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This paper aims to study the law of pressure behavior and the characteristics of mutual influence in the process of steeply inclined
coal seam mining. Based on the geological and engineering conditions of the B8 coal seam in Nanshan coal mine, this paper
explores the law of mine pressure behavior in the process of steeply inclined coal seam mining by means of theoretical analysis and
FLAC3D numerical simulation. Based on this, this paper also examines the influence of the interaction range between coal seams,
the reasonable setting size of the section coal pillar, and the mining distance of the working face on the return air roadway. The
results suggest as follows: (1) With an increase in the coal seam dip angle, the difference in the abutment pressure plastic zone
between upper and lower coal pillars increases, and when mining in steeply inclined coal seams, the stress concentration in the
lower and upper part of the working face deviates to the roof and floor respectively, which is obviously different from that of gently
inclined coal seams. (2) The vertical stress above the section coal pillar changes in three stages with an increase in the width of the
coal pillar, and the width of the coal pillar in the second stage can be taken as the reasonable size of the width of the coal pillar. The
numerical simulation results are consistent with the theoretical calculation results, which indicate the high reliability of this
method in determining the reasonable coal pillar size. (3) With an increase in the mining distance in steeply inclined coal seams,
the maximum pressure around the working face and above the return air roadway has gone through three stages. When the
distance between the working face and the adjacent return air roadway is close, the pressure above the return air roadway increases

sharply, and disturbance is stronger.

1. Introduction

As the primary energy of consumption, coal plays a critical
role in China’s energy structure and national economy. With
a decrease in high-quality coal resources in China, the
mining activities of large dip coal seams are gradually in-
creasing [1]. The steeply inclined coal seam generally refers
to the coal seam with a buried dip angle of 35°~55° [2] and is
universally considered to be the most difficult coal seam to
mine in the mining field [3]. The mine pressure behavior
caused by mining in steeply inclined coal seams is obviously
different from that in gently inclined coal seams. Therefore,
itis of great significance to develop a reasonable mining plan

to accurately grasp the mine pressure behavior in the mining
process of steeply inclined coal seams. For this reason, many
scholars have studied the mine pressure behavior and the
disturbance in the process of mining of steeply inclined
seams from different angles.

Liu et al. [4] pointed out that, in steeply inclined coal
seams, the stress exerted by the surrounding rock on the roof
can be divided into the normal stress perpendicular to the
rock stratum and the shear stress parallel to the rock stratum,
and the shear stress is greater than the normal stress. Due to
the large inclination angle, the direct roof of the upper part
of the working face tends to collapse on the goaf and backfill
its lower space, thus forming the support to the lower roof
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[5-7] when the upper roof is suspended. Therefore, the
overlying strata are subjected to asymmetric stress in ten-
dency, resulting in asymmetric separation and caving, which
brings difficulties to the management of surrounding rock.
Qi et al. [8] studied the deformation and failure charac-
teristics of surrounding rock, aiming at the phenomenon of
misalignment and large deformation and failure that often
occur after excavation and support of roadway in steep coal
seams. Based on the small-deflection theory for elastic thin
plates, Tu et al. [9] established a working face mechanical
analysis model for the first time before roof fracture after
coal seam mining with a large dip angle. Yang and Liu [10]
used the natural arch theory to analyze the cave-in mech-
anism of horizontal coal roadway in steep coal seams and
studied the stress distribution characteristics and failure law
of surrounding rock of fully mechanized mining roadway in
steep coal seams. Hong-Sheng et al. [11] pointed out that the
stability of the lower roof of the working face is higher than
that of the upper roof in the mining of high dip coal seams.
With a gradual increase in the dip angle, the ability of rock
mass to withstand slip-induced instability increases, but the
ability to withstand deformation-induced instability de-
creases. Wu et al. [12] studied the mechanical properties and
microstructure of cemented rockfill reinforced by carbon
nanotubes and fractal aggregates through macroscopic
mechanical and microscopic scanning tests, which can
provide certain support for surrounding rock support when
mining coal seams with a large dip angle. Through the above
analysis, this paper reveals the disturbance influence on the
confining pressure in the mining process of the steeply
inclined coal seam, which provides a certain theoretical basis
for on-site construction.

