
Citation: Wang, X.-H.; Zhang, H.-H.;

Wu, Z.; Li, X.-L.; Sui, Y.; Gao, R.-Q.

Selection and Optimization

Mechanism of the Lower Return

Roadway Layout in the near Residual

Coal Pillar Area. Processes 2022, 10,

2471. https://doi.org/10.3390/

pr10122471

Academic Editor: Guining Lu

Received: 31 October 2022

Accepted: 17 November 2022

Published: 22 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

processes

Article

Selection and Optimization Mechanism of the Lower Return
Roadway Layout in the near Residual Coal Pillar Area
Xiao-He Wang 1,* , Hao-Hao Zhang 2, Zheng Wu 1, Xiao-Long Li 1, Yi Sui 3 and Ruo-Qi Gao 4

1 School of Energy and Mining Engineering, China University of Mining and Technology (Beijing),
Beijing 100083, China

2 State Key Laboratory of Water Resources and Hydropower Engineering Science, Wuhan University,
Wuhan 430072, China

3 Transportation College, Jilin University, Changchun 130000, China
4 School of Management, Dalian Polytechnic University, Dalian 116034, China
* Correspondence: wangxh_1994@163.com; Tel.: +86-183-4184-1115

Abstract: Background: To optimize the layout position of the residual coal pillar return roadway when
mining a close coal seam group and to clarify the optimization mechanism, a roadway optimization
layout analysis was conducted on the Tashan coal mine. Methods: Surface displacement monitoring
was conducted using field tests, and the main stress magnitude, plastic zone morphology, deformation
variables, and connectivity between the plastic zone of the roadway and the plastic zone of the residual
coal pillar were analyzed at different locations with the help of FLAC3D numerical simulation
software. Results: It was found that, in the process of close coal seam group mining, the residual coal
pillar of the overlying coal seam seriously affects the stress state and plastic zone distribution of the
lower coal seam roadway. The roadway is arranged in a position that is relatively far away from the
residual coal pillar, which could reduce the stress influence of the residual coal pillar on the roadway
and guarantee the stability of the roadway. Conclusion: Since the Tashan Mine uses the top release
method for mining, the stability of the roadway can be better ensured by placing the roadway in the
middle and lower regions of the coal seam and using the layout method to retain small coal pillars.

Keywords: residual coal pillar; lower return roadway; optimization mechanism; stress state;
plastic zone

1. Introduction

The distribution of coal seam clusters in close proximity to one another is a major
characteristic of coal distribution in China. Mining a proximity coal seam group is different
from single-seam mining, and it is influenced by the adjacent seam, which can lead to
mine pressure and potentially disastrous accidents [1–5]. Mining an upper coal seam of
a proximity coal seam group can not only trigger the loosening of the roof of the lower
coal seam but also affect the stress state of the surrounding rocks of the lower coal seam
roadway, causing roadway deformation damage [6–8].

The coal seam under original rock stress is redistributed after the excavation of the
roadway, and once the mining disturbance triggers the local stress concentration in the
roadway, it can lead to the occurrence of roadway disasters [9,10]. In order to determine
the causes of roadway hazards and reduce the possibility of roadway hazards, some
scholars have proposed theoretical approaches for stabilizing surrounding rocks. The
classical circular plastic zone determines the range of the plastic zone of the roadway
enveloped by rock, which is considered to be a circular area [11–13]. The theory of natural
caving supplies states that under the action of mine pressure, the roof of the roadway’s
surrounding rock will appear loose, causing deformation, damage, and bubble falls. The
roof of the roadway forms an arch of support after the roof pressure balances out, and the
roof surrounding the rock no longer causes bubble falls [14]. The theory of axial variations
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considers that the damage law of the surrounding rock is the result of the joint influence
of the surrounding rock stress and the mechanical properties of the rock mass, as well as
the deformation characteristics of the surrounding rock [15,16]. The theory of maximum
horizontal stress [17] comprises the analysis of the damage characteristics of rocks and
the evolution law of pores and fissures inside the rocks from structural defects inside the
rocks, which play a significant role in supporting the rock surrounding the roadway [18–21].
Małkowski et al. conducted a long-term study of three different roadways over a period
of six years and found that different support schemes can have significant effects on roof
deformations [22]. Khalymendyk et al. analyzed the deformation mechanisms of deep
laminated rock roadways and determined that the deformation of the roadway rock was
a result of the mutual extrusion of the laminated surrounding rocks, as well as the linear
relationship of the deformation and damage between the top and bottom slabs [23]; these
observations have been verified by other research studies in the field.

