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Numerical simulations have often been used in close-distance coal seam studies. However, numerical simulations can contain
certain subjective and objective limitations, such as high randomness and excessively simplified models. In this study, close-
distance coal seams were mechanically modeled based on the half-plane theory. An analytical solution of the floor stress
distribution was derived and visualized using Mathematica software. ,e principal stress difference was regarded as a stability
criterion for the rock surrounding the roadway. ,en, the evolution laws of the floor principal stress difference under different
factors that influence stability were further examined. Finally, stability control measures for the rock surrounding the roadway in
the lower coal seamwere proposed.,e results indicated the following: (1),e principal stress difference of the floor considers the
centerline of the upper coal pillar as a symmetry axis and transmits radially downward. ,e principal stress difference in the rock
surrounding the roadway gradually decreases as the distance from the upper coal pillar increases and can be ranked in the
following order: left rib> roof> right rib. (2),eminimum principal stress difference zones are located at the center of the left and
right “spirals,” which are obliquely below the edge of the upper coal pillar. ,is is an ideal position for the lower coal seam
roadway. (3) ,e shallowness of the roadway, a small stress concentration coefficient, high level of coal cohesion, large coal
internal friction angle, and appropriate lengthening of the working face of the upper coal seam are conducive to the stability of the
lower coal seam roadway. (4) ,rough bolt (cable) support, borehole pressure relief, and pregrouting measures, the roof-to-floor
and rib-to-rib convergence of the 13313 return airway is significantly reduced, and the stability of the rock surrounding the
roadway is substantially improved. ,is research provides a theoretical basis and field experience for stabilizing the lower coal
seam roadways in close-distance coal seams.

1. Introduction

Coal is an important fuel resource in China [1, 2]. For
historical reasons and because of technological limita-
tions in mining, numerous coalmines prioritize the
mining of a single thick coal seam [3, 4]. With the de-
pletion of coal resources under suitable conditions,
several coalmines have begun to mine close-distance coal
seams [5, 6]. Because of the short distance between

adjacent coal seams, the upper coal seam affects the roof
integrity of the lower coal seam after mining, and the
remaining coal pillars of the upper coal seam can lead to
stress concentration in the floor, thereby significantly
impacting the stress environment of the lower coal seam
[7, 8]. A lower coal seam is typically more complicated
and difficult to mine than a single coal seam [9].
,erefore, it is necessary to study the concentrated stress
of the upper coal pillar, which is of great significance for
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analyzing roadway deformations and formulating control
measures for close-distance coal seams.

,e supporting pressure of a coal pillar is affected by the
pressure of overlying strata within a certain range and is
related to its width and properties [10]. Accordingly, the
floor stress distributed by a coal pillar is highly complicated.
To clarify the distribution of floor stress, some scholars
[11–15] have established numerical models of close-distance
coal seams based on FLAC3D or UDEC and studied the
changes and characteristics of floor stress after mining the
upper coal seam. Other scholars [16–19] have established
mechanical models to qualitatively analyze the floor stress
distribution, followed by numerical simulations to simulate
the floor stress distribution to obtain quantitative data.
Several scholars have been unable to circumvent numerical
simulations when studying close-distance coal seams.
However, the results obtained by the numerical simulations
are relatively random, and the inevitable objective and
subjective factors will cause errors, varying the simulation
results from the field observations.

One of the major research topics related to mining close-
distance coal seams is determining the reasonable placement
of the lower coal seam roadway. Currently, lower coal seam
roadway layouts are primarily characterized as either in-
ternal misaligned, external misaligned, or overlapping lay-
outs. Because the internal misaligned layout is used to build
roadways in stress reduction areas, several scholars [20–23]
regard this layout as their first choice. However, even though
the lower coal seam roadway is located in the stress re-
duction area, the surrounding rock deformation is still se-
vere in field measurements. Studies [24–28] have shown that
the stress of coal and rock mass units in various directions
are rather different, causing uneven stress in the rock sur-
rounding the roadway. Consequently, it is essential to
consider the stress uniformity of the surrounding rock when
determining the location of the lower coal seam roadway.

