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In order to study the optimal coal pillar width and surrounding rock control mechanism of gob-side entry under inclined seam
condition, the 130205 return air entry adjacent to 130203 gob in Yangchangwan No. 1 well is taken as a typical engineering
background. By means of engineering background analysis, theoretical analysis based on inside and outside stress field, numerical
simulation by FLAC3D software, and in situ industrial test and relevant monitoring methods, the optimal coal pillar width and
surrounding rock control technology are obtained. ,e results show that the influence range of inside stress field is about
12.2∼12.8m based on theoretical calculation result; under the influence of 10m coal column, the overall deformation of the
roadway is relatively small and within the reasonable range of engineering construction, so the width of the coal pillar along the
return air roadway is set to 10m which is more reasonable; the cross-section characteristics of special-shaped roadway lead to
asymmetric stress distribution and fragmentation of surrounding rock, and then the asymmetric surrounding rock control
technology under the coupling effect of roof prestressed anchor + high-strength single anchor cable + truss anchor cable support is
proposed. ,e monitoring results of this support method are effective for the maintenance of gob-side entry, and the study
conclusions provide new guidance for the surrounding rock control mechanism of gob-side entry under inclined seam conditions.

1. Introduction

During the underground coal seam mining process, coal
pillar mining is usually realized in the form of open-cut
tunneling. Scholars determine the reasonable size of coal
pillar through theoretical calculation, numerical simulation,
and engineering test and arrange the tunnel in the stress
reduction zone, when the coal pillar is in the yielding state
but still has the bearing capacity, and can keep the tunnel
stable if it is reasonably supported [1–3]. If the width of the
coal pillar is not reasonable; it may cause dynamic pressure
disaster in the process of roadway boring. ,erefore,
choosing a reasonable width of coal pillar can improve the
coal resource recovery rate and reduce the cost of roadway
support under the premise of ensuring roadway safety.

Wilson [4] carried out an analysis on the stability factors of
soft rock retrieval roadway and discussed comprehensively
the mechanism of roadway soft rock damage under the
influence of coal column width and workface retrieval. Bai
et al. [5] analyzed the stability of narrow coal pillars along the
air-excavated roadway by numerical simulation methods to
arrive at a reasonable range of coal pillar widths under
specific geological conditions. Xie et al. [6] revealed the effect
of coal pillar width change on the distribution and change
law of surrounding rock stress and pointed out that the
reasonable width of the coal pillar in the guard lane should
be less than the critical width of the transfer of stress within
the solid coal of the lane gang to the coal pillar. He and
Zhang [7] proposed a systematic asymmetric support theory
by analyzing the deformation characteristics of the
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surrounding rock along the hollow roadway in large sec-
tions. Hou and Li [8] studied the stability principle of the size
structure of the surrounding rock along the air-digging lane.
Zha et al. [9, 10] analyzed the influence of the basic top
fracture location on the narrow coal pillar protection lane
and studied the selection criteria of reasonable coal pillar
width based on this. Li et al. [11], in order to improve the
accuracy of the numerical model calculation, set the mining
area as a strain hardening model and the coal column as a
strain-softening model according to the mechanical prop-
erties of the coal rock body.

In previous studies, vertical stress was used as one of the
criteria for determining the stability of the surrounding rock,
while usually the crustal movement is dominated by hori-
zontal movement, and it is inherently wrong to ignore the
influence of horizontal stress and shear stress to evaluate the
stability of the surrounding rock. ,e second invariant of
deviatoric stress (J2) as a unit of characterization of the
magnitude of shear stress and distortion appears to be more
relevant for determining the degree of shear damage and
integrity of the rock mass. It can be expressed by the
combination of the maximum principal stress (σ1), the in-
termediate principal stress (σ2), and the minimum principal
stress (σ3), as follows:

J2 �
1
6

σ1 − σ2( 
2

+ σ2 − σ3( 
2

+ σ3 − σ1( 
2

 . (1)

Many scholars have used the second invariant of
deviatoric stress to study the mechanical characteristics of
surrounding rock, and some research results have been
obtained [12, 13]. In this paper, taking 130205 backwind
road of Yangchangwan coal mine as the engineering
background, on the basis of theoretical analysis, the influ-
ence of coal seam inclination on the roadway surrounding
rock is fully considered, and FLAC3D numerical simulation
is used to derive the distribution of the main deflection stress
and deformation mechanism of the roadway surrounding
rock, which provides the basis for the reasonable selection of
coal pillar width.