Usually, the excavated coal seam is a non-uniform stress field, and the presence of
the non-uniform stress field also has an impact on the distribution of the plastic zone [24].
Fenner’s formula and Castanet’s formula can determine the radius of the plastic zone
around the circular hole under hydrostatic pressure conditions [25] to solve the asymmetric
damage phenomenon generated by the roadway in the actual production process. Ma et al.
proposed a model for the distribution of the plastic zone of the roadway under a non-
uniform stress field. They established the roadway butterfly damage theory and derived
the boundary equation of the plastic zone of the roadway butterfly [26–30]. Based on
this formula, Guo et al. [31] predicted potential hazard zones in circular roadways and
proposed evaluation guidelines for dynamic hazard critical points in circular roadways.
Reducing the difficulties of roadway support is a key concern for roadways. In order to
optimize the design of the transportation roadway in the Beskempir field, Abdrakhman et al.
used numerical simulations to analyze the stress characteristics and deformation patterns
of the surrounding transportation roadway’s rock, and the stability of the surrounding
rock was discussed to determine a support scheme for the transportation roadway [32].
Gan et al. [33], Yang et al. [34], and Li et al. [35], as well as a large number of other scholars,
analyzed the state of the roadway and used experiments and numerical simulations to
demonstrate a reasonable arrangement form for the roadway, which reduces the difficulty
of implementing roadway supports.

The lower back mining roadway’s close residual coal pillar areas easily triggers the oc-
currence of roadway disasters due to the complex surrounding rock stress. In this paper, we
measured the short-term deformation variables of the return roadway of the 30503 working
faces in Tashan coal mine by using the method of roadway surface displacement monitoring,
and the measurement results showed that the original roadway arrangement would lead
to substantial deformations over a short period of time. By determining the asymmetrical
damage inflicted upon the roadway, we established a numerical model for the multi-point
arrangement of the lower return roadway in the close residual coal pillar area and simulated
the main stress magnitude, plastic zone morphology, and deformation variables of the
roadway in the horizontal and vertical directions, respectively. The connectivity between
the plastic zone and the plastic zone of the residual coal pillar was analyzed at different
positions on the roadway, and the mechanical characteristics and deformation features of
the roadway at different positions were determined. Based on the coal mining process of
the 30503 working face of the Tashan mine, it was established that the roadway should
be arranged in the middle and lower positions of the coal seam as a method for retaining
small coal pillars (away from the residual coal pillars), which could ensure the stability
of the roadway. This provides the theoretical basis for the reasonable arrangement of the
lower return roadway of the residual coal pillars in the mining process of the close coal
seam group.
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2. Materials and Methods
2.1. Engineering Background

The Tashan coal mine is located in the middle and east edge of Datong coalfield, China.
The main coal seam comprises 3–5# coal, with an average thickness of 18.0 m. The coal is
recovered by releasing the top coal. The upper coal seam is 2# coal; in order to ensure safe
production operations, after mining 2# coal, the 2# coal emptying area is filled. According
to the mining succession plan, the 30503 working face is the successive mining face. The
spatial positions of the 3–5# coal seam and 2# coal seam and the original layout plan of the
tunnel are shown in Figure 1; as we are ignoring the influence of other factors, the diagram
only depicts the 30503 working face return roadway. After the roadway was excavated at
860 m in depth, serious deformations occurred in the roadway’s roof, and the local area had
to be completely closed; thus, the 30503 return roadway was repaired, but during the repair
process, the roadway experienced continuous deformations, and there was a local large
deformation. To analyze the degree of damage, surface displacement observations were
made on the roof of the 30503 return roadway, and the degree of damage was analyzed
visually in the form of data.
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Figure 1. Diagram of the layout of the roadway between coal seams #3–5 and #2.

2.2. Field Tests

In order to study the deformation degree of the roadway enclosure, the 30503 return
roadway repair, at the section at about 240 m~840 m, was selected, and the roadway surface
displacement observation points were laid out within this area. One observation point was
arranged every 40 m, with a total of 16 observation points, numbered 1~16. Short-term
observations were carried out for 10 days, and the observation data of the 3rd, 7th, and
10th days were taken. Based on the data of the first measurement, roadway deformations
at different mileages were calculated for each measurement, and the measured data are
shown in Figure 2.