,e objective of this study is to develop a better un-
derstanding of roadway stability in close-distance coal seams
so that more effective stability control measures can be
generated to improve the lower coal seam roadway per-
formance. To reveal the influence of concentrated stress
caused by coal pillars on the stability of the lower coal seam
roadway, this study establishes a mechanical model of close-
distance coal seams based on the half-plane theory and
derives an analytical solution to the floor stress distribution
problem. ,e principal stress difference is selected as the
stability criterion of the rock surrounding the roadway, and
the distribution of the principal stress difference is visualized
using Mathematica software by Wolfram Research. ,ere-
after, the influence of roadway depth, stress concentration
coefficient, coal cohesion, coal internal friction angle, and
the working face length of the upper coal seam on roadway
stability is examined. Finally, this paper presents three
stability control measures based on the above analysis and
verifies the theoretical analysis results through field
measurements.

,e concentrated stress of the upper coal pillar signifi-
cantly affects close-distance coal seams. Based on the Sun-
jiagou coalmine, Shanxi Province, China, this study focuses

on the concentrated stress caused by coal pillars through
theoretical analysis and field tests. ,is research is based on
theoretical analysis and directly visualizes the calculation
results with mathematical software, thus avoiding the pa-
rameter adjustments of numerical simulation. ,e principal
stress difference that can reflect the stress uniformity is used
as the criterion to make the basis of the roadway layout more
reasonable. In addition, this study provides control measures
and field verification for the rocks surrounding the roadway
under similar conditions.

2. Engineering Background

,e Sunjiagou coalmine primarily exploits the No. 11 and
No. 13 coal seams, with average thicknesses of 2.19m and
13m, respectively. ,e two coal seams have simple struc-
tures, with inclination angles of 1°–6°, which are nearly
horizontal and stable. ,e average depth of the No. 11 coal
seam is 223m, and the two coal seams are 14m apart. It is a
typical close-distance coal seam. Figure 1 shows the inter-
relationship between the comprehensive geological histo-
gram of the Sunjiagou coalmine and the position of the
roadway.

At present, the 13309 working face is being mined. ,e
11103 and 11105 working faces have been mined to stop
lines, leaving a 15m wide coal pillar between them. To
ensure the connection between mining and excavation, the
13311 return airway was excavated beforehand, and there is a
25m wide coal pillar between the 13311 return airway and
the 13309 haulage way. ,e 13309 haulage way is located
below the 11103 goaf, which has a misaligned internal
layout; the 13311 return airway is located directly below the
11103 haulage way, and they form an overlapping layout.
During the excavation of the 13311 return airway, roof
cracking, spalling, and caving phenomena occurred, while
the roof-to-floor and rib-to-rib convergence was more than
2m, which threatened the safety of the coalmine.

3. Analysis of the Floor Stress Caused by the
Upper Coal Pillar

3.1. Construction of the Close-Distance Coal SeamMechanical
Model. To explore stress in the rock surrounding the 13311
return airway, a mechanical model of close-distance coal
seams was established. After the completion of mining at the
11103 and 11105 working faces, a support system for “coal
walls-collapsed gangues” was formed. ,e surrounding rock
stress is redistributed under the influence of mining. ,en,
the stress concentration is generated on the remaining coal
pillar and transfers downward, causing stress redistribution
in the floor. Within a certain range from the inner coal pillar
to its edge, the bearing capacity and supporting pressure are
in a state of limit equilibrium. According to the rock mass
limit equilibrium theory [29], the distance from the peak of
the supporting pressure to the edge of the coal pillar, that is,
the width of the plastic zone x0, is calculated as

x0 �
m

2ζf
ln

kcH + C cot ϕ
ζ p1 + C cot ϕ( 

. (1)
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In the formula,m is themining height of the coal seam,m; ζ
is the triaxial stress coefficient, ζ � (1 + sinφ)/(1 − sinφ); f is
the friction factor between the coal seam and the roof (floor),
f � tanφ/4; k is the stress concentration coefficient; c is the
average volume force of the overlying strata, kN/m3; H is the
depth of the working face, m; C is the coal cohesion, MPa; φ is
the coal internal friction angle, °; andp1 is the hydraulic support
resistance at the rib, MPa.