Based on FLAC3D numerical simulation software, Xue
et al. [13] studied the variation characteristics of sur-
rounding rock stress and energy in the mining process of the
steeply inclined coal face. The results show that the working
face is in a high stress state affected by the leading abutment
pressure, the energy accumulation area of the roof is located
in the lower end and the middle and upper part of the
working face, and the energy accumulation area of the floor
is located in the lower end of the working face. Lu et al. [14]
studied the characteristics of pressure behavior in the
process of shallow steeply inclined coal seam mining
through two-dimensional numerical simulation. The results
show that the law of pressure behavior in the mining process
of the steeply inclined coal seam is obviously different from
that of the gently inclined coal seam and the uneven set-
tlement of the steeply inclined coal seam floor is more se-
rious than that of the coal seam roof. Zhang and Shi [15]
carried out the numerical simulation of combined mining of
a large dip angle and a short-distance coal seam by a finite
element method. By discussing the deformation and failure
characteristics of surrounding rock, they revealed the sci-
entific nature of combined mining of steeply inclined close
coal seams. Zhang et al. [16] studied the stress redistribution
and coal seam deformation characteristics under the goaf of
a high-dip coal seam by using 3DEC software. The results
show that, in the process of upper slicing mining, more than
75% of the coal in lower slicing is located in the effective
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pressure relief area. Wu et al. [17] analyzed the influence of
the mining process of steeply inclined coal seams on coal
seam roadway through the numerical simulation and
pointed out that the difference in the rock structure on both
sides of steeply inclined coal seam roadway is the root cause
of roadway asymmetric failure. Qi et al. [8] studied the
failure mechanism and control technology of roadway
surrounding rock in deep steeply inclined coal seams under
the influence of a weak structural plane by the FLAC3D
numerical simulation and explored the reasonable support
scheme of roadway according to the results of the numerical
simulation.

The above analysis suggests that the disturbance and
pressure behavior of steeply inclined coal seam mining have
their own characteristics. Moreover, theoretical analysis and
numerical simulation methods play a significant role in
revealing the disturbance mechanism in the process of
steeply inclined coal seam mining. However, at present, the
law of pressure behavior and disturbance characteristics in
the process of steeply inclined coal seam mining is rarely
studied. In particular, there are few studies on the interaction
between coal seams and the effect of coal seam mining on
section coal pillars in steeply inclined coal seam mining. In
the process of coal seam mining, the law of mining pressure
manifestation in different regions is different. How to sys-
tematically study the characteristics of mining pressure
manifestation in different regions in the process of large dip
coal seam mining is the key research content of this paper,
which is also the important innovation of this paper. Based
on this, the paper explores the law of pressure behavior in the
process of mining steeply inclined thick coal seams by fo-
cusing on the interaction between coal seams and the rea-
sonable width of the coal pillar in steeply inclined coal seam
mining and the relationship between face mining distance
and roadway mining, which is expected to provide a theo-
retical basis and reference value for the development of on-
site engineering.

2. Theoretical Analysis on the Law of Mine
Pressure Behavior in Working Face

Coal and rock mass are not manually disturbed before coal
mining, and the stress is in a state of equilibrium. At this
point, the measured rock mass stress is the original rock
stress. After coal mining, the mining stress field is formed,
and the vertical pressure acting on coal seam, rock strata,
and gangue within the range of surrounding rock stress
redistribution is called abutment pressure. The accurate
calculation of the distribution law and the range of the
abutment pressure in stope have a significant application
value for the adoption of reasonable support modes and
methods for stope, the determination of reasonable exca-
vation location and time of adjacent roadway, and the
prevention of accidents related to the abutment pressure.

2.1. Distribution Law of Inclined Abutment Pressure in
Working Face. There is a pressure peak in the abutment
pressure distribution range, and the abutment pressure
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distribution is divided into the plastic zone and elastic zone
according to the pressure peak. The structural mechanic
model is established, as shown in Figure 1.

According to the mechanical model of the inclined
supporting pressure structure shown in Figure 1, the range
of the plastic zone of the inclined abutment pressure in the
working face is established:

Mp ﬂ(oyl cosatan ¢, + 2¢c, — My, sin oc)
 2tan g, 8 B(2¢cy — My, sina) + 2P, tan ¢,

X

MpB i ﬁ(ayl cosatan ¢, + 2¢c, + My, sin oc)
X|m = n
= S tan g, B(2¢y + My, sina) + 2P, tan ¢,

(1)

where X,ppersige refers to the range of the plastic zone of the
inclined abutment pressure on the upper side of the stope, M
refers to the thickness of the mining coal seam, f3 refers to the
lateral pressure coefficient of the face where the ultimate
strength is located, ¢, refers to the friction angle at the
interface between the coal seam and the roof and the floor,
0, refers to the peak value of the abutment pressure, « refers
to the dip angle of the coal seam, ¢, refers to the cohesion at
the interface between the coal seam and the roof and the
floor, y, refers to the average volume force of coal, and P,
refers to the binding force of roadway support on the coal
wall along the x direction.