According to Figure 2a, it can be seen that, on the 3rd day of the test, the maximum
value of top plate displacement is located at 280 m of the dug-in section, which is 24 mm,
and the maximum value of the two gang displacements is located at 680 m of the dug-in
section, which is 4 mm. According to Figure 2b, it can be seen that on the 7th day of
the test that the repaired section of the roadway showed extensive deformations; here,
the maximum value of top plate displacement is located at 440 m of the dug-in section,
which is 34 mm. The maximum amount of top plate displacements is located at 440 m
of the excavated section, reaching 34 mm, and the top plate displacement increased by
3 mm compared with the measured value at 280 m of the excavated section on the third
day and by 35 mm compared with the measured value at the same point on the third
day; the maximum amount of the displacement of both gangs is located at 680 m of the
excavated section, reaching 61.5 mm, and the displacement of both gangs increased by
9 mm compared with the measured value at 680 m of the excavated section on the third
day and by 49.5 mm compared with the measured value at the same point on the third
day. After 4 days, significant deformations occurred at the same measurement point.
According to Figure 2c, it can be observed that on the 10th day of the test, the deformation



Processes 2022, 10, 2471 4 of 23

phenomenon of the repaired section of roadway still existed and spread, among which the
maximum amount of top plate displacement was located at 400 m of the dug-in section,
reaching 35 mm; this is an increase of 5 mm compared with the measured value at the
same point on the 7th day. The maximum amount of two gang displacement was located
at 760 m of the dug-in section, reaching 66 mm, an increase of 4.5 mm compared with the
measured value at the same point on the 7th day. Although the periodic deformation at the
same measurement point is less than the amount of displacement in 3–7 days, there is still
deformation and a growing trend.
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Figure 2. Figure for 30503: ventilation roadway. (a) Day 3 alleyway deformation. (b) Day 7 alleyway
deformation. (c) Day 10 alleyway deformation.

In summary, within 10 days, the 30503 return roadway repair section had top plate
sinkage changes within the range of 3~35 mm. The two gangs moved closer at a range
of 0~66 mm, and the displacement of the two gangs is significantly larger than the top
plate’s displacement. The same measurement point, the two gangs’ displacement, and the
top plate’s displacement also have obvious differences. The roadway exhibited obvious
non-uniform damage phenomena. To control the deformation and damage of the roadway
and avoid accidents, the following is an analysis of the extent of damage to the plastic zone
and the degree of deformation of the surrounding rock under different arrangements of the
roadway from both vertical and horizontal directions. The distribution rules of stress and
the plastic zone in the surrounding rock of the 30503 roadway along the top slab, along
the bottom slab, along the top left and bottom coal slab, differently sized coal pillars, and
the area located directly below the residual coal pillars are analyzed. Based on the above
analysis, reasonable arrangements and the arrangement principles of the residual coal
pillar’s lower return roadway are determined. The diagram for different roadway layout
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schemes is shown in Figure 3, and the dashed line in the figure denotes the limit of coal
pillar retentions for different horizontal roadway layout schemes; from right to left, the coal
pillars are 4 m, 8 m, 15 m, 20 m, and 25 m.
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2.3. Methods

A geometric model was established based on the 30503 return roadway, as shown in
Figure 4, and the perspective view is shown in Figure 5. In order to reduce the influence
of other factors on the model, the model was constructed with 3–5 coal as the vertical
center and based on the coal seam histogram. Nine layers of rock were constructed
upward and downward, and the length and width of the model were set to 100 times
the width of the roadway and rounded to 500 m; in other words, the model’s size was
500 m × 500 m × 156 m. Moreover, since the burial depth of the top of the model was
348 m, according to the traditional ground stress calculation method, the top of the model
was subjected to a vertical stress of 8.7 MPa. The vertical stress of 8.7 MPa was applied
to the top of the model, and the numerical simulation was carried out by FLAC3D finite
element difference software. Due to the large size of the model, the influence of the roadway
and residual coal pillars is negligible, so the front, back, left, and right sides of the model
as well as the bottom are fixed with fixed displacement and fixed boundaries, and the
Mohr–Coulomb principal structure model is used. In order to improve the accuracy of
the calculation, the encryption around 30 m of the roadway is 1 m per frame; at around
15 m, it is 0.5 m per frame, and around 15 m of the coal pillar, it is 1 m per frame. The
demonstrated basic mechanical parameters involved in the numerical simulation are shown
in Table 1. These data were obtained from the paper “Research on the mining method
of close extra-thick coal seam in Datong Tashan coal mine of China National Investment
Corporation” [36].
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Table 1. Rock mechanics parameter table.