2. Engineering Situations

130205 working face is located in the eastern part of the well
field of Yangchangwan No.1 well, the adjacent 130203 working
face in the upper part of the 130205 working face has been
mined out, and a 20mwidth of coal pillar was left to protect the
130205 return air entry. ,e burial depth of 130205 working
face is about 587.1∼726.7m, and the average burial depth is
656.9m. Its primary mineable coal bed is the No.2 coal seam,
the thickness of this coal seam is about 8.2∼10.7m, and the
average thickness of this coal seam is 8.4m. ,e layout plan of
130203 fully mechanized working face is shown in Figure 1.

3. Theoretical Analysis of Narrow Coal
Pillar Width

3.1.Relationshipbetween thePositionof theBasicTopBreaking
Line and the Width of the Coal Column. With the advance of
the upper section of theworking face, the basic top of the edge of

themining area breaks until it touches the gangue, gangue to the
basic top to form a preliminary support role, and the adjacent
blocks bite each other to form an articulated structure, which is
relatively stable by the horizontal thrust of the adjacent rock
blocks [14–16]. According to the “internal-external stress field”
mine pressure theory that was put forward by Song et al. [17],
the break line again divides the lateral coal body into 2 parts, one
of which is the internal stress field determined by the weight of
the moving rock beam, and the other is the external stress field
associated with the overall force of the overlying rock, where a
new plastic and elastic zone is again formed within the external
stress field, as shown in Figure 2.,e mechanical model can be
obtained by simplifying Figure 2, as shown in Figure 3.

From Figure 3, the support pressure in the internal stress
field at a distance x from the edge of the coal wall is shown as
follows:

σy � Gx · yx, (2)

where Gx is the stiffness of the coal seam at a distance x from
the coal wall in the internal stress field (Pa) and yx is the
compression of the coal body at a distance x from the coal
wall in the internal stress field (m).

Reducing this to a linearly varying process, the geometric
relationship yields as follows:

yx �
y0

x0/cos(θ − ψ)
·

x0

cos(θ − ψ)
−

x

cos(θ − ψ)
 , (3)

Gx �
G0

x0
x, (4)

where y0 is the maximum compression at the coal wall at the
edge of the mining area (m); θ is the dip angle of the coal
seam, set at 13° according to the mine data; ψ is the break
angle between the rock seams when the key block B breaks,
which is 5°∼7° according to the actual measurement; x0 is the
size of the internal stress field range of this coal seam (m).

Combining equations (2) and (3), the support stress
component of the internal stress field in the direction
perpendicular to the coal bed roof can be obtained as follows:


x0 · cos(θ−ψ)

0
σy � G0y0x0

cos2(θ − ψ)

2
−
cos3(θ − ψ)

3
 .

(5)

,e direction of the supporting stress of the internal
stress field is vertical downward, so the magnitude of the
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Figure 1: 130203 fully mechanized working face layout plan.
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supporting stress within the range of the internal stress field
is shown as follows:

G0y0x0 · cos2(θ − ψ)/2  − cos3(θ − ψ)/3  

cos ψ
. (6)

,e support stress within the internal stress field is
approximated as the weight of the basic top rock layer in the
range of the internal stress field when incoming pressure
occurs, i.e.,

G0y0x0 · cos2(θ − ψ)/2  − cos3(θ − ψ)/3  

cos ψ
� LC0Mc,

(7)

where L is the length of the working face of the upper section
(m);C0 is the incoming pressure step of the working face (m);M
is the thickness of each transfer rock beam (m); c is the average
capacity of each transfer rock beam (kN/m3). From the be-
ginning of the collapse of the direct top until the end of the

gangue process, as the deformation of the coal seam and the
direct top is synchronized, the geometric relationship can be
obtained as follows:

y0

xo/cos(θ − ψ)
�
Δh

L′/cos(θ − ψ)
�

h − mz Kp − 1 

L′/cos(θ − ψ)
, (8)

where ΔL is the maximum sinkage when the direct top touches
the gangue stability (m); L′ is the span of the direct top hinge
rock beam (m); h is themining height of the seam (m);mz is the
collapse height of the broken direct top (m); Kp is the broken
expansion coefficient of the basic top rock.