The upper side of the stope means that the coal pillar of
the goaf is located on the upper side of the upwind roadway,
and the lower side of the stope means that the coal pillar of
the goaf is located on the lower side of the conveyor
roadway. It can be observed from formula (1) that the range
of the plastic zone of the inclined abutment pressure cor-
related with the dip angle of the coal seam. Such a correlation
is not noticeable when the dip angle of the coal seam is small,
but with an increase in the dip angle of the coal seam, the
difference in the plastic zone of the abutment pressure
between the upper side and the lower side of the coal pillar
increases.

In the subsequent analysis of the mining pressure of the
working face, coal pillars in sections, and the interaction
between coal seams, the stress values at different positions
were calculated according to the abutment pressure model
shown in Figures 1 and 2. At the same time, the yield
condition and the plastic zone range of coal and rock are
judged according to the corresponding criterion.
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FiGure 1: Mechanical model diagram of inclined abutment
pressure structure [18].

E
C —mbe R

FIGURE 2: Distribution of strike abutment pressure in the mining
face: (a) stress reduction area; (b) stress increase area; (c) original
rock stress area; (d) limit equilibrium zone; (e) elastic zone [19].

2.2. Distribution Law of Strike Abutment Pressure in Working
Face. The movement and stress redistribution of the strata
around the stope caused by coal seam mining have a great
impact on the deformation and failure of the surrounding
rock of the steeply inclined coal seam. When backstopping
in the working face, the strata in the irregular caving zone are
in a loose state and the overlying strata are largely in
a suspended state, which makes it necessary to transfer the
weight of the suspended strata to the coal body in front of the
working face. At this point, the goaf is a lower area than the
original rock stress, and the abutment pressure of the coal in
front of the working face is much higher than that of the
original rock, as shown in Figure 2.

The range of the plastic zone of strike support pressure in
the working face is established according to the mechanical
model of the strike support pressure structure shown in
Figure 2:

(2)

In the formula, M refers to the coal seam mining
thickness, f refers to the friction coefficient between the coal
seam and the roof and floor, f=tge (¢ refers to the internal

k,p+o; +(/)

friction angle at the coal-rock contact), K refers to the stress
concentration factor, H refers to the buried depth of the coal
seam, « refers to the coal seam dip angle, y refers to the bulk



density of the overlying strata, C refers to the cohesion of the
coal layer, M), refers to the softening modulus of the coal, S;
refers to the strain gradient of the coal in the plastic zone, p,
refers to the protective force of the supporting plate of the
working face to the coal wall, o, refers to the uniaxial
compressive strength of coal, and k, refers to the internal
friction angle of coal.

3. Analysis and Discussion of Numerical
Simulation Results

3.1. Introduction of the Project and the Establishment of the
Model. Taking the B8 coal seam of Xiaogou coal mine in
Nanshan coal mine in Shihezi city in China as the research
object, this paper examines the law of pressure behavior of
the steeply inclined coal seam. The dip angle of the B8 coal
seam is 38°~42°, the thickness of the coal seam is 4.2 m, the
old roof is 14.6 m fine sandstone, the direct roof is 20.2m
siltstone, and the direct bottom is 1.2 m fine sandstone. In
this paper, through field sampling, the corresponding
physical and mechanical properties of rock are measured by
using indoor rock mechanic testing machine, and then, the
corresponding model is established by using FLAC3D nu-
merical simulation software. In FLAC3D numerical simu-
lation software, the abutment pressure distribution model in
Figures 1 and 2 is used to study the pressure behavior law of
a high-dip coal seam. The Mohr-Coulomb plastic consti-
tutive relation and the yield criterion are adopted in the
numerical simulation process, and the plastic flow of rock
mass is not considered. The discriminant expression is

fs=01- Aoy +2B4N,, (3)

where o) and gsare the maximum and minimum principal
stresses, respectively, B and ¢ are cohesion and the internal
friction angle, respectively, and N,=(1+sing)/(1 +sing).
When f;>0, the material is in a plastic flow state. When
f: <0, the material is in the elastic deformation stage. The
values of physical and mechanical parameters in the sim-
ulation process are shown in Table 1.