,e value of each parameter is determined according to the
geological data of the Sunjiagou coalmine: m� 2.19m;
c � 25kN/m3; H� 223m; C� 1.5MPa, φ� 26°; ζ � 2.561;
f� 0.122. ,e hydraulic support resistance at the rib has no
evident influence on the range of the limit equilibrium zone [29];
therefore, p1 � 0. According to the field data of the Sunjiagou
coalmine [30], the stress concentration coefficient k� 3.

,rough calculation, the width of the plastic zone
x0 � 3.2m. Research shows that the range of the supporting
pressure is twice the distance from the edge of the coal pillar
to the peak [31]; that is, the width of the elastic zone
x1 � 3.2m. Because the width of the coal pillar between the
11103 and 11105 working faces is 15m, the width of the
original rock stress zone is 2.2m. ,erefore, the supporting
pressure at the coal pillar is saddle-shaped and nonuniform.

Excluding the influence of tectonic stress, according to
the half-plane theory, the stress distribution caused by
mining is simplified as a model of the normal distribution
stress of the half-plane [32]. Considering the intersection of
the centerline of the coal pillar and the floor as the origin, a
rectangular coordinate system is established with the pos-
itive direction of the x-axis being vertical to the floor
downward and the positive direction of the y-axis being
parallel to the working face to the left. Figure 2 demonstrates
the floor stress of the upper coal seam after mining.

As shown in Figure 2, the CD and GH segments are
plastic zones; the DE and FG segments are elastic zones;
the D and G points are the peak of the supporting
pressure with a value of kcH; and the EF segment, being
the original rock stress zone, has a value of cH. ,e a-e
distances range between the endpoint of each load and
the origin. After the working face is mined, the direct roof
collapses into the goaf; the basic roof bends, sinks, then
rotates, breaks, and finally touches the gangue and
compacts. ,e BC and HI segments are gradually com-
pacted zones, and the AB and IJ segments are the original
rock stress zones. In the coordinate system presented in
Figure 2, the functional expressions of the load qi of the
A-J segments are as follows:
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Figure 1: Comprehensive geological histogram and spatial position of the roadway.

AB
C

D
J I

H

G EF

y

e

d
c

b
a

e

d
c

b
a

x

O

Figure 2: ,e mechanical model of close-distance coal seams.

Shock and Vibration 3



q1 � cH, (− a≤ ξ ≤ − b),

q2 �
cH

c − b
(ξ + c), (− b≤ ξ ≤ − c),

q3 �
kcH

c − d
(ξ + c), (− c≤ ξ ≤ − d),

q4 �
cH

e − d
[(k − 1)ξ +(ke − d)], (− d≤ ξ ≤ − e),

q5 � cH, (− e≤ ξ ≤ e),

q6 �
cH

e − d
[(1 − k)ξ +(ke − d)], (e≤ ξ ≤d),

q7 �
kcH

c − d
(− ξ + c), (d≤ ξ ≤ c),

q8 �
cH

c − b
(− ξ + c), (c≤ ξ ≤ b),

q9 � cH, (b≤ ξ ≤ a).
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(2)

Substituting the aforementioned functional expressions
of qi into equation (3) for integral operation, the stress
component caused by each qi at any point in the floor can be
obtained:

σx � −
2
π


a

− b

qx
3
dξ

x
2

+(y − ξ)
2

 
2,

σy � −
2
π


a

− b

qx(y − ξ)
2
dξ

x
2

+(y − ξ)
2

 
2,

τxy � −
2
π


a

− b

qx
2
(y − ξ)dξ

x
2

+(y − ξ)
2

 
2.