,e stiffness G0 of the coal body in the plastic state can be
expressed by the envelope theory as follows:

G0 �
E

2(1 + v)ζ
, (9)

where E is the modulus of elasticity of coal body (Pa); v is
Poisson’s ratio; ξ is the influence coefficient, which is related
to the fracture development in the coal body.
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Figure 2: Lateral abutment stress distribution along dip direction in coal mass adjacent to gob.
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Figure 3: ,e basic roof fracture structure and stress condition above coal mass adjacent to gob.
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,emagnitude of the internal stress field can be obtained
by combining the above equations as follows:

x0 �

�������������������������������������������

12LC0Mc(1 + v)ζL′ cos ψ
E h − mZ Kp − 1   · 3 cos2(θ − ψ) − 2 cos3(θ − ψ) 




.

(10)

According to the geological data of the mine and field
measurements, it is known that L� 170m, C0 is 32∼35m,
M� 12.8m, and c � 27 kN/m3, v � 0.27, ξ � 0.8, L’� 18∼21m,
E� 2.5GPa, h� 4.5m, mz � 4.1m, Kp � 1.7, and θ� 13°. ,e
internal stress field can be found in the range of 12.2 to
12.8m. ,e internal stress field is in a low stress range; if the
roadway is arranged within the internal stress field range by
using the roadway along the air boring, it can effectively
improve the mechanical state of the roadway surrounding
rock, improve the stability of the roadway, and reduce the
roadway maintenance cost.

3.2. Preliminary Determination of Coal Pillar Width of In-
clined Coal Seam. Usually, the basic top fracture line is
located in the coal wall at 0∼14m. When the fracture line is
located in the coal wall at 9∼14m, generally 1∼5m coal pillar
is used to arrange the roadway along the empty roadway
within the fracture line; at this time, the sum of the width of
the roadway along the empty roadway and the width of the
narrow coal pillar is less than the width of the “internal stress
field”, so that the roadway is in the low stress area. However,
in addition to the support pressure factor, the influence of
the size of the stable area inside the narrow coal column and
the influence of the sheet gang, water accumulation in the
mining area, and uneven strength of the coal body on the
stability of the narrow coal column should also be
considered.

(1) Yangchangwan coal mine No.2 coal seam belongs to
the inclined coal seam, above the mining area gangue
along the coal seam tendency to have downward
pressure on the coal pillar, and there is a certain
range of plastic damage area at the coal wall, the coal
pillar internal fissure is developed, and stability is
poor, so leaving 1∼5m coal pillar cannot ensure that
the coal pillar can exist in the elastic core area of the
main bearing capacity

(2) Because the combustion point of No.2 coal is rela-
tively low, it is especially important to reduce the
degree of fissure development in the coal column in
order to prevent the spontaneous combustion of
residual coal caused by the leakage of wind from the
return air tunnel to the mining area

Considering the role of the coal pillar to block gangue,
waterproof, fire prevention, gas, etc., the protective coal
pillar is at least set at 3∼5m. In order to meet the normal
working design of the shaft width of 5m, the width of the
coal pillar is initially set at 8∼10m. ,e 8∼10m protective
coal pillar is left and the roadway is arranged within 2∼3m
below the basic top fracture line, which effectively avoids the

huge load transmitted down by the arch foot and keeps the
surrounding rock of the roadway relatively stable after
digging.

4. Numerical Simulation

4.1. Establishment of the Numerical Simulation Model.
According to the production geological condition of 130205
working face, a FLAC3D numerical model is established, as
shown in Figure 4. ,e model is fixed at the two boundaries
of theX and Y axes and the bottom boundary of Z axis, a self-
weight load of 17.625MPa is applied directly above the
model Z axis, and the lateral pressure coefficient is set to 1.2,
which is confirmed by in situ stress test results. ,e rock
parameters were obtained by evolutionary analysis based on
the measured results. ,e coal seam model was set as the
Mohr-Coulomb strain-softening model [18, 19], and the
rock mechanical parameters of the coal seam and sur-
rounding rocks are listed in Table 1.