Parameters
Lithology

Density
(kg/m3)

Bulk
Modulus

(GPa)

Shear
Modulus

(GPa)

The Angle of
Internal

Friction (◦)

Internal
Cohesion

(MPa)

Tensile
Strength

(MPa)

Siltstone 2560 11.69 10.67 38.57 6.4 3.34
Sandy

mudstone 2500 10.2 8.4 36.4 3.72 1.73

Coarse-
grained

sandstone
2700 14 10.7 39.4 5.68 6.4

2#vCoal 1400 3.48 0.78 34.45 2.13 0.92
3–5# Coal 1500 3.48 1.61 34.45 2.13 0.92
Kaolinite 2100 8.2 7.6 35 5.5 1.73
6# Coal 1500 3.48 1.61 34.45 2.13 0.92
7# Coal 1500 3.48 1.61 34.45 2.13 0.92
8# Coal 1500 3.48 1.61 34.45 2.13 0.92
9# Coal 1500 3.48 1.61 34.45 2.13 0.92
Shan 4#

Coal 1400 3.48 0.78 34.45 2.13 0.92

3. Results
3.1. Plastic Zone Morphology and Distribution
3.1.1. Roadways with Vertical Layer Differences

(1) Roadway excavation along the roof
The horizontal distance between the roadway dug along the top and the residual coal

column of the overlying coal seam is 15.2 m, and the vertical distance is about 4.4 m. From
the stress cloud diagram (Figure 6), the maximum and minimum principal stresses appear
at the residual coal pillar, and the maximum principal stress (σ1) near the coal pillar is
about 70–120 MPa; the minimum principal stress (σ3) is about 26–50 MPa. σ1 around the
roadway is about 6–20 MPa, and σ3 is about 3–10 MPa.
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about 70–120 MPa; the minimum principal stress (σ3) is about 26–50 MPa. σ1 around the 
roadway is about 6–20 MPa, and σ3 is about 3–10 MPa. 
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To further analyze changes in the surrounding rock stress in the vertical direction 
and horizontal direction of the roadway when digging along the top, the measurement 
lines were arranged in the vertical direction and horizontal direction of the roadway 
center, respectively, and the main stress change curve was obtained (Figure 7). In the 
horizontal direction, σ1 and σ3 in the surrounding rock gradually decrease from the 
positive gang to the negative gang of the roadway. At approximately −30 m away from 
the positive gang of the roadway, σ1 and σ3 in the surrounding rocks reach the peak values 
of 67 MPa and 15 MPa, respectively, and the site is located below the residual coal pillar. 
Meanwhile, the ratio of σ1 and σ3 in the surrounding rocks can be found from in positive 
gang to the negative gang of the roadway. The ratios of σ1 and σ3 in the surrounding rocks 
gradually decrease from the positive to the negative gang of the roadway. From the 
vertical direction, σ1 and σ3 at the location of the roadway are small, while the principal 
stresses below the roadway are large, and the principal stresses at the location of the coal 
seam floor reach the peak; the ratio between σ1 and σ3 reaches the maximum at this 
moment. σ1 and σ3 at the roadway are about 9.5 MPa and 4.5 MPa, respectively. 

(a) Horizontal direction (b) Variation direction

Figure 6. Principal stress distribution contour of the roadway’s surrounding rock when the roadway
excavation along the roof. (a) σ1 cloud. (b) σ3 cloud.

To further analyze changes in the surrounding rock stress in the vertical direction
and horizontal direction of the roadway when digging along the top, the measurement
lines were arranged in the vertical direction and horizontal direction of the roadway center,
respectively, and the main stress change curve was obtained (Figure 7). In the horizontal
direction, σ1 and σ3 in the surrounding rock gradually decrease from the positive gang
to the negative gang of the roadway. At approximately −30 m away from the positive
gang of the roadway, σ1 and σ3 in the surrounding rocks reach the peak values of 67 MPa
and 15 MPa, respectively, and the site is located below the residual coal pillar. Meanwhile,
the ratio of σ1 and σ3 in the surrounding rocks can be found from in positive gang to the
negative gang of the roadway. The ratios of σ1 and σ3 in the surrounding rocks gradually
decrease from the positive to the negative gang of the roadway. From the vertical direction,
σ1 and σ3 at the location of the roadway are small, while the principal stresses below the
roadway are large, and the principal stresses at the location of the coal seam floor reach the
peak; the ratio between σ1 and σ3 reaches the maximum at this moment. σ1 and σ3 at the
roadway are about 9.5 MPa and 4.5 MPa, respectively.

