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Abstract: In order to determine the reasonable width of a stopping coal pillar in close-distance coal
seams, the evolution law of front abutment pressure of the working face with repeated mining
was studied. Based on the actual engineering project, we conducted field measurement, theoretical
analyses, numerical simulations and a physical similarity simulation test to study. The results show
that: (1) according to field measurement, the influence range of front abutment pressure increases
from 60 m to 75 m with repeated mining; (2) according to theoretical analysis, the arch height and
span are negatively and positively correlated with the influence range of front abutment pressure,
respectively; (3) with repeated mining, the arch height increased to 165 m, the arch span to 235 m and
the influence range to 83.5 m by 14.5 m relative to that before repeated mining; (4) if it is necessary
to ensure that the main roadway is less affected by the mining stress, the width of the stopping
coal pillar in 2214 working face should be greater than 80 m. The influence range of front abutment
pressure increases obviously with repeated mining in close-distance coal seams. The study provides
a reference for similar engineering projects.

Keywords: close-distance coal seams; stress arch under nonlinear load; front abutment pressure;
stopping coal pillar

1. Introduction

In coal mining, a main roadway typically has a long lifespan; hence, its surrounding
rock must be stable. However, mining-induced stress primarily affects main roadway
stability. The coal pillar from the end of the working face to the main roadway is referred
to as the stopping coal pillar. If the width of this pillar is too large, coal resources would be
wasted during mining; if the width is too small, mining-induced stress would disturb the
main roadway. Meanwhile, when the stopping coal pillar bears high abutment pressure,
there will be a lot of cracks [1–4], which will affect the stability of the stopping coal pillar,
further causing potential safety hazards to the main roadway. The influence range of front
abutment pressure at a working face considerably influences the width of the stopping coal
pillar. Studies have been conducted on the abutment pressure distribution of the working
face in a single coal seam, but only a few studies have considered this phenomenon for
close-distance coal seams. Likewise, only a few studies have investigated the evolution of
the influence range of the working face front abutment pressure when the stable three-zone
distribution of upper coal seam mining changes after repeated mining. Hence, it is crucial
to study the evolution behavior of the influence range of the working face front abutment
pressure in this type of close-distance coal seams.
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Many scholars have carried out research on the stability of the main roadway. C.J.
Gao established the matter–element model of rock mass accident risk assessment in a
deep roadway by combining hazard source theory with the extension method [5]. Y. Luo
analyzed the stability of the surrounding rock in a deep roadway [6]. C.X. Zhao studied
the surrounding rock control technology of deep soft rock roadway [7]. H. Wang analyzed
deformation and the failure mechanism of the surrounding rock using field monitoring and
borehole imaging methods [8]. Some scholars have also studied the stability of surrounding
rock [9–11].

Many scholars have carried out much research on the influence range of front abutment
pressure at the working face. M.G. Qian analyzed different the peak values and the
influence range of front abutment pressure when there are different types of key strata in
the overlying strata [12]. Starting from the mechanism, Z.Q. Song proposed a new method
for calculating abutment pressure [13]. S.T. Zhu proposed a theoretical computational
model of abutment pressure of ETAS longwall panels based on the analysis of load transfer
mechanisms of the key stratum [14]. Y.G. Ji studied the distribution law of front abutment
pressure via theoretical calculation and numerical simulation [15]. J.L. Xie investigated the
effect of the key stratum on the mining abutment pressure of a coal seam using UDEC [16].
Y. Li studied the law of abutment pressure when a longwall panel passes through the
abandoned roadway in a damaged coal seam [17]. A. Li proposed an analytical model to
simulate the front abutment pressure distribution under elastic and inelastic conditions [18].
P.S. Zhang tested the distribution characteristics of the front abutment pressure based on
distributed optical fiber sensing technology and theoretical analysis of the stress state [19].
J.H. Liu established a calculation model of dynamic and static abutment pressure based
on the abnormal strata behaviors of a number of cases [20]. D.J. Xue introduced damage
based on internal friction angle or cohesion into the plastic region to consider discontinuity
and applied it to solve the distribution of discontinuous abutment pressure [21]. H.K. Han
established a method based on the influence of the overburden KS to calculate the abutment
pressure of the coal mass and the goaf [22].