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(3)

Figure 2 shows that the floor stress distribution model is
asymmetrically distributed; therefore, the formula can be
derived only by selecting the load on the right side of the
origin. ,rough calculation, the stress component caused by
the AB, BC, CD, DE, and EO segments is represented by

σx1 �
cH

π
arctan
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y + b
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π
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(8)

Because of the symmetry of the floor stress distribution,
according to equations (4)–(7), the stress components of the
OF, FG, GH, HI, and IJ segments can be easily obtained. By
superimposing the above stress components, the vertical
stress σx, the horizontal stress σy, and the shear stress τxy at
any point on the floor under the combined effect of each load
can be obtained as follows:

σx � 

10

i�1
σxi,

σy � 
10

i�1
σyi,

τxy � 
10

i�1
τxyi.

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(9)

3.2. <e Stability Criterion of the Rock Surrounding the
Roadway. Studies have shown that arranging the lower
coal seam roadway in the stress reduction area will con-
siderably improve the stability of the rock surrounding the
roadway when mining close-distance coal seams. How-
ever, from field observations, even if the roadway is

positioned in an area with a low-stress coefficient, the
roadway deformation is still severe, which shows that the
stress value is not the only factor affecting the stability of
the rock surrounding the roadway [33]. In traditional
roadway stability analysis, scholars assess the vertical
stress, horizontal stress, and shear stress individually to
characterize the surrounding rock stress, but this has
certain limitations. Due to the complex conditions of the
coal seam, the stress of the coal unit is different in each
direction, and the unevenness of the stress has a greater
impact on the stability of the rock surrounding the
roadway. In this study, the principal stress difference is
considered the stability criterion of the rock surrounding
the roadway. ,e principal stress difference combines the
effects of vertical stress, horizontal stress, and shear stress,
which can appropriately reflect the uniformity of stress.
,e lower the principal stress difference, the more even the
stress distribution and the more stable the rock sur-
rounding the roadway. ,e principal stress difference σs

can be expressed by the following formula:

σs � σ1 − σ3


. (10)

In the formula, σ1 and σ3 represent the maximum and
minimum principal stresses, respectively.
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3.3. Distribution Law of Principal Stress Difference for 13311
Return Airway. It can be seen from the stability criterion σs

that the stability of the rock surrounding the roadway after
mining is related to the maximum and minimum principal
stresses, which can be obtained by the following formula:

σ1,3 �
σx + σy

2
±

��������������
σx − σy

2
 

2
+ τ2xy



. (11)

,erefore, the principal stress difference σs can be
simplified as the following formula:

σs � 2

��������������
σx − σy

2
 

2
+ τ2xy



. (12)

In the Sunjiagou coalmine, the width of the plastic zone
of the upper coal pillar is x0 � 3.2m, and the width of the
elastic zone is x1 � 3.2m. According to the periodic stress
data of the 13311 working face [27], the width of the
gradually compacted zone is Z� 30m. As the working face
length of the No. 11 coal seam is L� 160m, the width of the
original rock stress zone is Y� L–2Z� 100m, a� 137.5m,
b� 37.5m, c� 7.5m, d� 4.3m, and e� 1.1m. Substituting
the values of a–e into equations (2)–(9), the analytical so-
lution to the floor principal stress difference in the upper
coal seam is obtained.,en, Mathematica is used to visualize
the analytical solution, as illustrated in Figure 3.

As shown in Figure 3, under the influence of the upper
coal pillar, the principal stress difference of the floor is
transmitted downward radially, with the centerline of the
coal pillar as the axis of symmetry. ,e distribution of the
floor principal stress difference shows nonuniformity, and
its maximum value appears in the shallow area below the
junction of the elastic and plastic zones. ,e farther away
from this zone, the lower the principal stress difference. In
addition, there are two “spirals” obliquely below the edges of
both sides of the coal pillar, and the center of the “spirals” is
the minimum value of the principal stress difference within a
certain range, indicating appropriate stability of the rock
surrounding the roadway in this area. ,is is an ideal po-
sition for the roadway. ,e principal stress differences of the
midline of the left rib, roof, and right rib of the 13311 return
airway are 1.0MPa, 0.9MPa, and 0.6MPa, respectively. ,e
principal stress difference between the midline of the left rib
and the roof is significantly higher than that of the right rib.
,is is caused by the different positions of the two ribs and
the roof relative to the upper coal pillar. ,e right rib is far
from the upper coal pillar and is less affected by the con-
centration stress of the coal pillar. ,e left rib is closer to the
upper coal pillar and is considerably affected by the con-
centration stress of the upper coal pillar; therefore, the
principal stress difference in the rock surrounding the
roadway is higher on the left and lower on the right. As
shown in Figure 4, the deformation of the right rib of the
roadway is significantly less than that of the roof and the left
rib, which is consistent with the theoretical calculation,
indicating that the principal stress difference can be used as
the stability criterion for the rock surrounding the roadway.