Processes 2022, 10, x FOR PEER REVIEW 7 of 24 
 

 

3. Results 

3.1. Plastic Zone Morphology and Distribution 

3.1.1. Roadways with Vertical Layer Differences 

(1) Roadway excavation along the roof 

The horizontal distance between the roadway dug along the top and the residual coal 

column of the overlying coal seam is 15.2 m, and the vertical distance is about 4.4 m. From 

the stress cloud diagram (Figure 6), the maximum and minimum principal stresses appear 

at the residual coal pillar, and the maximum principal stress (σ1) near the coal pillar is 

about 70–120 MPa; the minimum principal stress (σ3) is about 26–50 MPa. σ1 around the 

roadway is about 6–20 MPa, and σ3 is about 3–10 MPa. 

  
(a) (b) 

Figure 6. Principal stress distribution contour of the roadway’s surrounding rock when the road-

way excavation along the roof. (a) σ1 cloud. (b) σ3 cloud. 

To further analyze changes in the surrounding rock stress in the vertical direction 

and horizontal direction of the roadway when digging along the top, the measurement 

lines were arranged in the vertical direction and horizontal direction of the roadway cen-

ter, respectively, and the main stress change curve was obtained (Figure 7). In the hori-

zontal direction, σ1 and σ3 in the surrounding rock gradually decrease from the positive 

gang to the negative gang of the roadway. At approximately −30 m away from the positive 

gang of the roadway, σ1 and σ3 in the surrounding rocks reach the peak values of 67 MPa 

and 15 MPa, respectively, and the site is located below the residual coal pillar. Meanwhile, 

the ratio of σ1 and σ3 in the surrounding rocks can be found from in positive gang to the 

negative gang of the roadway. The ratios of σ1 and σ3 in the surrounding rocks gradually 

decrease from the positive to the negative gang of the roadway. From the vertical direc-

tion, σ1 and σ3 at the location of the roadway are small, while the principal stresses below 

the roadway are large, and the principal stresses at the location of the coal seam floor reach 

the peak; the ratio between σ1 and σ3 reaches the maximum at this moment. σ1 and σ3 at 

the roadway are about 9.5 MPa and 4.5 MPa, respectively. 

-40 -30 -20 -10 0 10 20 30
0

10

20

30

40

50

60

St
re
ss
（
MP
a）

Horizontal distance from the center of the tunnel（m）

 Maximum principal stress
 Minimum principal stress

 
-16 -14 -12 -10 -8 -6 -4 -2 0 2

4

6

8

10

12

14

16

18

20

S
t
r
e
s
s
 
(
M
P
a
)

Vertical distance from the center of the tunnel (m)

 Maximum principal stress
 Minimum principal stress

 
(a) (b) 

Figure 7. Changes in the principal stresses of the roadway’s surrounding rock when the roadway
excavation along the roof. (a) Horizontal direction. (b) Variation direction.

Figure 8 shows the cloud map of the plastic zone. In the figure, the range of different
color areas represents the range of the plastic zone. Each color distribution indicates the
damage form at the location, including shear damage, tension damage, and volume damage.
“n” in the figure represents the current state, and “p” represents the previously existing
state. As observed in the figure, the plastic zone of the roadway presents an asymmetric
distribution pattern, and the plastic zone of the positive gang of the roadway is larger in
scope due to the superposition and concentration of stress at the residual coal pillar, which
is connected with the plastic zone of the residual coal pillar. As the roadway is excavated
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along the top, the top plate of the roadway comprises rock, and the strength of the coal
seam is smaller than the strength of rock, so the range of plastic zone of the top plate of the
roadway is smaller than the two gangs and the bottom plate.
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Figure 8. Plastic zone distribution cloud map when the roadway excavation along the roof.

(2) Roadway excavation leaves top coal bottom coal
The horizontal distance between the roadway dug by the retained top coal and bottom

coal and the residual coal column of the overlying coal seam is 15.2 m, and the vertical
distance is about 15.4 m. According to the stress cloud diagram (Figure 9), σ1 and σ3 appear
in the residual coal column of the overlying coal seam, σ1 near the residual coal column of
the overlying coal seam is about 60–110 MPa, and σ3 is about 25–58 MPa. σ1 around the
roadway is about 8–16 MPa, and σ3 is about 0.3–5 MPa.
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Figure 9. Principal stress distribution contour of the roadway’s surrounding rock when the roadway
excavation leaves top coal bottom coal. (a) σ1 cloud. (b) σ3 cloud.