3.2. Research on the Law of Mine Pressure Behavior in Mining
Face. According to the theoretical model shown in Figure 2,
the rock pressure behavior law of the mining face is studied
by using the FLAC3D numerical simulation software, as
shown in Figure 3.

After extracting the specific values from the numerical
simulation results, the vertical stress variation curves at different
positions of the mining face are obtained, as shown in Figure 4.

As can be observed in Figures 3 and 4, after mining, the
stress concentration in the lower part of the working face
deviates to the roof, the stress concentration in the upper
face deviates to the floor, the influence range of stress in the
lower part of the working face is 20m, and the stress
concentration appears in the position of about 3 m. These
characteristics are obviously different from those of the
gently inclined coal seam. The area within 0-3 m from the
lower part of the working face is the stress reduction area, the
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area within 3-20 m is the stress increase area, and the area
beyond 20 m from the lower part of the working face is the
stress stable area. In the process of mining large dip coal
seams, the maximum stress is about 18 MPa and the location
is about 5m from the lower part of the working face.

3.3. Research on the Pressure Behavior of the Coal Pillar in the
Coal Seam with a Steeply Inclined Angle

3.3.1. Research on the Stress and Deformation Characteristics
of the Section Coal Pillar. In order to explore the influence of
the angle on the pressure behavior of the coal pillar in coal
seams with a steeply incline angle, the models of a coal seam
dip angle of 35°, 40°, and 45° and a section pillar of 20 m were
established by using FLAC3D numerical simulation soft-
ware. Based on the existing research results, verification is
completed and good results are obtained. The numerical
simulation results are shown in Figure 5 [20].

The results of the numerical simulation cloud map in
Figure 5 suggest that the maximum concentrated stress of
the coal pillar in the working face of the steeply inclined coal
seam is located at the top of the coal pillar near the roof of the
upper working face. In order to further quantitatively
characterize the effects of different dips and distances, the
results in Figure 3 are extracted, as shown in Figure 6 [20].

As can be observed in Figure 6, with an increase in the
dip angle, the concentrated stress action point shifts to the
upper part of the roof (the upper end of the coal pillar) and
to the coal wall of the working face, and the influence range
of vertical stress becomes smaller with an increase in the dip
angle. When the dip angle of the working face is 45°, the
saddle-shaped stress distribution curve appears in the coal
pillar, indicating that the stress in the working face and the
lateral stress of the coal pillar are no longer superimposed.

3.3.2. Research on Stress and Deformation Characteristics of
the Coal Pillar with Different Width. In order to study the
law of deformation and failure of the coal pillar in different
width sections under a large dip angle, numerical models
with a coal pillar width of 5m, 10 m, 15m, 20 m, 25m, and
30 m are established, respectively, for numerical simulation
analysis under the condition that the dip angle of the coal
seam is 40 and that the range of the goaf is constant, as
shown in Figure 7 [20].

In order to better reflect the law in Figure 7, the variation
results of vertical stress under the coal pillar with different widths
with roadway distance are extracted, as shown in Figure 8 [20].

As shown in Figures 7 and 8, the upper side of the coal
pillar, that is, the side near the goaf, is affected by the upper
goaf, resulting in stress concentration. From the vertical
stress curve, it can be observed that when the width of the
coal pillar is about 0~10 m, the overall bearing pressure of
the coal pillar is larger, and on one side of the roadway, the
stress value is obviously higher than that of other width coal
pillars. When the width of the coal pillar is 5m, the max-
imum stress is 14.4 MPa, and when the width of the coal
pillar is 10 m, the maximum stress is 20 MPa. When the
width of the coal pillar is 15~30 m, the maximum stress is
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TaBLE 1: Physical and mechanical parameters in the simulation process.

Rock stratum Elastic modulus (GPa)

Cohesion (MPa)

Internal friction angle (°) Tensile strength

(MPa)
Old roof 48.6 5.7 36 4.2
Direct roof 52.1 2.2 32 4.0
Coal 2.9 2.0 30 0.35
Direct bottom 47.8 5.6 35 4.1
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FIGURE 3: Cloud map of stress distribution in mining face.

20 ¢
18
16
14
12

The influence range of vertical stress in
the lower part of the mining face

pressure (MPa)
S

(= S . - )
T

distance (m)

FIGURE 4: Stress distribution diagram at different positions of
mining face.

