stress transition module can be the
fracture zone or the bending subsidence zone. The deviatoric stress instability module is
composed of the key layer and its weak upper rock layer. The above theoretical division can
only infer the approximate positions of the three modules and cannot accurately determine
them. Therefore, it is necessary to use the mechanical model to determine the positions
of the modules. The slip instability model of the key-layer support module is shown in
Figure 7. The model can be used to analyze the slip instability of the fault boundary module
rock working face when the fault dip angle is consistent with the direction of the rock
movement angle and the fault dip angle α is less than the rock movement angle β.
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p2 is the maximum tensile stress at the fracture limit of the rock stratum. When the rock
stratum reaches the ultimate tensile strength and the rock mass does not deflect and displace,
the rock stratum in this area breaks, and the fault surface does not produce separation space.
On the contrary, the rock layer and the fault surface produce separation space.

The horizontal force balance condition of the rock stratum is as follows: f1 + f2 = F
In the Equation:

p3u(x2) = p1u(x1) + G + p2l cos β (15)

p2 = p sin β (16)

l =
h

sin β
(17)

F(x) = f1 + f2 (18)

From the above equation:

F(x) = f1 + f2 = µp1u(x1) + µp1u(x1) + G +
p2h

tan β
= F(x1) (19)

By combining Equations (13) and (19):

F(x1) =


2µp1

(
1 − K1

tan α

)
x1 + µ

(
2p1K1x0

tan α + G + p2h
tan β

)(
x0 ≤ x1 ≤ x0 +

h1
K1

)
2µp1

(
1 − K2

tan α

)
x1 + µ

(
2p1K2x0

tan α + G + p2h
tan β

)(
x0 +

h1
K1

≤ x1 ≤ x0 +
h1+h2

K2

)
. . .
2µp1

(
1 − Kn

tan α

)
x1 + µ

(
2p1Knx0

tan α + G + p2h
tan β

)(
x0 +

h1+h2+···+hn−1
Kn−1

≤ x1 ≤ x0 +
h1+h2+···+hn

Kn

) (20)

where µ is the friction coefficient of rock strata; h is the thickness of rock, in m; p1 and p3
are uniformly distributed loads on and below the end rock mass, in kN/m2; p is the tensile
strength of the rock stratum, in MPa; β is the rock movement angle, in ◦; and u(x1) and
u(x2) are the horizontal distance between the fault line and the rock movement line, in m.

When the fault dip angle is less than the rock movement angle, 2µp1

(
1 − Kn

tan α

)
≤

2µp1

(
1 − tan βmin

tan α

)
< 0. Therefore, as x1 increases, F(x1) decreases gradually. When F(x) =

F(x1) < F = p2h, u(x) corresponds to the horizontal displacement of the end of the rock
layer, which forms a separation space with the fault plane. It can be seen from the formula
that before the rock layer reaches the tensile strength, the rock layer moves horizontally
when the upper and lower frictions of the rock layer are less than the horizontal tension,
and the fault surface produces a separation space. In the opposite scenario, the rock stratum
breaks and does not produce horizontal displacement.
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4.2. Mechanics Determination of Deflection Instability of Key Stratum

The moment analysis is carried out with point P as the rotation center; the force is
positive when the object rotates counterclockwise around the center of the moment, and
vice versa. Therefore, when the sum of the moments of each force to point P is positive, the
rock mass rotates around point P. The key stratum support module offset instability model
is shown in Figure 8.
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The torque of p1 to point P is MP(p1) =
∫ lBF

0 p1xdx = 1
2 p1l2

BF, turning counterclockwise.

The torque of p1 to point P is MP(p1) =
∫ lFA

0 p1xdx = 1
2 p1l2

FA, turning clockwise.
The moment of G to point P is MO(G) = Gl, and the center of gravity O turns

counterclockwise if it is on the left side of point P; otherwise, it turns clockwise.
The torque of p2 to point P is MP(p2) =

∫ lPA
0 p2xdx = 1

2 p2l2
PA, turning clockwise.