4. Analysis of Influencing Factors on the
Stability of the Lower Coal Seam Roadway

From the rock mass limit equilibrium theory and the an-
alytical solution of the floor stress, it can be determined that
the stability of the lower coal seam roadway in close-distance
coal seams is related to factors such as the roadway depth,
stress concentration coefficient, coal cohesion, coal internal
friction angle, and length of the upper coal seam working
face.,e roadway depth is the distance between the roadway
and the surface. ,e self-weight stress of the rock mass is
positively correlated with the roadway depth, and the self-
weight stress field is the basis for analyzing the redistribution
of the stress after mining. ,e stress concentration coeffi-
cient is the ratio of the peak supporting pressure to the
nominal stress when not being mined, and its variations can
affect the calculation results of the floor stress component.
Coal cohesion and the internal friction angle are principal
properties of coal. Mining weakens coal and ultimately af-
fects the distribution of the supporting pressure. ,e length
of the upper coal seam working face affects the load on the
goaf, thereby affecting the floor stress distribution. To ex-
plore the influence of the above factors on the stability of the
rock surrounding the roadway, the analysis is conducted
based on the evolution law of the roadway stability criterion
σs.
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4.1. Influence of the Roadway Depth on Roadway Stability.
,e self-weight stress considerably affects the floor stress
distribution, and the roadway depth is an important pa-
rameter for calculating the self-weight stress. To study the
influence of the roadway depth on the stability of the
roadway,H� 160, 180, 200, 220, 240, and 260m are selected.
Based on Mathematica, the principal stress difference of the
midline of the two ribs and the roof of the 13311 return
airway is obtained, as shown in Figure 5.

In Figure 5, it can be seen that the principal stress
difference of the two ribs and the roof is positively correlated
with the roadway depth, indicating that the rock sur-
rounding the deep roadway is less stable than that of the
shallow roadway. Under the same roadway depth condi-
tions, the principal stress difference of the surrounding rock
can be ranked in the following order: left rib> roof> right
rib. ,is is because the 13311 return airway is in the right
“spiral” zone, and the closer to the center of the right
“spiral”, the smaller the principal stress difference. ,e left
rib is at the left edge of the right “spiral,” while the roof and
the right rib are relatively close to the center of the right
“spiral”. ,erefore, the sequence of the principal stress
difference is as shown in Figure 5. Within the scope of the
studied roadway depth, the principal stress difference of the
right rib is relatively low. However, the principal stress
difference of the left rib, roof, and right rib increases by
240%, 210%, and 340%, respectively, when the roadway
depth is changed from 160m to 260m. ,erefore, as the
roadway depth increases, the stability control measures for
the right rib must also receive sufficient attention. In
summary, the roadway depth has a specific effect on floor
stress. ,e greater the roadway depth, the greater the
principal stress difference of the surrounding rock, and the
lower the stability of the roadway.

For nearly horizontal coal seams, the change in the
roadway depth is not evident, and the principal stress dif-
ference does not change significantly. However, for steep
seams, it is necessary to gradually strengthen the stability
control measures of the deep roadway. Because of the as-
sociated engineering challenges, the high principal stress
difference of the deep roadway demands close attention to
the strength of the bolts (cables).

4.2. Influence of the Stress Concentration Coefficient on
Roadway Stability. After the excavations for underground
engineering, the balance of the original rock stress field is
destroyed, the stress will inevitably redistribute, and the
stress concentration will appear in the rock surrounding the
roadway. According to the tangential stress value, the
supporting pressure zone can be divided into stress re-
duction and stress increase zones. ,e ratio of the sup-
porting pressure peak to the vertical stress of the original
rock stress is the stress concentration coefficient k. To study
the stress concentration coefficient on the stability of the
roadway, k� 2.2, 2.4, 2.6, 2.8, 3.0, and 3.2 are considered.
Based on Mathematica, the principal stress difference of the
midline of the two ribs and the roof of the 13311 return
airway is obtained as demonstrated in Figure 6.