18 MPa. Although the maximum stress when the coal
pillar width is 15~30 m is greater than that when the coal
pillar width is 5m, with an increase in the coal pillar
width, the maximum stress value is gradually far away
from the roadway and the influence of the goaf roof on
the roadway starts to decrease, thus ensuring the safe
operation of the roadway. When the width of the coal
pillar is more than 20 m, the “saddle-shaped” stress on the
side of the coal pillar is no longer superimposed on each
other. Therefore, based on the numerical simulation
results and the recovery rate, the reasonable width of the
roadway is set as 15 m~20 m.

3.3.3. Theoretical Study on the Reasonable Size of the Section
Coal Pillar. In Section 3.3.2, the force and deformation
characteristics of the coal pillar with different widths are
numerically simulated, through which the reasonable width
of the coal pillar is determined to be 15~20 m. In order to
further verify the stability and reliability of the numerical
simulation results, a theoretical study on the mine pressure
behavior of the section coal pillar was carried out. The stress
diagram of the section coal pillar is shown in Figure 9.

The coal strata at the upper end of the goaf area in the
upper part of the working face are defined as the sliding rock
mass. The force F; along the normal direction of the
overlying strata of the sliding rock mass acts on the vertical
plane of the sliding rock mass, and F, acts on the sliding rock
mass along the bedding direction. At the same time, the
sliding rock mass is also affected by its own gravity com-
ponent F, along the normal direction, inclination compo-
nent Fs, and friction on the upper and lower surfaces. The
stress relationship along the dip direction when the sliding
rock mass is stable is as follows:

F fi+(F,+F,)f,>F, +F;. (4)

In the formula, F; = g5L, cos a, L refers to the width of the
coal pillar, g5 refers to the load of the overlying strata on the
sliding rock mass, « refers to the dip angle of the coal seam,
F, =gsLycosa, F5 =y, Zh;L,sina, y, refers to the average
volume force of the sliding rock mass, 2h; refers to the total
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Ficure 5: Cloud map of vertical stress distribution of the coal pillar at different dip angles: (a) 35% (b) 407 (c) 45".
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FIGURE 6: Stress distribution curve of the coal pillar in the coal seam
with different angles.

thickness of the sliding rock mass in the upper part of the
working face, F, = y;2h;L;cosa, and f; and f, refer to the
friction coeflicients between the upper and lower surfaces of the
sliding rock mass, respectively. The following expression can be
obtained by bringing the above values into formula (4):

sina — f, cosa
> h;.
% (f4 +f2)cosac—sin0cy1 !

(5)

When the dip angle of the coal seam is greater than 45",
the right molecule of formula (5) is a real number greater
than zero, and when the dip angle of the coal seam is less
than 90°, the action load gs of the overlying strata on the
sliding rock mass is a real number greater than zero.
Therefore, when (f, + f,)cos « — sin « is negative, g5 >0 is
always workable. Thus, it can be concluded that there is no
slip and instability of the coal pillar in the section when
a<arctan(f,; + f,) and that there is a danger of slip when
a>arctan(f, + f5).

In the above formula h, = H,, + M, M is the coal seam
mining height of the working face. The particularity of the
occurrence condition of the steeply inclined coal seam de-
termines that the movement form of the overlying rock in
the working face is different from that in the near-horizontal
coal seam. When the hanging width of the upper strata of the
working face is less than the fracture step of the overlying
strata, the overlying strata stop falling, the length of the roof
no longer changes, and the total thickness of the falling strata
can be measured. Therefore, H,, can be determined
according to the actual occurrence conditions of coal strata
in the specific working face.

A balanced pressure arch structure can be formed among
the upper old roof of the high inclination face, the gangue
filling in the lower part of the working face, and the coal
pillar in the upper section of the working face. At equilib-
rium, the total weight of the overlying strata is supported by
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FIGURE 9: Stress diagram of the section coal pillar.

the section coal pillar and lower filling gangue of the working
face (the support force of the bracket is negligible in
comparison), as shown in Figure 10.

From the force relationship in Figure 10, it can be ob-
tained that gs is

L+L)) 1
I _ H( 0 -
=Y, T2

(6)

In the formula, g5 refers to the acting force of the
overlying strata on the section coal pillar. With the self-
weight of the coal pillar being excluded, it can be known
from the relationship between the acting force and the re-
action force that the acting force of the overlying strata on
the section coal pillar is equal to that of the underlying strata
on the coal pillar. y refers to the average volume force of the
overlying strata, H, refers to the buried depth at the upper
end of the coal pillar, L refers to the length of the working
face, and L, refers to the width of the filling in the lower part
of the working face.