4.2. @e Second Invariant of Deviatoric Stress Field
Distribution

4.2.1. Distribution of Second Invariant of Deviatoric Stress in
Coal Pillar Affected Area of the Roadway Surrounding Rock.
,e second invariant of deviatoric stress represents the
magnitude of the shear force and deformation of the rock
body, which can objectively reflect the essential character-
istics of the deformation and damage of the surrounding
rock caused by the excavation of the roadway [13, 20]. It is
more comprehensive than the previous use of only the
support pressure (vertical stress) as a measure.,e weight of
the overlying rock in the mining void area of the middle and
upper section of the inclined coal seam is transferred to the
side of the coal pillar by means of a fracture arch, so the
width of the coal pillar is crucial to the mechanical state of
the surrounding rock along the empty roadway. ,e sim-
ulation studies the second invariant of deviatoric stress cloud
at Y� 80m cut for coal column widths of 5, 8, 10, 12.5, 15,
and 20m, respectively, as shown in Figure 5.

4.2.2. Coal Seam Tendency Second Invariant of Deviatoric
Stress Distribution State. By monitoring the magnitude of
σ1, σ2, and σ3 stresses at the location of the coal pillar and
solid coal midline, the second invariant of deviatoric stress
under the influence of different coal pillars is calculated and
plotted, as shown in Figure 6.

From Figure 6(a), the following can be seen:

(1) ,e peak value of the second invariant of deviatoric
stress shows a trend of increasing first and then
decreasing. For the coal pillar in the section of
5∼12.5m, with the increase of the width of the coal
pillar, the peak value of the second invariant of
deviatoric stress in the coal pillar shows a “positive
correlation” growth. For the coal pillar in the
12.5–20m section, the curve shape changes from
“single peak” to “double hump” as the width of the
coal pillar increases, and the peak of the second
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Figure 4: ,e establishment of a three-dimensional numerical model by FLAC3D software.

Table 1: Testing result of coal samples about physical and mechanical properties.

Types Density
(g·cm−3)

Bulk modulus
(GPa)

Shear modulus
(GPa)

Cohesion
(MPa)

Internal friction angle
(°)

,ickness
(m)

Fine sandstone 2.70 13.3 10 10.2 37 5.0
Medium
sandstone 2.34 12.3 9.1 5.2 37 13.0

Fine sandstone 2.70 13.3 10 10.2 37 5.0
Siltstone 2.65 9.1 7.8 7.2 34 5.0
Carbon mudstone 2.54 8.4 5.7 8.0 36 1.5
2# coal 1.30 5.0 2.1 1.68 28 8.5
Siltstone 2.65 9.1 7.8 7.2 34 5.0
Mudstone 2.25 6.8 4.8 6.2 26 2.0
Fine sandstone 2.70 13.3 10 10.2 37 5.0
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Figure 5: Continued.
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Figure 5: ,e second invariant of deviatoric stress cloud in the surrounding rock of the roadway under different width coal pillars. (a) 5m
coal pillar, (b) 8m coal pillar, (c) 10m coal pillar, (d) 12.5m coal pillar, (e) 15m coal pillar, and (f) 20m coal pillar.
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Figure 6: ,e second invariant of deviatoric stress distribution curves in the two coal girders of the roadway under different width coal
pillars. (a) Coal pillar side. (b) Solid coal side.
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invariant of deviatoric stress in the coal pillar shows a
“negative correlation” with the width of the coal
pillar

(2) ,e peak location of the second invariant of
deviatoric stress also shows a trend of increasing and
then decreasing

For the coal pillars in the 5∼12.5m section, as the width
of the pillar increases, the location of the peak appears at a
linear increase from the horizontal distance of the roadway,
with the peak location shifting away from the roadway. For
the coal column in the 12.5∼20 section, the hump shape
starts to appear when the coal column equals 15m. At this
time, the peak of the hump is almost equal, which is called
the “positive trapezoid” shape here. ,us, within this range
of coal pillars, the shape of the second invariant of deviatoric
stress distribution undergoes a transformation from single
hump - orthotropic shape-double hump, and the interior of
large coal pillars is more complete, which also indirectly
reveals the reason for the feasibility of traditional large coal
pillars.