MP =

{ 1
2 p1l2

BF −
1
2 p1l2

FA + Gl − 1
2 p2l2

PA
1
2 p1l2

BF −
1
2 p1l2

FA − Gl − 1
2 p2l2

PA
(21)

where
l =

lMN

2
− hOD

tan β
(22)

u(xA) = lBA (23)

hOD =
h(2u(xA) + u(xP))

3(u(xA) + u(xP))
(24)

lBF = lBA − lFA = u(xA)−
h

tan β
(25)

G = ρV =
ρ(u(xA) + u(xP))h

2
(26)

where ρ is the rock density, in kg·m−3; the thickness of the rock layer is 1.
With the advancement of the working face, u(xA) and u(xP) decrease continuously, and

1
2 p1l2

BF + Gl decreases continuously. When MP > 0, the rock mass rotates counterclockwise
around point P. Due to the limitation of the hanging wall of the fault, the rock layer does
not move and does not separate from the fault plane. When MP < 0, the rock mass rotates
clockwise around point P, and the rock layer and the fault plane generate a deflection
separation space.

5. Analysis of Discontinuous-Boundary Fault Plane Abscission Layer under the
Influence of Mining

The model is based on the geological conditions of a mine in Liupanshui City, Guizhou
Province, and the model size is 2.5 m × 0.3 m × 1.6 m. The burial depth of the #1 coal seam
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is 453 m, and the average thickness is 5 m. The distance between the #2 coal seam and the
#1 coal seam is 17 m, and the average thickness is 4.2 m. The reverse fault F1, with a dip
angle of 45◦ and a drop of 5 m, and the normal fault F2, with a dip angle of 40◦ and a drop
of 5 m, penetrate the #1 coal seam. The two faults are 215 m apart in the #1 coal seam, and
the boundary coal pillars on the left and right sides are 30 m. Among them, 21 m above the
#1 coal seam, there is a thick and hard siltstone roof rock layer with a thickness of 22 m.
The geological model of the stope is shown in Figure 9.
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5.1. Fault Activation Analysis and Mechanical Judgment of Coal Seam Mining

It can be seen from the similar simulation experiment that the fault-initiation-activated
rock layer in this test is a siltstone key stratum with a thickness of 22 m at 21 m from the
roof of the goaf. The double criterion was used to verify the test data. The discontinuous-
boundary key stratum support module model is shown in Figure 10.
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5.2. Key Layer Sliding Verification

The data of the left boundary F1 fault are verified, and the known fault F1 dip angle
α1 is 45◦; the width of the left boundary coal pillar a is 30 m; the upper boundary x0 of the
boundary coal pillar is 27.5 m; the thickness h of the key stratum of the cracked rock stratum
is 22 m. The height H from the upper boundary of the goaf is 21 m. The rock movement
angle β1 of the lower strata group of the key strata is 58◦. The key strata movement angle
β2 is 67◦; the overlying pressure P1 of the key layer is 10 MPa; the tensile strength P2 of
the key layer is 43 MPa; the friction coefficient of sandy mudstone is 0.2~0.25; the friction
coefficient of siltstone is 0.43~0.48; The density ρ of key strata is 2460 kg·m−3.

According to Formula (12), the length u(x)1 of the lower boundary of the end block
is 19.62 m; The upper boundary length u(x)2 of the end block is 6.96 m; The gravity of
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the rock block G is 0.72 × 103 KN; The pressure of the upper rock layer is 10 × 103 KN.
The upper pressure of the end rock block is 69.6 × 103 KN; The tensile stress component
of the end rock layer is 22.42 × 103 KN; The lower pressure of the end rock block is
92.74 × 103 KN. When objects with different friction coefficients slide relative to each other,
the friction coefficient is taken as the minimum value, therefore the friction coefficient
µ1 = µ2 = 0.25 [36,37].

By substituting the above data into formula (20), the maximum static friction force
Fmax at the end of the rock layer is 40.59 × 103 KN; The ultimate tensile stress F at the end
of the rock layer is 57.39 × 103 KN. Therefore, the ultimate tensile stress F > Fmax at the
end of the rock layer, the overlying rock layer slides at the discontinuous-boundary module
at the key layer, and the separation space appears on the fault plane.