When the section coal pillar is stable, the resultant
moment of each component of the section coal pillar is
supposed to be balanced, and the following equation can be
obtained by calculating the O point in Figure 10:

1 1 1
EFILO + 5F4L0 + f12h; = F,Zh; + 5F3Zhi. (7)
Since the thickness of the coal seam is smaller than the
buried depth of the working face and the total thickness of
the goaf above the working face, it can be assumed that
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y = y,. By substituting y = y, into formula (7) and sim-
plifying it, the following equation can be obtained:

LyZh; — (Zh;)’ tan «

= . 8
s 22hitanoc+2f1tan(x—Loy ®)

The following equation can be obtained by combining
formulas (7) and (8):

L,

P+ P+ 8sinatana( (Sh,) +(2H, + Lsina) (f, + Zh;))

>

2sina (9)

Py =2f sinatana —2Xh; + 2Zh;sinatana - 2H, — Lsina.

According to formula (9), the relationship between the
setting width of the section coal pillar and the dip angle of the
coal seam and the mining height of the working face can be
obtained. It can be seen that when the coal seam dip angle is
greater than 60°, the setting size of the coal pillar in the working
face is greatly affected by the dip angle, and when the coal seam
dip angle is less than 60°, the setting size of the coal pillar in the
working face section is less affected by the inclination angle.
The reasonable setting size of the coal pillar width is linearly
proportional to the mining height of the working face.

We set the height of the working face as 4.2 m, and the
reasonable reserved size of the section coal pillar at different
dip angles can be obtained from formula (9), as shown in
Figure 11.

From Figure 11, it can be concluded that when the coal
seam dip is 38°-42°, the reasonable coal pillar size is
15m~20 m. Therefore, the theoretical calculation result of
the reserved size of the coal pillar in the reasonable section of
Xiaogou subore in Nanshan coal mine is 15~20m The

consistency between the theoretical calculation results and
the numerical simulation results reflects the stability and
reliability of the numerical simulation results.

3.4. Analysis of the Mining Influence Law of B4 Coal Seam and
B8 Coal Seam. In the process of coal seam mining, the
pressure behavior law above the working face is not only
affected by the current abutment pressure above the working
face but also related to the mining of adjacent or similar coal
seams. In addition, the pressure behavior of the roadway
above the working face is greatly affected by the adjacent
mining face in the process of tunneling. Therefore, the study
of the change law of rock pressure behavior caused by the
interaction between mining not only has important theo-
retical significance but also has clear practical significance.
This section examines the influence of similar mining coal
seams on the pressure behavior in the mining process of
a large inclination face by carrying out the FLAC3D
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FIGURE 11: Variation law of reasonable coal pillar size with a dip angle of the coal seam.

numerical simulation. At the same time, the influence of the
mining process of the steeply inclined working face on the
ground pressure behavior above the heading roadway of the
adjacent face is numerically stimulated.

3.4.1. Analysis of the Influence of B4 Coal Seam Mining on B8
Coal Seam. The thickness of the B4 coal seam is between
1.6 m and 2.26 m, the average thickness is 1.82 m, and the dip
angle of the coal seam is about 40°. Most of the strata be-
tween B4 and B8 coal seams are sandstone interbeds, and the
average distance between them is 66.08 m. In the process of
the numerical simulation, the thickness of the B4 coal seam
is 2m and the mining length of the working face is 120 m.
The model is shown in Figure 12.

According to the model established in Figure 12, the
influence of B4 coal seam mining on the B8 coal seam is
numerically simulated from four dimensions: plastic zone
distribution, vertical displacement change, overlying strata
density change, and vertical stress distribution. The results
are shown in Figure 13.

The results in Figure 13 show the following:

(1) The plastic zone of B4 coal seam mining is primarily
caused by shear failure and tensile failure, and the
plastic zone is mainly distributed in the roof and the
floor of the two cross headings. There is no plastic
failure in the B8 coal seam in the middle of the B4
working face, so it is believed that the mining of the
B4 coal seam does not affect the B8 coal seam.

(2) The vertical displacement primarily occurs at the upper
side and roof of the upper cross heading. From the
distribution of the vertical displacement of the roof, the
roof deformation of the B4 coal seam does not affect the
B8 coal seam, and the influence range of the B4 coal
seam roof is mainly in the middle and upper parts.