Many scholars have carried out varied research on the overburden stress arch above
the working face. L. Wang suggested that the overburden of the working face will form a
stress shell and that there is a two-dimensional stress arch along the strike of the working
face [23]. F. Wang established a mechanical model for elucidating the formation mechanism
of the stress arch in overlaying strata and studied the evolution of the stress arch during
longwall mining through numerical simulation [24]. S.R. Wang established mechanical
models of the symmetrical pressure-arch, the stepped pressure-arch and the rotating-
squeezed stress arch in the mining field [25]. B.W. Xia established a mechanical model to
investigate the propagation laws of hydraulic fracture based on the stress arch theory [26].
S.R. Wang established a mechanical model of the surrounding rock for studying the law of
ground pressure based on the monitoring data of mine pressure [27]. Y.H. Zhao analyzed
the pressure arching effect of the hanging roof blocks [28]. C.Y. Jin verified the stress arch
theory for the failure mechanism of a highly stressed rock mass during unloading [29].
M.D. Yang established the structural model of the overlying strata pressure arch based on
the theory of the pressure arch and key stratum [30]. Y.H. Zhao proposed the arching index
of compressive stress of key parts of the pressure arch in far-field surrounding rock by
discussing the active released state of vertical pressure and the vertical stress distribution
characteristics of overlying strata under the influence of deviation of the principal stress
axis [31]. Z. Zhu studied the side abutment pressure of the working face through stress
arch theory [32].

Therefore, it is currently difficult to provide a scientific basis for determining the
width of the stopping coal pillar in close-distance coal seams. In this study, we established
a mechanical model, for the stress arch under a nonlinear load to solve the analytical
equation of front abutment pressure, and a numerical simulation. A physical similarity
simulation test was conducted to determine the evolution of the influence range of front
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abutment pressure in close-distance coal seams. This study will provide a scientific basis
for determining the width of the stopping coal pillar under similar geological conditions.

2. Project Overview
2.1. Engineering Background

Yan Coal Mine is located in Datong Coalfield, Shanxi Province, China, and has low gas
content and simple hydrogeological conditions. The selected upper and lower coal seams
were the No. 1 and No. 2 coal seams of the Yan Coal Mine and had a thickness of 7.5 m and
5.5 m, respectively. Both coal seams had an average seam spacing of 25 m, which is typical
of close-distance coal seams. The 1216 and 2216 working faces are the first working face
of No. 1 and No. 2 coal seams, respectively. To the south of the 1216 working face is the
1214 working face, the widths of the stopping coal pillars are 200 m and 110 m respectively
and the collapsed gangue in the goaf has been compacted. The width of the stopping coal
pillar of the 2216 working face is about 55 m, and the 2214 working face is in the mining
stage. Wide coal pillars are used between the working faces to protect the mining roadway,
and the length of the working face is 170–190 m. The plane layout of working faces is
shown in Figure 1. We used the downward mining and fully mechanized top coal caving
longwall mining method as well as the roof span management method. The average daily
working face mining of the two coal seams was 4 to 5 m in depth. The close-distance coal
seams had simple roof and floor conditions. Figure 2 shows the rock stratum histogram.
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However, slight pulp peeling and steel strip extrusion phenomena were observed in
the main roadway near the 2216 working face after the 2216 working face mining stopped.
Therefore, the technicians of the coal mine conducted intensive support for the position of
ground pressure appearance. Figure 3 illustrates these phenomena. It indicates that the
main roadway is disturbed by mining stress.
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Figure 3. Ground pressure appearance of the surrounding rock of the main roadway.

In practical projects, it is very important to ensure safety [33,34]. The 2214 working
face needs to determine a reasonable width of the stopping coal pillar. Because the width
of the stopping coal pillar in the 1214 working face is about 110 m, if the width of the
stopping coal pillar in the 2214 working face is too small, more significant ground pressure
may occur in the surrounding rock of the main roadway under mining stress disturbance
with repeated mining. The determination of the width of the stopping coal pillar is mainly
based on the influence range of the front abutment pressure of the working face. During
the mining of the 1216 and 2216 working faces, the coal mine technicians measured the
front abutment pressure.