From Figure 6(b), the following can be seen:

(1) ,e overall second invariant of deviatoric stress in
the solid coal shows the “asymmetric” character-
istic of increasing first and then decreasing, and
the coal pillars of different widths have a tendency
to converge within 40m of the surrounding rock
on the side of the solid coal. ,e magnitude of the
second invariant of deviatoric stress in the coal
body 40m away is almost 0, and the coal body in
this range is approximately in the original rock
stress zone

(2) Overall, with the increase of the width of the left coal
pillar, the peak of the second invariant of deviatoric
stress within the solid coal decreases and the stress
has a tendency to transfer from the solid coal side to
the coal pillar side. As the width of the coal column
increases, the corresponding peak position of the
solid coal side as a whole shows a negative linear
correlation law with it

4.2.3. Characteristics of Top Plate’s Second Invariant of
Deviatoric Stress Distribution. In order to analyze the dis-
tribution characteristics of the second invariant of deviatoric
stress in the surrounding rock of the tunnel roof, a total of 3
monitoring lines were set up, each line set up a monitoring
point at 0.5m interval, each line has a total of 40 monitoring
points, and the roof monitoring line was laid out as Figure 7,
using the formula which is shown in equation (1) to find out
the second invariant of deviatoric stress and postprocessed
to obtain curve in Figure 8.

,e following pattern can be derived from Figure 8:

(1) When the coal column is stable and the width of the
coal column is small, the shallow surrounding rock
above the roof of the roadway has a higher second
invariant of deviatoric stress, and with the increase of
the surrounding rock depth, the stress increases

again after the second invariant of deviatoric stress
decreases to a certain minimal value, and a higher
stress concentration zone appears, and the wider the
coal column is, the smaller the peak of this influence
zone is

(2) When the coal column is stable and the width of
the coal column is large, the shallow surrounding
rock above the roof of the roadway has a low value
of the second invariant of deviatoric stress com-
pared with the narrow coal column, the shallow
surrounding rock is more stable and does not form
a strong shear stress concentration area, and the
integrity of the roof of the roadway is better under
this large coal column. As the depth of the sur-
rounding rock increases, due to the distance from
the mining area, the influence of stress in the
adjacent mining area is relatively small, and there
is an overall “negative exponential” relationship
between the value of the second invariant of
deviatoric stress and the increase in the depth of
the surrounding rock

(3) ,e different horizontal distance between the three
monitoring lines and the mining area directly
affects the size and location of the peak of the
second invariant of deviatoric stress. It can be seen
that ① the degree of damage to the surrounding
rock on the top plate monitoring line 3 is much
greater than that on the monitoring line 1, and the
shear fragmentation of the shallow part of the top
plate shows significant asymmetric characteristics;
② the surrounding rocks of the three monitoring
lines under different width coal pillars differ
greatly in the peak value of the second invariant of
deviatoric stress due to the influence of adjacent
mining areas. When the coal pillar width is 5∼8m,
the minimum peak second invariant of deviatoric
stress under the influence of 8m coal pillar is
12.42MPa when monitoring the surrounding rock
of line 1 under the influence of adjacent mining
area, which is 9.74% lower than the peak at 5m
coal pillar. When the width of the coal pillar is
5∼10m, the minimum peak of the second invariant

Coal pillar

Rock parting layer

1# monitoring line

130203 gob

Solid coal

2# monitoring line

3# monitoring line

Figure 7: Monitoring point arrangement plan in the roof of the
roadway.
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of deviatoric stress under the influence of 10m coal
pillar is 9.31MPa in the surrounding rock of
monitoring line 2 by the adjacent mining area,
which is 36.28% lower than the peak of 5m coal
pillar; the minimum peak of the second invariant
of deviatoric stress under the influence of 10m coal
pillar is 11.32MPa in the surrounding rock of
monitoring line 3, which is 25.58% lower than the
peak of 5m coal pillar; ③ under the influence of
10m coal pillar, the surrounding rock of moni-
toring line is less influenced by the upper section of
mining area, and shear damage is not big; from the
safety point of view, choosing this width coal pillar
is more conducive to the stability of the roof