As observed in the main stress change curve (Figure 10), in the horizontal direction,
the maximum main stress and the minimum main stress increase and then decrease from
the residual coal pillar relative to the direction of the roadway. The peak stress appears at
the residual coal pillar; the further the location from the residual coal pillar, the smaller
the stress value and the smaller the stress ratio. From the upper and lower levels, the
further away from the bottom plate, the smaller σ1 and σ3 are, and the stress ratio also
decreases. Due to the influence of the residual coal pillar, the σ1 value decreases at the
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location of where the roadway’s layout increases, and σ1 at the location of the roadway roof
reaches the lowest point of the stage, and then, the maximum principal stress continues
the decreasing trend after a slight increase is inflicted by the influence of the residual coal
column of the upper coal seam. The maximum principal stress and the minimum principal
stress at the center position of the roadway are about 16.2 MPa and 6.2 MPa, respectively.
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Figure 10. Changes in the principal stresses of the roadway’s surrounding rock when the roadway 
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Figure 10. Changes in the principal stresses of the roadway’s surrounding rock when the roadway
excavation leaves top coal bottom coal. (a) Horizontal direction. (b) Variation direction.

According to the plastic zone distribution cloud map (Figure 11), the plastic zone of
the roadway is still asymmetrically distributed. The range is slightly smaller than the range
of the roadway when dug along the top, and the plastic zone of the roadway is connected
with the plastic zone of the residual coal column. The plastic zone mainly appears at the top
and negative gang of the roadway, while the plastic zone at the positive gang and bottom
of the roadway is smaller.
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(3) Roadway excavation along the floor
The horizontal distance between the roadway dug along the bottom and the resid-

ual coal column of the overlying coal seam is 15.2 m, and the vertical distance is about



Processes 2022, 10, 2471 10 of 23

20.4 m. According to the stress cloud diagram (Figure 12), σ1 and σ3 appear at the residual
coal column of the overlying coal seam, and σ1 near the residual coal column is about
70–110 MPa; σ3 is about 25–58 MPa. σ1 around the roadway is about 5–13 MPa, and σ3 is
about 0.8–2 MPa.
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Figure 12. Principal stress distribution contour of the roadway’s surrounding rock when the roadway
excavation along the floor. (a) σ1 cloud. (b) σ3 cloud.

This can be seen in the main stress variation curve (Figure 13). In the horizontal
direction, σ1 and σ3 increase and then decrease from the residual coal pillar to the direction
of the roadway, and the peak stress appears at the residual coal pillar. At the location away
from residual coal pillars, the smaller the stress value, the smaller the stress ratio. From the
vertical direction, at distances further from the bottom plate, σ1 and σ3 experience smaller
decreases, and the stress ratio also decreases. σ1 at the roadway is about 18.5 MPa, and σ3
is about 6.5 MPa.
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According to the plastic zone’s distribution cloud map (Figure 14), the plastic zone
of the roadway is not connected with the plastic zone at the residual coal pillar, and the
range of the plastic zone of the roadway obviously reduced the plastic zone. The maximum
damage depth is 6 m, and the plastic zone mainly appears at the top plate and positive
gang of the roadway.
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3.1.2. Roadways with Horizontal Layer Differences

(1) The coal column is 4 m
When the coal pillar is 4 m, the horizontal distance between the roadway and the

residual coal pillar is 31.85 m, and the vertical distance is about 18.5 m. According to
the stress cloud diagram (Figure 15), σ1 and σ3 appear at the residual coal column of the
overlying coal seam, and σ1 near the residual coal column is about 60–115 MPa. σ3 is about
22–60 MPa. σ1 around the roadway is about 5–18 MPa, and σ3 is about 0.4–1 MPa.
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distributed in the top plate and two gang positions. The bottom side has almost no plastic 
zone distributions, the roadway plastic zone in an independent state.

Figure 15. Principal stress distribution contour of the roadway’s surrounding rock when the coal
column is 4 m. (a) σ1 cloud. (b) σ3 cloud.