Borehole stressmeters (1#, 2#) were arranged in the 1216 and 2216 working faces to
determine the influence range of front abutment pressure of both working faces. Figures 4
and 5 illustrate the device layout and borehole stressmeters monitoring data, respectively.
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2216 working face.
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As is shown in Figure 5, the blue line marks the position where the abutment pressure
begins to increase. The influence range of the front abutment pressure of the 1216 working
face during mining was approximately 60 m, and that of the 2216 working face was
approximately 75 m larger than that of the 1216 working face after repeated mining.
Therefore, in order to determine the reasonable width of the stopping coal pillar in the 2214
working face, it is necessary to further study the evolution law of the abutment pressure
with repeated mining of the close-distance coal seams.

2.2. Phenomena Analysis

Normal coal production was unaffected despite the slurry peeling off and steel strip
extrusion phenomena observed in the main roadway. However, it is crucial to investigate
the evolution of the influence range of the working face front abutment pressure after the
repeated mining of close-distance coal seams, as mentioned in Section 2.1.

According to the stress arch theory, the overlying rock layer forms a macroscopic
stress shell consisting of high stress bundles, which change dynamically as working face
mining progresses; the overlying rock layer also forms a stress arch structure along the
strike profile of the working face. The stress arch height is essentially equal to the fracture
zone height. The front and rear arch feet of the stress arch are located in the nonmining
coal body and open-off cut of the working face, respectively. The arch span is the distance
between the inner boundary of the front and rear arch feet. It is assumed that when the
working face mining reaches the full mining of the strike, the lower coal seam open-off
cut becomes an alternate exterior layout. Figure 6 illustrates the shape of the stress arch
of the close-distance coal seams, where L is the stress arch span, m; C is the working face
mining distance, m; Sp is the plastic zone width, m; and h is the arch height of the stress
arch, m [23].

Sustainability 2022, 14, 12399  5  of  18 
 

As is shown in Figure 5, the blue line marks the position where the abutment pressure 

begins to increase. The influence range of the front abutment pressure of the 1216 working 

face during mining was approximately 60 m, and that of the 2216 working face was ap‐

proximately 75 m larger than that of the 1216 working face after repeated mining. There‐

fore,  in order to determine the reasonable width of the stopping coal pillar  in the 2214 

working face, it is necessary to further study the evolution law of the abutment pressure 

with repeated mining of the close‐distance coal seams. 

2.2. Phenomena Analysis 

Normal coal production was unaffected despite the slurry peeling off and steel strip 

extrusion phenomena observed in the main roadway. However, it is crucial to investigate 

the evolution of the influence range of the working face front abutment pressure after the 

repeated mining of close‐distance coal seams, as mentioned in Section 2.1. 

According  to  the stress arch  theory,  the overlying rock  layer  forms a macroscopic 

stress shell consisting of high stress bundles, which change dynamically as working face 

mining progresses; the overlying rock layer also forms a stress arch structure along the 

strike profile of the working face. The stress arch height is essentially equal to the fracture 

zone height. The front and rear arch feet of the stress arch are located in the nonmining 

coal body and open‐off cut of the working face, respectively. The arch span is the distance 

between the inner boundary of the front and rear arch feet. It is assumed that when the 

working face mining reaches the full mining of the strike, the lower coal seam open‐off 

cut becomes an alternate exterior layout. Figure 6 illustrates the shape of the stress arch of 

the close‐distance coal seams, where L is the stress arch span, m; C  is the working face 

mining distance, m; Sp is the plastic zone width, m; and h is the arch height of the stress 

arch, m [23]. 

   

(a)  (b) 

 

(c) 

Figure 6. Shape of stress arch of close‐distance coal seam, (a) Type 1, (b) Type 2, (c) Type 3. 

The load exerted by the arch body is transmitted from the front arch foot to the front 

of the working face, forming an elastic pressurization zone. The  inner boundary of the 

front arch foot is the elastic–plastic junction, while the outer boundary is at the boundary 

between the elastic pressurization zone and original rock–stress zone. Figure 7 illustrates 

the front arch foot of the stress arch. 

Figure 6. Shape of stress arch of close-distance coal seam, (a) Type 1, (b) Type 2, (c) Type 3.

The load exerted by the arch body is transmitted from the front arch foot to the front
of the working face, forming an elastic pressurization zone. The inner boundary of the
front arch foot is the elastic–plastic junction, while the outer boundary is at the boundary
between the elastic pressurization zone and original rock–stress zone. Figure 7 illustrates
the front arch foot of the stress arch.
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Figure 7. The front arch foot of stress arch.