It can be seen in Figure 6 that the principal stress dif-
ference of the left rib and the roof is positively correlated
with the stress concentration coefficient, and the right rib
first decreases and then increases with the increase in the
stress concentration coefficient. ,is is because the distri-
bution of the principal stress difference migrates with the
change in the stress concentration coefficient, affecting the
stability of the roadway. According to Figure 6, the midline
of the roof and the left rib are both on the left of the right
“spiral” within the range of k� 2.2–3.2, and as the stress
concentration coefficient increases, they migrate away from
the right “spiral,” thereby increasing the principal stress
difference monotonically. ,e midline of the right rib is on
the right of the right “spiral” when k� 2.2 and on the left of
the right “spiral” when k� 2.4, and the right rib is closer to
the right “spiral” when k� 2.4 than when k� 2.2, which
shows that the principal stress difference of the right rib is
the lowest when k� 2.4. Based on the above analysis, there
are significant differences in roadway stability under dif-
ferent stress concentration coefficients. ,e stability of the
roadway can be effectively improved by appropriately re-
ducing the stress concentration coefficient of the roof and
the two ribs such that they are near the center of the right
“spiral.” Within the scope of this study, when the stress
concentration coefficient k� 2.2, the principal stress dif-
ference of the midline of the two ribs and the roof is rel-
atively small. In this case, the stability of the roadway is
better.

4.3. Influence of the Coal Cohesion on Roadway Stability.
Cohesion refers to the mutual attraction between neigh-
boring molecules in the coal, which determines the strength
properties of the coal and is an important parameter for
calculating its shear strength. Based on the classic ideal
elastoplastic theory and the Kastner formula, the radius of
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the plastic zone and the deformation of the rock surrounding
the roadway are closely related to the coal cohesion. To study
the effect of coal cohesion on the stability of the roadway,
C� 1.3, 1.5, 1.7, 1.9, 2.1, and 2.3MPa are selected. Based on
Mathematica, the principal stress difference of the midline of
the two ribs and the roof of the 13311 return airway is
obtained, as shown in Figure 7.

Figure 7 shows that the principal stress difference of the
two ribs and the roof of the roadway decreases with the
increase in the coal cohesion, indicating that the roadway
stability and coal cohesion are positively correlated, which is
consistent with the calculation results of the Kastner for-
mula. ,e principal stress difference of the left rib, roof, and
right rib is reduced by 58%, 62%, and 75%, respectively,
when the coal cohesion ranges from 1.3 to 2.3MPa, which
decreases approximately linearly. ,is is because increasing
the coal cohesion can increase the strength and rigidity of the
discontinuous surface inside the coal, thereby improving the
bearing capacity of the coal. ,erefore, increasing the coal
cohesion will improve the shear resistance of the rock
surrounding the roadway, thus strengthening the resistance
to roadway deformation.

4.4. Influence of the Coal Internal Friction Angle on Roadway
Stability. ,e internal friction angle of the coal depends on
the surface friction between coal particles and the inter-
locking effect that characterizes the shear resistance of the
coal and is a crucial factor in determining the bearing ca-
pacity of coal pillars. ,e Kastner formula demonstrates that
the deformation of the rock surrounding the roadway is
closely related to the internal friction angle of the coal. To
study the effect of the internal friction angle on the stability
of the roadway, φ� 24°, 26°, 28°, 30°, 32°, and 34° are selected.
Based on Mathematica, the principal stress difference of the
midline of the two ribs and the roof of the 13311 return
airway are obtained, as shown in Figure 8.