This can be seen in the main stress variation curve (Figure 16). In the horizontal
direction, σ1 and σ3 increase and then decrease from the residual coal pillar to the direction
of the roadway, and the peak stress appears at the residual coal pillar. At a location away
from residual coal pillars, the smaller the stress value, the smaller the stress ratio. From the
vertical direction, σ1 increases and then decreases as it moves away from the center of the
roadway, while σ3 gradually decreases. σ1 at the center of the roadway is about 13.5 MPa,
and σ3 is about 6 MPa.
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Figure 16. Changes in the principal stresses of the roadway’s surrounding rock when the coal col-
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Figure 16. Changes in the principal stresses of the roadway’s surrounding rock when the coal column
is 4 m. (a) Horizontal direction. (b) Variation direction.

According to the plastic zone distribution cloud map (Figure 17), the maximum
damage depth of the roadway plastic zone is 3 m. The range is small and is mainly
distributed in the top plate and two gang positions. The bottom side has almost no plastic
zone distributions, the roadway plastic zone in an independent state.
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Figure 17. Plastic zone distribution cloud map when the coal column is 4 m.

(2) The coal column is 8 m
When the coal column is 8 m, the horizontal distance from the residual coal column is

27.85 m and the vertical distance is about 18.5 m. According to the stress cloud diagram
(Figure 18), σ1 and σ3 appear at the residual coal column of the overlying coal seam, and
σ1 near the residual coal column is about 54–115 MPa; σ3 is about 25–59 MPa. σ1 around
the roadway is about 6–18 MPa, and σ3 is about 0.2–4 MPa.
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Figure 18. Principal stress distribution contour of the roadway’s surrounding rock when the coal
column is 8 m. (a) σ1 cloud. (b) σ3 cloud.

The stress change curve shows (Figure 19) that, along the horizontal direction, the
stress peak directly below the residual coal pillar is reached, and after moving away from
the residual coal pillar, σ1 and σ3 gradually decrease, and σ1/σ3 gradually decrease. Along
the vertical direction, σ1 first increases and then decreases as it moves away from the center
of the roadway, while σ3 gradually decreases. σ1 at the center of the roadway is about
14 MPa, and σ3 is about 6 MPa.
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Figure 19. Changes in the principal stresses of the roadway’s surrounding rock when the coal column
is 8 m. (a) Horizontal direction. (b) Variation direction.

According to the plastic zone’s distribution cloud map (Figure 20), the maximum
damage depth of the plastic zone of the roadway is 3.5 m, the range is slightly increased
than that of the 4 m coal pillar, and the distribution pattern is similar to that of the 4 m
coal pillar.

(3) The coal column is 15 m
When the coal column is 15 m, the horizontal distance from the residual coal column

is 20.85 m, and the vertical distance is about 18.5 m. According to the stress cloud diagram
(Figure 21), σ1 and σ3 appear at the residual coal column of the overlying coal seam, and
σ1 near the residual coal column is about 67–113 MPa; σ3 is about 26–59 MPa. σ1 around
the roadway is about 5–26 MPa, and σ3 is about 0.6–5 MPa.

The stress change curve shows (Figure 22) that along the horizontal direction, the
stress peak directly below the residual coal pillar is reached, and after moving away from
the residual coal pillar, σ1 and σ3 gradually decrease, and σ1/σ3 gradually decrease. Along
the vertical direction, σ1 first increases and then decreases as it moves away from the center
of the roadway, while σ3 gradually decreases. σ1 at the center of the roadway is about
15.6 MPa, and σ3 is about 6 MPa.
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According to the plastic zone distribution cloud map (Figure 23), the maximum
damage depth of the plastic zone of the roadway is 5.5 m, and the range further increases.
The distribution pattern is similar to those above the 4 m and 8 m coal pillars. When the
coal pillar’s size is 20 m, this condition is consistent with the situation of the roadway
dug along the bottom in the previous subsection, and it will not be repeated here. The
maximum depth of damage in the plastic zone of the roadway is 6 m, and the extent of the
plastic zone continues to grow.
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Figure 23. Plastic zone distribution cloud map when the coal column is 15 m.