According to the conservation of stress, the stress will not disappear or increase.
Repeated mining may cause changes in the three stable zones after the upper coal seam
mining while the fault zone increases. These phenomena alter the stress arch shape,
increasing the influence range of the front abutment pressure in repeated mining.

Equation (1) can be used to judge whether repeated mining changes the distribution
of the original three zones [35].

∆ = M − hz(Kpz − 1)− hg(Kpg − 1) (1)

where M is thickness of the No. 2 coal seam, 5.5 m; hz is thickness of the immediate roof,
11 m; Kpz is bulking factor of the immediate roof, 1.25; hg is thickness of the interlayer
key strata and follower layer, 14 m; Kpg is bulking factor of the interlayer key strata and
follower strata, 1.15; then, by Equation (1), we can calculate ∆ = 0.65.

The calculation results show that the geological conditions of the close-distance coal
seams in the Yan Coal Mine meet the requirements in this study. Therefore, it is crucial
to examine the evolution and mechanism of the influence range of the front abutment
pressure in repeated mining for close-distance coal seams. This work would provide a
scientific basis for determining the width of the stopping coal pillar.

3. Key Factors of Abutment Pressure in Repeated Mining
3.1. Stress Arch Equation under Nonlinear Load

Assuming the stress arch is symmetrical, and the front and rear arch feet are at the
same level, the mechanical model can be established as illustrated in Figure 8.
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Figure 8. Mechanical model for stress arch under nonlinear load.

According to the mechanical equilibrium conditions of stress arch [32]:

y(x) =
M0(x)

Fh
(2)

q(x) = γ(H − y) (3)

d2y
dx2 − γ

Fh
y = −γH

Fh
(4)
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According to boundary conditions, x = 0, y = 0; x = L
2 , dy

dx = 0; and x = L,
y = 0; therefore:

y =
h − H

2
(A

2x
L −1 + A

−2x
L +1) + H (5)

where A = H
H−h −

√
H2

(H−h)2 − 1; Fh is horizontal stress of the arch foot, kN; FAy and FBy are

vertical stresses of the arch foot, kN; M0(x) is bending moment of the simply supported
beam; q(x) is nonlinear load; γ is weight density of the rock, 25 KPa/m3; and H is coal
seam buried depth, m.

3.2. Abutment Pressure Distribution Calculation and Analysis of Key Factors

The vertical pressure at the front arch foot is:

FBy =
∫ L

2

0
γ(H − y)dx (6)

The width of the plastic zone is:

sp =
M

2 tan ϕ0

1 − sin ϕ0

1 + sin ϕ0
ln(

1 − sin ϕ0

1 + sin ϕ0

KγH
Px +

c0
tan ϕ0

) (7)

where M is coal seam thickness, m; c0 is cohesion, 1 MPa; ϕ0 is friction angle, radian, 29◦; K
is stress concentration factor, 4; and Px is coal wall support strength, 0 MPa. It can be seen
from the engineering geological conditions that M of the 1214 working face is 7.5 m; then
by Equation (7), we find sp of 1# coal seam is 8 m. M of the 2214 working face is 5.5 m; then
by Equation (7), we find sp of 2# coal seam is 6.5 m. H is working face buried depth, 400 m.

Assuming the vertical stress distribution function in elastic pressurization zone is:

σey = γHK
sp
se +1e−

ln K
se x (8)

According to stress equality, the width of elastic pressurization zone is:

FBy =
∫ sp+se

sp
γHK

sp
se +1e−

ln K
se x − γHdx (9)

se =
Lh(L − 2 + 2B − 2B−1) + LH(2B−1 − 2B)

8H(1 + lnK − K)
(10)

where B =
H+

√
h(2H−h)
(H−h)2

h−
√

h(2H−h)
(H−h)2

H

H−h ; Se is the width of elastic pressurization zone.
The influence range of front abutment pressure of working face is:

Lc = Se + Sp (11)

According to Equation (10), the width of the elastic pressurization zone is determined
by H, h, L and K. As H and K are fixed, it is only necessary to discuss the influence of h
and L.