5.3. Critical Layer Deflection Verification Calculation

The instability criterion of rock mass at the end of the key stratum was calculated.
According to the experimental data, the counterclockwise moment MP(p1) of p1 to point
P of the end rock mass is 0 KN·m, the clockwise moment MP(p1) of p1 to point P of the
end rock mass is 407.856 × 103 KN·m, the counterclockwise moment MP(G) of G to point
P of the end rock mass is 2.32 × 103 KN·m, the clockwise moment MP(p2) of point P of
the end rock mass is 685.45 × 103 KN·m, and the sum of moments acting on point P (MP)
is −1090.99 × 103 KN·m. The bending moment of the rock mass at the end of the key
stratum at the P point is shown in Table 1. Therefore, the sum of the moments of point P
MP < 0, the end rock block will rotate clockwise around point P, and the end rock block will
produce a deflection separation layer on the fault plane. At the same time, according to
the mechanics of materials, the ultimate deflection Wmax of the key stratum rock beam is
67.459 mm. Therefore, when the bending deflection of the key stratum rock beam in the
fault zone reaches 67.459 mm, the key stratum begins to break.

Table 1. Moment of the rock mass at the end of key stratum at point P.

MP(p1) (KN·m) MP(p1) (KN·m) MP(G) (KN·m) MP(p2) (KN·m) MP (KN·m)

0 −407.856 × 103 2.32 × 103 685.45 × 103 −1090.99 × 103

6. Numerical Simulation Analysis of Discontinuous-Boundary Fault Activation

This study conducted numerical model calculations on the mining area based on
existing geological data and mechanical parameters of each rock layer. The mechanical
parameters of each rock layer in the working face are shown in Table 2. The model size is
300,200,128.2 m, and the upper interface of the model is a free interface, while the other
interfaces are fixed constraints. The fault zone is formed by secondary cementation of
mylonite, gravel, and other rocks. Therefore, the strain softening criterion is used to assign
individual values to the fault-zone modules, while the Mohr–Coulomb criterion is used for
the failure of other rock layers. During simulated excavation, a 30 m protective coal pillar
was left between the cutting hole and the F1 fault, and a 30 m protective coal pillar was
left between the limit of mining activity and F2. Programming based on FLAC3D’s built-in
FISH language, six stress monitoring points, namely, A (70, 100, 99), B (67, 100, 93), C (55,
100, 82), D (45, 100, 71), M (35, 100, 64), and N (13, 100, 42), were arranged at the upper
end of the fault zone, the key layer, the middle area between the coal seam and the key
layer, and the lower part of the fault zone. The stress values of each monitoring point were
obtained when the hanging-wall mining face advanced 0, 30, 60, 90, 120, and 150 m. The
numerical model is shown in Figure 11.
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Table 2. Rock mechanics parameters of each rock stratum.

Rock Name Thickness (m) Bulk (GPa) Shear (GPa) σtension (MPa) Fric. (◦) Coh. (MPa)

Siltstone 26 9.94 6.5 3.2 35 2.4
Fine sandstone 5 9.82 6.7 1.6 32 2.5

Sandy mudstone 4 8.16 5.8 0.7 26 1.7
Siltstone 22 3.68 3.1 0.56 20 2.4

Sandy mudstone 6 8.16 5.8 0.7 26 1.7
Fine sandstone 8 10.6 9.1 2.2 32 2.0

Siltstone 3 9.94 6.5 3.2 30 2.4
Silty mudstone 4 8.16 5.8 0.7 26 1.7

#1 coal seam 5 3.22 1.0 0.6 25 0.2
Silty mudstone 5 8.16 5.8 0.7 26 1.7
Fine sandstone 7 9.82 6.7 1.6 32 2.0