Figure 8 shows that the principal stress difference of the
two ribs and the roof indicates a decreasing trend as the
internal friction angle of the coal increases, confirming that
the stability of the roadway and the internal friction angle of
the coal are positively correlated. ,e principal stress dif-
ference of the left rib, roof, and right rib is reduced by
approximately 16%, 20%, and 25%, respectively, when the
internal friction angle of the coal ranges between 24° and 26°.
,e rate of decrease is higher at this stage. However, the
principal stress difference is reduced by approximately 13%,
15%, and 20% when the internal friction angle increases by
2°. ,e reason for a decrease in the principal stress difference
with increasing internal friction angle is that, at the mo-
lecular level, the coal particles sliding over each other cause
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instability, and the sliding is affected by the surface
roughness and occlusal friction.,e internal friction angle of
coal is the critical self-stability angle needed to prevent the
internal particles from shearing and sliding. ,erefore, the
larger the internal friction angle is, the better the self-sta-
bility of the coal structure. ,erefore, increasing the internal
friction angle can increase the strength of the rock sur-
rounding the roadway, thereby enhancing the stability of the
roadway.

4.5. Influence of the Working Face Length of the Upper Coal
Seam onRoadway Stability. In the lower coal seam, after the
working face is mined out, a supporting system of “coal
walls-falling gangues” is formed. ,e supporting pressure
along the inclined length of the working face is divided into a
gradually compacted zone and the original rock stress zone.
,e primary factors affecting the extent of the gradually
compacted zone are the mining height and rock-breaking
expansion coefficient. However, for a specific coalmine
roadway, the above factors are fixed, and the gradually
compacted zone is certain even with different working face
lengths. ,erefore, how the length of the working face of the
upper coal seam influences the stability of the roadway is
reflected mainly in the width of the original rock stress zone,
namely, the AB and IJ segments in Figure 2. To study how
the length of the working face affects the stability of the
roadway, L� 120, 140, 160, 180, 200, and 220m are selected.
Based on Mathematica, the principal stress difference of the
midline of the two ribs and the roof of the 13311 return
airway is obtained, as shown in Figure 9.

Figure 9 shows that the principal stress difference of the
two ribs and the roof indicates a decreasing trend with an
increase in the length of the working face of the upper coal
seam and confirms that the roadway stability and the
working face length of the upper coal seam are positively

correlated. In Figure 9, the principal stress difference be-
tween the roof and the two ribs is approximately expo-
nentially distributed. ,e principal stress difference in this
research range first decreases rapidly and then gradually
diminishes. ,e reason is that as the working face length of
the upper coal seam increases, the widths of the AB and IJ
segments of the original rock stress zone increase, while the
supporting pressure in the upper coal pillar zone remains
unchanged. Consequently, the roof and the two ribs of the
roadway are gradually affected by the original rock stress
zone on the right. When the working face of the upper coal
seam is short, the rock surrounding the roadway is primarily
subjected to the load of the coal pillar above, and the left rib
is closer to the upper coal pillar; therefore, its principal stress
difference is the largest. As the working face at the upper coal
seam lengthens, the rock surrounding the roadway is
gradually affected by the original rock stress zone above, and
the stress of the surrounding rock tends to be even, thus
reducing the principal stress difference. Simultaneously, the
midline of the working face tends to be farther away from the
13311 return airway, and the influence of the lengthened
working face on the stability of the roadway gradually
weakens, thus demonstrating that the reduction rate of the
principal stress difference gradually diminishes. As the
working face length increases from 120m to 220m, the
principal stress difference between the left rib, roof, and right
rib is reduced by approximately 50%, 44%, and 56%, re-
spectively. ,erefore, the stability of the roadway can be
effectively improved by appropriately increasing the work-
ing face length of the upper coal seam.

5. Verification by Field Testing

5.1. Control Measures for Roadway Stability. ,e analysis of
the 13311 return airway indicates that the stability of the
lower coal seam roadway is significantly affected by the
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aforementioned five factors. Currently, the excavation of the
13311 working face is about to be completed. ,erefore, this
article will formulate the control measures for the next
working face of the 13313 return airway based on the
analysis of the 13311 return airway. However, the 13313
return airway has been excavated following an overlapping
layout, rendering it impossible to lay the roadway in the
center of the “spiral” where the principal stress difference is
minimal. Based on the field conditions, the optimized factors
influencing the stability of the roadway in Section 4 become
an important means of ensuring the stability of the 13313
return airway. Because the roadway depth of the No. 13 coal
seam is a fixed parameter and the No. 11 coal seam has been
mined, the length of the working face of the upper coal seam
cannot be changed. For the 13313 return airway, stability
control measures can be formulated based on the stress
concentration coefficient, coal cohesion, and coal internal
friction angle.