Assuming the working face is fully mined along the strike, with H = 400 m, K = 4
and L = 175 m, the evolution of the width of the elastic pressurization zone with h can be
obtained from Equation (10), as illustrated in Figure 9.
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Setting H = 400 m, K = 4 and h = 165 m, the width evolution of the elastic pressurization
zone with L can be obtained from Equation (10), as illustrated in Figure 10.
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According to the illustration in Figure 9a and the increase in arch height, a decreasing
trend is observed in the range of the elastic pressurization zone. During the 2214 working
face mining, the fracture zone height continuously increases, while the elastic pressurization
zone reduces, decreasing the influence range of the front abutment pressure. However,
Figure 5 in Section 2.2 shows that the influence range of the front abutment pressure will
increase with repeated mining. In fact, after repeated mining, the stress arch span also
increases. The illustration presented in Figure 9b shows that the elastic pressurization zone
range will increase linearly as L increases; hence, the influence range of the front abutment
pressure is jointly determined by the size of h and L.

3.3. Method for Obtaining Shape Parameters of Stress Arch

With three complete zones after repeated mining, the stress arch crown is located in
the bending subsidence zone and near the water conducted zone. The water conducted
zone height can be obtained using relevant theories; however, it is difficult to examine the
evolution process of the stress arch shape after repeated mining.
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Numerical and physical similarity simulations are common methods used in engi-
neering research [36–38]. Hence, we used these methods to study the shape evolution of
the stress arch during the repeated mining of close-distance coal seams. Subsequently, we
compared the values of h and L using a rock stratum histogram. The accuracy of the values
was verified by the location of the stress arch crown in the key strata.

4. Evolution of Shape Parameters of Stress Arch in Repeated Mining
4.1. Numerical Simulation
4.1.1. Numerical Simulation Model Development

Numerical simulation is commonly used in scientific research [39]. We used the
FLAC3D numerical simulation software to study the evolution of the stress arch height
and span. According to the geological conditions of the 1214 and 2214 working faces, we
established the numerical simulation model of the middle part along the working face
inclination. The plane strain model size was 400 m (X) × 10 m (Y) × 250 (Z) m. The X-axis
represented the strike direction of the working face. The displacement at the bottom, front,
back, left and right of the model was minimal, and a vertical stress of 4.75 MPa was applied
to the upper boundary of the model to simulate the overburden pressure. Vertical and
horizontal stresses were applied according to the measured in situ stress, and the side
pressure coefficient was 1.2. The working face was excavated from the left side to the right
side of the model.

Mohr-Coulomb was adopted as the constitutive relation of the model. To obtain
reliable numerical simulation results, it is necessary to accurately evaluate the mechanical
properties of coal and rock mass. Hence, according to the literature [40–43], we set the
coal and rock mass elastic modulus, cohesion and tensile strength as 0.25 times those of
the laboratory test results, and the Poisson’s ratio was 1.2 times that of the laboratory test
results. Table 1 presents the rock mechanical parameters.

Table 1. Mechanical parameters of coal and rock mass in calculation model.

Layer
Natural Density Shear Modulus Bulk Modulus Cohesion Internal Friction Angle Tensile Strength

kg/m3 /GPa /GPa /MPa /(◦) /MPa

Overlying strata 2500 7.80 9.00 3.40 32 1.53
Coarse sandstone 2580 8.40 11.23 4.10 36 1.55

Fine sandstone 2612 8.24 11.79 4.23 31 1.55
Siltstone 2300 4.26 5.79 2.23 31 1.20

No. 1 coal seam 1550 3.36 4.51 1.00 27 0.08
Fine sandstone 2612 8.24 11.79 4.23 31 1.50

Medium-fine sandstone 2580 7.90 9.30 2.40 32 1.30
Kaolinite rock 2450 6.89 8.76 2.30 30 1.30
Conglomerate 2520 7.54 9.23 2.90 31 1.40

Carbonaceous mudstone 2360 4.35 5.87 1.80 29 1.20
No. 2 coal seam 1550 3.36 4.51 1.00 27 0.08

Carbonaceous mudstone 2360 4.35 5.87 1.80 29 1.20
Kaolinite rock 2450 6.89 8.76 2.30 30 1.30

Medium-fine sandstone 2580 7.90 9.30 2.40 32 1.30

The caving of gangue in the goaf is gradually compacted during the mining of the
working face, which considerably increases the goaf stiffness and elastic modulus, forming
a goaf compaction zone. To accurately analyze the evolution behavior of the stress arch
during the mining of the working face, we used a double yield model to replace coal seam
mining and simulate the caving of gangue in the goaf. The cap pressure in the double yield
model was calculated using Equations (12)–(14) [44,45].