(3) The change area of density primarily occurs in the
position of the roof and floor, and its density does
not affect the B8 coal seam from the variation range
of roof density.

(4) The maximum vertical stress is in the solid coal of the
two cross headings, the second is mainly distributed
in the roof and floor, and the general stress distri-
bution in the roof is larger in the middle and upper
parts, which is consistent with the field ground
pressure observation data of the B8 coal seam face.
The simulation results show that the roof stress of the
B4 coal seam has an influence on the B8 coal seam
after mining, but the influence is not significant.
From the numerical simulation results, when the
distance between the two coal seams gradually de-
creases, this interaction will become increasingly
significant. In addition, the maximum stress value
and influence range of different coal seam spacing
can be obtained from Figure 13(d). Therefore, this
method can be used to judge the range of interaction
of different spacing coal seams, but the precondition
is to combine with specific geological conditions.

Therefore, as can be seen in Figure 13, under the as-
sumption that the overlying strata are hard strata, after B4
coal seam mining, the plastic zone distribution, vertical
displacement change, overlying strata density distribution,
and vertical stress distribution do not affect or slightly affect
the B8 coal seam, and the scope of influence is limited to the
middle and upper parts. Although the simulation results
show that the mining of the B4 coal seam has little influence
on the B8 coal seam, this is mainly based on the conclusion
of the actual geological conditions of Nanshan coal mine.
However, the numerical simulation analysis reveals the
influence range of B4 coal seam mining on the overlying coal
seam, which is where the significance of this study lies.

3.4.2. Analysis of the Influence of Mining in Working Face on
the Air Return Way of Adjacent Working Face. The three-
dimensional numerical model is based on the layout plan of
the B8 working face and the sketch drawing of +1190m
horizontal transport cross heading, and the conditions are
appropriately simplified. The length of the numerical model
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FI1GURE 13: Cloud map of the influence of B4 coal seam mining on B8 coal seam: cloud map of (a) plastic zone distribution, (b) vertical
displacement distribution, (c) density variation distribution, and (d) vertical stress distribution.

is 700 m, the width is 250 m, the height is 322 m, and the
excavation length of the working face is 114 m. The specific
model is shown in Figure 14.

First of all, on the basis of the initial model, the working
face is excavated 100 m, and the return air roadway of the
adjacent lower face is tunneled 100 m. At this point, the
distance between the mining face and the heading face is
400 m, and the equilibrium is calculated. After mining 40 m
in each working face, the distance between the two sides is
shortened by 40 m until the mining face tunnels the heading
face; that is, the distance between the two sides is —120 m.
The influence of two-sided disturbance is simulated, and
some of the results are shown in Figure 15.

As shown in Figure 15, when the mining distance of the
working face is 100m and 180 m, the maximum pressure
around the working face is 11 MPa and 13.5MPa, re-
spectively, which is located on the side of the transport
roadway. At this point, the maximum pressure of the return
air roadway of the adjacent working face is 6 MPa, and the
two sides do not disturb each other. When the mining face is
300 m, the maximum pressure around the working face is
16.3 MPa, which is located on the side of the two roadways.
The pressure in front of the working face is less than that of
the two roadways, and the maximum value is 11.2 MPa. At
this point, the maximum pressure of the return air roadway
in the adjacent working face is 6.2 MPa, and there is some
disturbance on the two sides. When the mining face is 540 m,
the pressure around the working face obviously affects the
return air roadway of the adjacent working face.

In order to further reveal the influence of working face
mining on the adjacent return air roadway, the numerical
simulation results are extracted. When the working face is

advanced at different distances, the maximum pressure
around the working face and on the return air roadway is
shown in Figure 16.

It can be observed from Figure 16 that the maximum
pressure around the working face and above the return air
roadway has gone through three stages with an increase in
the mining distance of the working face. The first stage is
when the mining distance of the working face is less than
260m. In this stage, the maximum pressure around the
working face increases linearly with an increase in the
mining distance and the maximum pressure above the
return air roadway remains unchanged, so there is no
disturbance on both sides. The second stage is when the
mining distance of the working face is more than 300 m and
less than 500 m. In this stage, the maximum pressure around
the working face increases gradually with an increase in the
mining distance and the increasing speed gradually slows
down; the maximum pressure above the return air roadway
increases gradually with an increase in the mining distance
but does not increase significantly, so there is a slight dis-
turbance on both sides. The third stage is when the mining
distance of the working face is more than 500 m. In this
stage, the maximum pressure around the working face
changes only slightly with an increase in the mining distance,
and the maximum pressure above the return air roadway
increases sharply with an increase in the mining distance and
gradually approaches the maximum pressure around the
mining face, so there is serious disturbance on both sides.
According to the results shown in Figure 16, when the
distance between the working face and the return air
roadway gradually shortens during the advancing process of
the working face, the interaction between the two gradually