4.3. Deformation Characteristics of the Tunnel Surrounding
Rock

4.3.1. Displacement Distribution State within the Coal
Column. In order to investigate the reasonableness of the
width of the coal pillar left between 130205 along the empty
road and the upper section of the mining area, the char-
acteristics of the horizontal displacement distribution within
the coal pillar of different widths were selected as the object
of study, as shown in Figure 9. ,e following can be seen:

(1) In the side close to the mining area, the displacement
of the coal body to the mining area is more obvious,
and it can be seen from Figure 9(b) that when the
width of the coal column is less than 5m, there is a
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Figure 8: ,e second invariant of deviatoric stress curve by top slab surrounding rock monitoring line. (a) 1# monitoring line. (b) 2#

monitoring line. (c) 3# monitoring line.
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large displacement of the coal column along the
direction of the coal seam inclination on the side of
the mining area, and at this time, the coal column is
broken seriously and thrown down to the mining
area. Under the influence of 8m and 10m coal pillar,
the displacement of coal pillar to the mining area is
greatly relieved compared with 5m coal pillar, and
then with the increase of coal pillar width, although it
can reduce the degree of breakage within the coal
pillar, its overall effect is not obvious

(2) From Figure 9(b), it can be seen that under the
influence of 12.5m coal pillar, the maximum dis-
placement of 222.04mm is generated on the side of
the mining area, the minimum displacement is
93mm at 20m coal pillar, and the overall dis-
placement curve approximately forms a “single
hump” shape

(3) As seen in Figure 9(a), when the coal columnwidth is
10m, continuous 0mm displacement points start to
appear within the coal column. ,e elastic nucleus
zone without displacement is extremely important to
the stability of the coal column. ,e elastic nucleus
zone has strong stability under the mutual extrusion
of the surrounding coal body, which can effectively
avoid gas protrusion and wind leakage and other
disasters and facilitate the management and main-
tenance of the roadway

,erefore, the necessity of narrow coal pillars for the
stability of the roadway can be seen. ,e elastic core zone
with very small displacement starts to appear within the
10m coal pillars, the elastic core zone plays the main
bearing role for the overlying rock layer, and its width is
inseparable from the stability of the dug tunnel and the
high maintenance cost at a later stage. ,erefore, the
width of the coal pillar is initially set at 10 m from the

consideration of the internal stability of the coal pillar
alone.

4.3.2. Deformation Law of the Surrounding Rock along the
Air Dug Tunnel. ,emonitoring points are set up at the two
helpers of the roadway, the two ends of the top and bottom
plates, and the midline, respectively, and the displacement
curve shown in Figure 10 is obtained, which shows the
following:

(1) ,e sinkage of the roof slab: as the width of the coal
pillar increases, the sinking amount of roof moni-
toring point on the side of the coal pillar is always
larger than that on the side of solid coal. ,erefore, it
is necessary to reasonably arrange anchor support
near the roof of the coal pillar, so that it can form a
“small structure” with a shallow surrounding rock to
fully improve the residual strength of the sur-
rounding rock and improve the stress environment
of the surrounding rock

(2) Bottom drum volume: 130205 backwind lane bottom
slab is loose and soft; in the process of stress dis-
tribution of surrounding rock caused by lane exca-
vation to the new balance of stress, the bottom slab
coal keeps bulging into the lane space, compared to
the direct bottom as the lane bottom slab will form a
larger bottom drum volume

(3) ,e displacement of the coal pillar gang: from the
overall view of the curve, the displacement of the coal
pillar gang is most obvious at the midline, the dis-
placement of the shoulder angle of the coal pillar
gang is small and does not change significantly, and
the overall displacement of the bottom angle of the
coal pillar gang shows a trend of increasing first and
then decreasing
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Figure 9: Horizontal displacement distribution curves under coal column of different widths. (a) Coal pillar midline displacement curve. (b)
Maximum displacement value on both sides of the coal column.
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(4) ,e amount of solid coal gang migration: from the
average displacement data, the influence of coal
pillar width on the solid coal gang is not significant,
under the influence of 12.5m coal pillar, the dis-
placement of the solid coal gang reaches the maxi-
mum 17.73mm, under the influence of 15∼20m
large coal pillar, the displacement decreases, and
under the influence of 20m coal pillar, the average
displacement of the solid coal gang reaches the
minimum 9.29mm