σcap =
E0ε

1 − (ε/εmax)
(12)

εmax =
Kp − 1

Kp
(13)

E0 =
10.39σc

1.042

Kp
7.7 (14)



Sustainability 2022, 14, 12399 10 of 17

where σcap is the pressure on the gangue in the goaf; ε is the volume strain of the gangue
in the goaf under the action of σcap; εmax is the maximum volumetric strain that can be
produced by the gangue in the goaf; E0 is the initial elastic modulus of the gangue in the
goaf; Kp is the coefficient of dilatancy of caving rock mass, 1.25; and σc is the compressive
strength of rock mass, 23.7 MPa. Then, by Equation (12), we find σcap, as shown in the
Table 2.

Table 2. Cap pressures.

Strain 0.00 0.01 0.03 0.05 0.07 0.09 0.11 0.13 0.15 0.17

Stress (MPa) 0.00 0.53 1.78 3.37 5.44 8.26 12.34 18.76 30.30 57.23

The material parameters in the double yield model were determined by the inversion
trial and error method [46]. The derivation of the material parameters is not discussed in
this paper because of limited space; Table 3 presents the results.

Table 3. Materials parameters for double-yield model.

Parameter Natural Density kg/m3 Shear Modulus/GPa Bulk Modulus/GPa Friction Angle/◦ Dilatancy Angle/◦

Value 1100 1.15 3.74 20 8

4.1.2. 1214 Working Face Mining

A 70 m boundary was set at the left side of the model for excavation. The model was
excavated step-by-step and calculated separately to achieve balance. This section contains
only key pictures because it focuses on the values of the stress arch height and span. The
stress arch height is the distance from the No. 1 coal seam roof to the inner boundary of the
arch crown.

Figure 10 shows that when the 1214 working face was mined to a depth of 150 m, the
stress arch height was elongated to 105 m but was not fully formed; for a mining depth
of 160 m, the stress arch height was fully developed to 105 m; for mining depths of 180 m
and 210 m, the stress arch height remained unchanged and only extended along the strike;
for a mining depth of 160 m, the strike fully subsided. Using Equations (7) and (12), we
obtained the arch height and span of approximately 105 m and 175 m, respectively.

4.1.3. 2214 Working Face Mining

As the strike of the 1214 working face fully subsided when it was mined to a depth of
160 m, the mining proceeded to the 2214 working face. A 50 m boundary was set on the left
side of the model for excavation. The model was excavated step-by-step and calculated
separately to achieve balance. The stress arch height is the distance from the No. 2 coal
seam roof to the inner boundary of the arch crown.

Figure 11 shows that with repeated mining, the crown of the stress arch formed during
the mining of the 1214 working face extended to the higher strata. When the 2214 working
face was mined to a depth of 140 m, the stress arch height was elongated to 145 m but not
fully formed; for a depth of 200 m, the original stress arch disappeared, and the stress arch
height was elongated to 150 m; for a mining depth of 220 m, the stress arch height was
stable and elongated to 165 m. The stress arch height and span were 165 m and 235 m,
respectively, after repeated mining.
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4.2. Evolution of Shape Parameters of Stress Arch by Physical Simulation Similarity Test
4.2.1. Physical Similarity Model

The physical similarity simulation test can intuitively demonstrate the evolution of
the overlying strata structure in working face mining [47]. This section describes the use of
this method to determine the evolution behavior of the stress arch in close-distance coal
seams with repeated mining.