Mathematical Problems in Engineering 13

one

Z
Colorby:Group Any

o
W fllo

-
=

=
e
S5
B

rm
[t
g

(a) (b)

FIGURE 14: Model diagram of the working face and numerical simulation: (a) model diagram of the working face; (b) numerical model
diagram of the working face.
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increases. At this time, the pressure above the working face
and the roadway gradually increases, which may cause
a series of safety problems. Therefore, measures such as
accelerating the advancing speed of the working face,
shortening the roof overhang time, and reducing the top
control distance of the working face can be actively taken to
reduce the concentration of the abutment pressure. At the
same time, when the distance between the working face and
the return air roadway is within the range of the third stage,
reasonable support measures should be taken.

It is worth noting that the numerical simulation results
are obtained according to the specific geological and mining
conditions of Xiaogou coal mine. Based on the above analysis,
the mining pressure behavior law of the working face, the coal
pillar with different widths, and interaction between coal seams
in the Xiaogou coal mine mining process are obtained. At the
same time, the influence of coal seam mining on the adjacent
air return roadway is analyzed. The specific numerical results of
the above analysis are only applicable to Xiaogou coal mine,
however, the above simulation and theoretical analysis
methods can be applied to the mining of large dip coal seams
under different geological conditions.

4. Conclusions

Taking the B8 coal seam of Xiaogou coal mine in Nanshan
coal mine as the research object, this paper explores the law
of pressure behavior in the mining process of steeply in-
clined coal seams. Through the methods of the theoretical
analysis and numerical simulation, this paper delves into the
pressure behavior law of the coal pillar above and the section
of the mining face in a high-dip coal seam, as well as the
interaction between steeply inclined coal seams and the
pressure behavior during the interaction between the mining
face and adjacent return air roadway. The main conclusions
are as follows:

Mathematical Problems in Engineering

(1) The range of the plastic zone of the inclined abut-
ment pressure of the working face is related to the
dip angle of the coal seam, which is not noticeable
when the dip angle of the coal seam is small, but with
an increase in the dip angle of the coal seam, the
difference in the plastic zone of the abutment
pressure between the upper side and the lower side of
the coal pillar increases. During the mining of the
steeply inclined coal seams, the stress concentration
in the lower part of the working face deviates to the
roof and the stress concentration in the upper face
deviates to the floor, which is obviously different
from that in the gently inclined coal seams.

(2) The vertical stress above the coal pillar in the section
changes in three stages with an increase in the width
of the coal pillar: In the first stage, the overall bearing
pressure of the coal pillar is larger and is on one side
of the roadway when the width of the coal pillar is
small. In the second stage, with an increase in the
width of the coal pillar, the peak stress is far from the
roadway and the influence of the roof of the goaf on
the roadway begins to decrease. In the third stage,
when the width of the roadway coal pillar continues
to increase, the stress on the side of the coal pillar is
no longer superimposed on each other. Therefore,
based on the numerical simulation results and the
recovery rate, this paper proposes a reasonable so-
lution of leaving section coal pillars; that is, the coal
pillar width of the second stage is taken as the section
coal pillar width. Through the numerical simulation
and theoretical analysis, the reasonable width of the
section coal pillar is analyzed quantitatively, and the
results are consistent, which show the reliability and
stability of this method. When mining the working
face of large inclined seams on-site, corresponding
pressure relief measures should be taken at the lower
roof and upper floor of the working face to reduce
the effect of the abutment pressure.

(3) In the process of mining steeply inclined coal seams,
the maximum pressure around the working face and
above the return air roadway goes through three
stages with an increase in the mining distance of the
working face: the stage of no mutual influence, the
stage of slight mutual influence stage, and stage of
serious mutual influence. When the distance be-
tween the working face and the return air roadway is
within the range of the third stage during the field
mining of large dip coal seams, measures such as
speeding up the advancing speed of the working face,
shortening the roof extension time, and reducing the
control distance of the top of the working face should
be taken to reduce the top surface pressure con-
centration. At the same time, reasonable support
measures shall be taken.
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