In summary, the variation of coal pillar width along
the air dug tunnel has a greater impact on the amount of
roof sinking, bottom bulge, and coal pillar gang dis-
placement in the 130205 return tunnel. Under the in-
fluence of 10m coal column, the overall deformation of
the roadway is relatively small and within the reasonable
range of engineering construction, which can fully meet
the basic roadway transportation, ventilation, and pe-
destrian requirements, the internal coal column is more

stable and the stress carried above the coal column is
relatively small, and the roadway roof is less affected by
the superimposed stress of the adjacent mining area, so
the width of the coal column along the air dug roadway is
set to 10m which is more reasonable.

5. Roadway Rock Control Technology
and Practice

5.1. Rock Control Technology along the Empty Roadway.
Based on the numerical simulation results and combined
with the actual mine production requirements, the causes of
maintenance difficulties in the 130205 return airway can be
summarized as follows:

(1) ,e coal pillar plays an extremely important role in
supporting the overlying rock as the support point of
the fracture arch from the time the roadway is dug
until the coal pillar is stabilized. Because the coal
body has strain-softening characteristics, so in the
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Figure 10: Variation of the displacement of the surrounding rock of the roadway under different width coal pillars. (a) Top plate sinkage.
(b) Bottom drum volume. (c) Coal pillar gang approach amount. (d) Solid coal gang approach amount.
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subsequent 130205 working face of the recovery
process, by the influence of superimposed support
pressure, coal column stability again greatly reduced,
may lead to destabilization of the roadway occurred
in large deformation, and even cause serious eco-
nomic losses

(2) No.2 coal seam thickness distribution is more un-
even, and there is more gangue layer in the direct
bottom; in view of this special geological structure
design along the coal seam mid-waist line boring,
forming a special roadway structure with coal body
as the bottom plate, coal seam bottom plate coal
quality is softer, so the stability of the bottom plate
along the empty roadway compared with other
similar roadway needs to pay more attention to
consider

In response to the above problem, the “new prestressed
truss anchor cable + single anchor cable+ anchor
rod+net+ slurry spray” support method is adopted in 130205
section backwind flat road, and concrete hardened base plate is
used to limit the coal body projection of the base plate. ,is
asymmetric support system effectively reduces the maximum
tensile stress of the coal rock body in the middle area of the
roadway and improves the strength and resistance of the coal
rock body [21–23]. ,is asymmetric support system can ef-
fectively reduce themaximum tensile stress in the central part of
the roadway and improve the strength and resistance to
deformation.

5.2. Parameters of Return Air Tunnel Support System. ,e
stability of the surrounding rock of the retrieval tunnel is
equally inseparable from the interaction between the sup-
port and the surrounding rock, and Figure 11 shows the flat
section of the shaped section support along the hollow
tunnel.

From Figure 11, the following can be seen:

(1) ,e roof anchors are v22mm× L2500mm left-hand
threaded steel anchors, each anchor is 900mm apart,

the distance between the corner anchors on the side
of the coal pillar gang and the coal pillar gang is
250mm, the anchors near the two gangs are inclined
15° to the outside, and the rest of the anchors are
arranged perpendicular to the roof. ,e truss anchor
cable adopts two v22mm× L11300mm high-
strength low relaxation prestressing steel strands,
and the anchor cable near the gang is inclined 10° to
the outside, and there is another single anchor cable
near the solid coal gang with the specification of
v22mm× L10300mm

(2) v20mm× L2300mm threaded steel anchor rods
were used in the solid coal gang, 5 anchor rods were
arranged in a row, the distance between rows of
anchor rods is 750mm× 1000mm, the upper anchor
rods are 250mm from the top plate, the anchor rods
near the top plate were inclined upward by 15°, the
anchor rods near the bottom plate are inclined
downward by 10°, and the rest were arranged per-
pendicular to the gang

(3) ,e coal pillar gang uses v20mm× L2300mm
threaded steel anchor rods, 6 anchor rods are
arranged in a row, the distance between rows of
anchor rods is 750mm× 1000mm, the upper anchor
rods are 250mm from the top plate, the anchor rods
near the top plate are inclined upward by 15°, the
anchor rods near the bottom plate were inclined
downward by 10°, and the rest were arranged per-
pendicular to the roadway gang