The size of the physical similarity model was 1800 mm × 160 mm × 1400 mm, and
the material proportion was determined according to the actual geological parameters. The
geometric similarity ratio of this test was 1:200, with 1 cm in the model representing 2 m in
practice. We applied a load of 6.84 kN on the top of the model to simulate the unpaved
overburden. After the model was laid, we set the displacement measuring points with a
row spacing of 10 cm, as indicated by the white dots in Figure 12. The model was excavated
5 cm each time and excavated again after the model was stable.
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The inner boundary of the stress arch was composed of the peripheral fractures of the
rock stratum. Therefore, the fracture field during the model excavation was captured in
real time by a high-speed camera to examine the evolution of the stress arch shape.
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4.2.2. 1214 Working Face Mining

A 25 cm boundary was set on the left side of the model, and the 1214 working face
was excavated to the right side of the model. Owing to limited space, only the key pictures
are included in this section.

Figure 12 shows that when the 1214 working face was mined to a depth of 160 m, the
stress arch height was elongated to 80 m; for a depth of 180 m, the elongation was 105 m;
for a depth of 220 m, the arch height remained unchanged and only extended along the
strike. The stress arch height and span were 105 m and 180 m, respectively.

4.2.3. 2214 Working Face Mining

When the 1214 working face was mined to a depth of 220 m, the mining proceeded to
the 2214 working face. A 15 cm boundary was set on the left side of the model, and the
2214 working face was excavated to the right side of the model.

Figure 13 shows that when the 2214 working face was mined to a depth of 150 m,
the original stress arch disappeared, and the stress arch height was elongated to 140 m;
for a depth of 200 m, the stress arch height was elongated to 165 m; for a depth of 230 m,
the stress arch height remained unchanged. When the 2214 working face was repeatedly
mined, stress arch height and span were 165 m and 240 m, respectively.
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4.3. Determination of Stress Arch Shape Parameters

Table 4 presents the shape parameters of the stress arch obtained in Section 4.1 and
Section 4.2. The actual rock stratum histogram was used to determine the stress arch height
before and after repeated mining. The arch crowns before and after repeated mining were
located at 10 m and 12 m thick fine sandstone, respectively, which are both key strata,
verifying the rationality of the values. According to the comprehensive analysis results, the
stress arch height and span before and after repeated mining were obtained, as presented
in Table 4.

Table 4. Shape parameters of stress arch.

Mining Stage Before Repeated Mining After Repeated Mining

Shape Parameters h/m L/m h/m L/m

Numerical simulation 105 175 165 235
Physical similarity simulation 105 180 165 240

Final value 105 175 165 235

4.4. Determination of Influence Range of Abutment Pressure in Repeated Mining

Substitute K, h, L and H into Equations (11) and (12) to obtain the influence range of
the front abutment pressure, as shown in Table 5.
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Table 5. Influence range of front abutment pressure.

Working Face Mining H/m h/m L/m K LC/m

Only 1214 400 105 175 4 69
1214, 2214 425 165 235 4 83.5

Table 5 shows that when only the 1214 working face was mined, the influence range
of the front abutment pressure was 69 m. With repeated mining, the stress arch height and
span reached 165 m and 235 m, respectively, resulting in an increase in the influence range
of the front abutment pressure to 83.5 m. Therefore, the determination of the width of the
stopping coal pillar in close-distance coal seams is significantly different from that in a
single coal seam. With repeated mining, the influence range of abutment pressure of the
working face will increase significantly.

5. Numerical Analysis of Surrounding Rock Stress of the Main Roadway
and Discussion
5.1. Numerical Analysis

Based on the stress arch theory, the pervious section mastered the evolution law of
abutment pressure with repeated mining by means of theory, numerical analysis and
physical similarity test, and the result is the same as the field measurement. In this section,
the FLAC3D numerical simulation software is used to analyze the distribution of the
side abutment pressure of the main roadway with the mining of the 2214 working face,
providing a further basis for determining the width of the stopping coal pillar. The same
numerical simulation model described in Section 4.1.1 was used here.

First, a 50 m boundary was first set on the right side of the model for the main roadway
excavation, and the balance was calculated. The boundary coal pillar set for the excavation
of the working face was the same as that in Section 4.1.2 and Section 4.1.3. The mining
plan of the working face is: (1) according to the actual mining situation, the 1214 working
face was mined, and the width of the stopping coal pillar is 110 m, which is calculated to
be balanced; then the 2214 working face was mined, and the width of the stopping coal
pillars were, respectively 90 m, 80 m, 70 m and 60 m, and the balance was calculated; (2)
only the 2214 working face was mined, and the width of stopping coal pillar is 80 m, and
the balance was calculated. The working faces mining diagram is shown in the Figure 14.
For ease of reading, the width of stopping coal pillar in the 1214 working face is 110 m,
and the width of stopping coal pillar in the 2214 working face is 90 m, referred to as
1–110 m–2–90 m, and so on.
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The abutment pressure value is extracted from the left side of the main roadway to the
working face every 1 m along the horizontal direction, as shown in the Figure 15.
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Figure 15. Side abutment pressure of main roadway.