#2 coal seam 3.2 3.22 1.0 0.6 25 0.23
Sandy mudstone 4 8.16 5.8 0.7 26 1.7

Siltstone 26 9.94 6.5 3.2 35 2.4
Fault zone 1.2 0.0083 0.0038 0.002 15 0.30
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As shown in Figure 12a,b, with the continuous advancement of the working face, the
pressure-relief zone at the upper end of the F1 fault gradually increases. When the rock
movement line at the front end of the working face intersects with the F2 fault plane, the
area of the pressure-relief zone at the upper end of the F2 fault suddenly increases. The
pressure relief areas of F1 and F2 faults are located in the key strata, indicating that the
fault is activated at the key position, and the results of the theoretical model are verified.
The discontinuous boundary of the working face separates the stress transmission of
the surrounding rock, and the activation of faults changes the movement pattern of the
overlying rock in the mining area. The stress-concentration area of the surrounding rock
in the working face is mainly distributed in the hanging-wall area of the fault and near
the boundary protection coal pillars. The maximum stress is mainly distributed in the
middle of the boundary-protection coal pillar and the lower part of the fault. As shown
in Figure 13, the plastic zone of the end module of the critical layer at the discontinuous
boundary is mainly distributed on the adjacent fault plane, as well as the upper and lower
contact surfaces of the critical-layer boundary module. The distribution of the plastic zone
and pressure-relief zone indicates that the key layer has experienced slip and deflection
near both ends of the fault plane, forming an unstable spatial structure. Therefore, the
numerical simulation results and the theoretical calculation results are mutually validating.
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As shown in Figures 14 and 15, as the advancing distance increases, the suspended
area of the goaf gradually increases, and the supporting area of the lower part of the
rock layer on the inner side of the fault zone decreases, leading to the occurrence of
pressure-relief zones and stress-concentration zones in the surrounding rock of the fault
zone. According to Figure 15a,b, it can be seen that the vertical stress at measurement
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point A of the surrounding rock in the upper part of the fault zone has decreased from
8.76 to 4.88 MPa, and the vertical stress at measurement point B has decreased from 8.41 to
3.14 MPa. The monitoring results indicate that as the working face advances, the vertical
stress in the hanging-wall area of the fault zone decreases, and a pressure-relief zone
appears in the upper part of the fault zone. From Figure 15c, it can be seen that the vertical
stress value of measuring point C in the middle of the fault zone changes from 8.76 to 5.53
to 6.19 to 5.53 MPa. The vertical stress value of this measuring point undergoes a process
of decreasing, then rising, then decreasing. The stress decrease is caused by the activation
of the upper fault surrounding rock, and the intermediate stress-increase stage is caused
by the increase in the advanced support pressure of the working face. The overall vertical
stress shows a downward trend. According to Figure 15d, it can be seen that the vertical
stress value of measuring point D in the middle of the fault zone changes from 7.09 to
5.63 to 9.52 MPa. The vertical stress value of this measuring point undergoes a process
of decreasing and increasing. The stress decrease is caused by the activation of the upper
fault’s surrounding rock, and the later stage of stress increase is caused by the increase in
advanced support pressure of the working face. According to Figure 15e,f, it can be seen
that the vertical stress at measuring point M in the upper surrounding rock of the fault zone
increases from 7.65 to 13.12 MPa, and the vertical stress at measuring point N increases
from 14 to 19.67 MPa. The monitoring results indicate that as the working face advances,
the vertical stress in the footwall area of the fault zone shows a decreasing trend, and a
stress-concentration area appears in the lower part of the fault zone.
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Figure 14. Layout diagram of measuring points.

According to a comprehensive analysis, the vertical stress in the hanging wall of the
fault zone shows a decreasing zone; the stress in the middle of the fault zone decreases
in the early stage due to the activation of the upper fault, and in the later stage, the stress
value gradually increases due to the concentration of protective coal pillars, showing an
upward trend; the lower part of the fault zone is an important support point for the rock
structure of each normal fault zone. The force of the overlying rock layer on the goaf under
gravity gradually concentrates towards this area, and the stress value in this area gradually
increases. The stress changes at the upper monitoring points indicate that a pressure-relief
zone has appeared in the hanging wall area of the fault, and the fault in this area has
become active.
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7. Conclusions

(1) The expression of the rock movement line and the distance u(x) from different hori-
zontal heights of the rock movement line to the fault plane were obtained using the
dip angle of the fault and the angle of rock movement.
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(2) The criterion for the activity instability of rock layers in the fault zone was obtained
through material mechanics analysis, and the mechanical criterion at the end of the
rock layer can determine the range of bending and sinking zones.

(3) Data validation was conducted on the key layer slip mechanics model and the key
layer displacement instability model through on-site cases.

(4) Through numerical simulation and zoning monitoring of vertical stress on the upper,
middle, and lower parts of the fault, combined with the vertical stress distribution
map and plastic zone distribution map of the mining area, it was found that the upper
rock layer of the fault has been activated, and the middle rock layer of the fault zone is
affected by the joint action of the upper rock layer’s unloading zone and the protective
coal pillar’s stress-concentration zone. The surrounding rock of the lower part of the
fault zone is always in the stress-concentration zone.

(5) Through the double-criterion mechanical model, it can be seen that increasing the
width of the fault-protection coal pillar is the most effective means for the influence of
smaller faults on overlying strata. At the same time, the stability of the surrounding
rock near the goaf can be increased by grouting. It is also necessary to drill anchor
cables in the vertical fault direction of the rock strata above the open-off cut to prevent
the collapse of the boundary’s surrounding rock.
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