5.3. Numerical Simulation Analysis of Support. 130205 along
the empty roadway roof staggered with truss anchor cable
and single anchor cable joint support form greatly enhances
the surrounding rock support difficult area of the bearing
performance and the use of numerical simulation method to
analyze the support form under the roadway surrounding
rock pressure characteristics, as shown in Figure 12. Al-
though the distribution of the second invariant of deviatoric
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Figure 11: Scheme of rock support system in the roadway. (a) Front view. (b) Top view.
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stress in the shallow surrounding rock of the roof still shows
asymmetry, its overall distribution is relatively uniform, the
stress concentration area at the shoulder nest of solid coal is
relieved, and the range of low stress area on the gang side of
coal pillar is also reduced. According to the reciprocal in-
fluence relationship between the top plate and gang de-
formation of the roadway, the coupling effect of its
asymmetric support can alleviate the roadway deformation,
thus effectively limiting the harmful deformation damage of
the surrounding rock, achieving the uniformity of non-
uniform load, and thus maintaining the roadway stability.

6. Mineral Pressure Observation and
Analysis of Results

,is return airway is continuously observed for the con-
vergence of the tunnel surrounding rock while it is dug. Two

lines are set up at the top plate to monitor the convergence of
the surrounding rock after tunneling, line 1 is 0.8m near the
coal pillar side, line 2 is 0.8m near the solid coal side, and the
monitoring points of the gang and bottom plate are all at
their midline locations. ,e curve of the surrounding rock
change after tunneling is shown in Figure 13. It can be seen
that the process of surrounding rock stabilization after
roadway boring is a dynamic process until the equilibrium
state, the top and bottom plates and coal pillar gangs tend to
stabilize at about 30 d roadway deformation, and the solid
coal gangs tend to stabilize at 20 d after roadway boring. ,e
maximum deformation of the top plate 1 line is 55mm, the
maximum deformation of the top plate 2 line is 51mm, the
maximum displacement of the coal pillar gang is 38mm, and
the maximum displacement of the solid coal gang is 15mm.
Monitoring results, this support method is effective for the
maintenance of the roadway.

7. Conclusion

(1) Usually, the roadway is arranged within the internal
stress field, so that the surrounding rock of the
roadway is in a low stress state, which greatly im-
proves the mechanical environment of the sur-
rounding rock. In this paper, this paper establishes a
simple mechanical model of inclined coal seam and
derives the formula of the influence range of “in-
ternal stress field” in inclined coal seam

(2) Using FLAC3D simulation technology, it is con-
cluded that along the coal seam inclination direction,
with the increase of coal pillar width, the second
invariant of deviatoric stress curve in the coal pillar
shows the transformation from single hump shape to
positive trapezoid shape to double hump shape, the
solid coal stress gradually shifts to the coal pillar side
with the increase of coal pillar width, and the rea-
sonable coal pillar width is usually less than the width
of the coal pillar when the extreme value of the
second invariant of deviatoric stress appears

(3) ,e top plate surrounding rock on the side of coal
pillar has a high second invariant of deviatoric stress
compared with the top plate on the side of solid coal,
and the top plate surrounding rock has asymmetric
destructive property; in the inclined coal seam, it is
usually taken as reasonable narrow coal pillar width
at the minimum fluctuation value of the second
invariant of deviatoric stress

(4) ,e internal integrity of the coal pillar directly de-
termines the stability degree along the empty
roadway. With the compaction of coal gangue in the
mining area after the working face, the fissures on
both sides of its narrow coal pillar are also gradually
developed, its bearing capacity continues to decrease,
and the existence of a certain range of elastic core
area in the middle of the coal pillar is crucial to the
stability of the coal pillar and the roadway

(5) A new type of truss anchor cable joint support
method is proposed for asymmetric control of the
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roadway, with high-strength anchors placed in each
row of the roof and gang to reinforce the coal body,
and the top plate is staggered with a single anchor
cable and truss anchor cable to enhance the bearing
capacity of the difficult area of support, thus im-
proving the stress environment of the surrounding
rock and preventing the malignant collapse of the
coal pillar gang roof and shoulder sockets
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