According to the analysis in Figure 15: The side abutment pressure of the main
roadway of 2–80 m is basically equal to that 1–110 m. At this time, the mining stress has
little effect on the main roadway. The side abutment pressure of the main roadway of
1–110 m–2–80 m is close to 20 MPa. It shows that the influence range of the front abutment
pressure of the working face is increased due to repeated mining, so the main roadway is
in the influence range of the advance abutment pressure of the working face, so the main
roadway is affected by mining stress. According to the numerical simulation results, if
it is necessary to ensure that the main roadway is less affected by the mining stress, the
width of the stopping coal pillar in the 2214 working face should be greater than 80 m.
The conclusions in this section are basically the same as the theoretical analysis and field
measurement results.

5.2. Discussion

This paper studies the evolution law of abutment pressure of a working face after
repeated mining of close-distance coal seams, which provides a scientific basis for deter-
mining the reasonable width of a stopping coal pillar. During the research, we solved the
analytical equation of the influence range of the front abutment pressure and analyzed the
key factors affecting the front abutment pressure. Subsequently, the stress arch span and
height evolution in repeated mining were mastered. Finally, the evolution of the influence
range of front abutment pressure at the working face in repeated mining of close-distance
coal seams was clarified.

Z. Zhu focuses on the shape of the stress arch along the working face in single
seams [32], while this paper focuses on the shape of the stress arch along the working face
in close-distance coal seams. L. Wang focuses on the shape of the three-dimensional stress
shell of the working face, the stress of the bottom plate and the distribution of the side
abutment pressure of the working face [23], while in this paper, the change of the shape
of the stress arch is combined with the front abutment pressure of the working face. The
methods and conclusions used in this paper are innovative.

With the shortening of the width of the stopping coal pillar, the mining stress distur-
bance on the main roadway gradually increases, and the stability of the surrounding rock
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will be intuitively represented by the plastic zone. The cloud map of the plastic zone of
surrounding rock of the main roadway in Section 5.1 is extracted, as shown in Figure 16.
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According to the analysis in Figure 16: The mining action causes the deflection of the
principal stress, and the area of the plastic zone at the diagonal position of the roadway is
significantly increased, but the depth of the plastic zone at the roof, floor and both sides of
the roadway is basically unchanged. It shows that the stability of the surrounding rock of
the roadway has not decreased significantly. Therefore, the width of stopping coal pillar in
nonhigh-ground-stress working face can be appropriately shortened. Next, based on the
research results of this paper and combined with roadway support technology [48,49], we
will study the feasibility of shortening the width of the stopping coal pillar and vigorously
improve the coal resource recovery rate in the stopping mining stage of the working face.

6. Conclusions

(1) This study mastered the relationship between the stress arch and the supporting
pressure of the working face. The front foot arch of the stress arch is located in the elastic
pressurization zone. We derived a rational equation for the stress arch under a nonlinear
load. We also solved the analytical equation of the influence range of the front abutment
pressure. The stress arch height and span are negatively and positively correlated with the
influence range of the front abutment pressure, respectively.

(2) The change of stress arch shape parameters with repeated mining is studied
through numerical simulation analysis and physical simulation similarity test. After the
1214 working face was mined and its strike fully subsided, the stress arch height and span
were 105 m and 175 m, respectively. After the repeated mining of the 2214 working face,
the stress arch height and span increased to 165 m and 235 m, respectively.

(3) Through mastering the change of stress arch shape, the evolution law of abutment
pressure of the working face was clarified. With repeated mining, the influence range of the
front abutment pressure of the working face where the front arch foot is located increased
from 69 m to 83.5 m. The law obtained is consistent with the field measurement. If it is
necessary to ensure that the main roadway is less affected by the mining stress, the width
of the stopping coal pillar in the 2214 working face should be greater than 80 m.
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