5.1.1. Bolt (Cable) Support. ,e bolt (cable) has a specified
shear resistance that can effectively improve the stress state of
the surrounding rock, thereby improving the stability of the
roadway [34]. Bolt (cable) support can increase the friction
between the bedding surfaces by their squeezing action, limit the
shear dislocation of the bedding surfaces, and indirectly increase
the cohesion of the rock surrounding the roadway. As shown in
Figure 10, a bolt (cable) support scheme for the 13313 return
airway is designed for this study. ,e roof support adopts three
5200mm short cables and two 8200mm long cables with
Φ21.8mm and 1× 19 steel strands, with a row spacing of
1000mm× 1000mm and an initial preload stress of not less
than 300kN. ,e two rib supports adopt four HRB500 high-
strength left-handed threaded steel bolts without longitudinal
reinforcement of Φ20mm, with a row spacing of
900mm× 1000mm and a pretightening torque of 400Nm.

5.1.2. Pressure Relief Drilling. According to the above
analysis, the stability of the lower coal seam roadway in-
creases as the stress concentration coefficient decreases.
,rough pressure relief drilling, the rock surrounding the
roadway can be unloaded to a certain extent, and the
concentrated load originally acting on the roadway is
transferred distantly, reducing the stress concentration co-
efficient in the stress increase zone and achieving the pur-
pose of improving the roadway stability.

5.1.3. Pregrouting. According to the above analysis, the
stability of the lower coal seam roadway will increase with an
increase in coal cohesion and the internal friction angle.
Pregrouting can increase coal cohesion and the internal
friction angle and improve the shear strength and defor-
mation rigidity of the fracture surface, thus improving the
surrounding rock deformation caused by mining and the
stability of the roadway. By adopting pregrouting in some
areas of the 13313 return airway, the surrounding rock
deformation in this area is small, which verifies the effec-
tiveness of the measure.

5.2. FieldDeformationMeasurements of theRock Surrounding
the Roadway. To verify the effectiveness of the above
measures, the surface displacement of the 13313 return
airway wasmonitored in the field.,emonitoring results are
shown in Figure 11.

Field tests show that measures such as bolt (cable)
support, pressure relief drilling, and pregrouting signifi-
cantly reduce the roof-to-floor and rib-to-rib convergence of
the 13313 return airway. ,e maximum roof-to-floor de-
formation is 381mm, and the maximum rib-to-rib defor-
mation is 271mm. Compared with the deformation of the
13311 return airway, which is generally more than 2000mm,
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the deformation of the surrounding rock after the afore-
mentioned measures is reduced by more than 80%, thereby
effectively improving the stability of the roadway.

6. Conclusions

(1) ,e principal stress difference of the 13311 return
airway regards the centerline of the upper coal pillar
as the axis of symmetry and is transmitted radially
downward through the floor. ,e principal stress
difference of the rock surrounding the roadway
gradually decreases with the distance from the upper
coal pillar and can be ranked in the following order:
left rib> roof> right rib, which is consistent with the
deformation observed in the field:

(2) ,e minimum values of the principal stress differ-
ences are located at the centers of the left and right
“spirals” obliquely below the edges of both sides of
the upper coal pillar, which is an ideal position for
the lower coal seam roadway.

(3) According to the rock mass limit equilibrium theory
and the mechanical model of close-distance coal
seams and the roadway stability criterion σs, it is
demonstrated that the shallowness of the roadway,
small stress concentration coefficient, high coal co-
hesion, large coal internal friction angle, and ap-
propriate lengthening of the working face at the
upper coal seam are conducive to improving the
stability of the rock surrounding the lower coal seam
roadway.
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