(4) The coal column is 25 m
When the coal column is 25 m, the horizontal distance from the residual coal column

is 10.85 m, and the vertical distance is about 18.5 m. According to the stress cloud diagram
(Figure 24), σ1 and σ3 appear at the residual coal column of the overlying coal seam, and
σ1 near the residual coal column is about 65–110 MPa; σ3 is about 25–58 MPa. σ1 around
the roadway is about 4–25 MPa, and σ3 is about 0.4–6 MPa.
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The stress change curve shows (Figure 25) that along the horizontal direction, the stress
peak is reached directly below the residual coal pillar, and after moving away from the
residual coal pillar, σ1 and σ3 gradually decrease, and σ1/σ3 gradually decreases. Along
the vertical direction, σ1 first increases and then decreases as it moves away from the center
of the roadway, while σ3 gradually decreases. σ1 at the center of the roadway is about
21 MPa, and σ3 is about 7.5 MPa. σ1 and σ3 are in a constant state of growth.
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Figure 25. Changes in the principal stresses of the roadway’s surrounding rock when the coal column
is 25 m. (a) Horizontal direction. (b) Variation direction.

According to the plastic zone distribution cloud map (Figure 26), the maximum
damage depth of the plastic zone of the roadway is 7.5 m, the plastic zone appears with
an obvious butterfly shape, and the upper butterfly lobe’s development is obvious and is
mainly distributed at the top of the roadway and the positive gang. The lower butterfly
lobe’s development is smaller. The upper butterfly lobe points to the direction of the
residual coal pillar. The plastic zone of the roadway’s surrounding rock and the plastic
zone at the residual coal pillar are not yet connected.
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(5) Roadway dug directly below the residual coal pillar
When the roadway is located directly below the residual coal pillar, the vertical

distance from the residual coal pillar of the overlying coal seam is about 18.5 m. According
to the stress cloud diagram (Figure 27), σ1 and σ3 appear at the residual coal pillar of the
overlying coal seam, and σ1 near the overlying residual coal pillar is about 61–104 MPa,
and σ3 is about 22–50 MPa. σ1 around the roadway is about 5–24 MPa, and σ3 is about
0.4–7 MPa.
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According to the plastic zone’s distribution cloud map (Figure 29), the plastic zone 
of the roadway is connected with the plastic zone at the residual coal pillar. The plastic 
zone appears with an obvious butterfly shape, and the butterfly’s lobe development is 
obvious. the top plate of the roadway and the top angle position of the two helpers have 
a large ranged plastic zone. 

Figure 27. Principal stress distribution contour of the roadway’s surrounding rock when the roadway
dug directly below the residual coal pillar. (a) σ1 cloud. (b) σ3 cloud.

The stress change curve shows (Figure 28) that along the horizontal direction, the stress
peak is reached directly below the residual coal pillar, and after moving away from the
residual coal pillar, σ1 and σ3 gradually decrease, and σ1/σ3 gradually decreases. Along
the vertical direction, as the distance from the center of the roadway increases, σ1 gradually
increases, while σ3 gradually decreases. σ1 at the center of the roadway is about 41 MPa,
and σ3 is about 20 MPa, at which time both σ1 and σ3 reach their maximum values.
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According to the plastic zone’s distribution cloud map (Figure 29), the plastic zone 

of the roadway is connected with the plastic zone at the residual coal pillar. The plastic 

zone appears with an obvious butterfly shape, and the butterfly’s lobe development is 

obvious. the top plate of the roadway and the top angle position of the two helpers have 

a large ranged plastic zone. 

Figure 28. Changes in the principal stresses of the roadway’s surrounding rock when the roadway
dug directly below the residual coal pillar. (a) Horizontal direction. (b) Variation direction.

According to the plastic zone’s distribution cloud map (Figure 29), the plastic zone of
the roadway is connected with the plastic zone at the residual coal pillar. The plastic zone
appears with an obvious butterfly shape, and the butterfly’s lobe development is obvious.
the top plate of the roadway and the top angle position of the two helpers have a large
ranged plastic zone.
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Figure 29. Plastic zone distribution cloud map when the roadway dug directly below the residual
coal pillar.

3.2. Deformation Law and Evolution of the Surrounding Rock of the Roadway under
Different Positions

Figure 30 shows the cloud map of the deformation of the surrounding rock of the
roadway at different locations. According to the cloud map’s data (Figure 31), the deforma-
tion curves of the surrounding rock of the roadway at different locations are drawn. When
conducting an analysis along the vertical layer, the deformation volume of the roadway
dug along the bottom slab is the largest, the deformation of the surrounding rock mainly
appears in the positive gang and the top slab of the roadway, and the deformation of the
positive gang of the roadway is about 27 mm. The deformation of the top slab is about
28 mm, and the deformation of the negative gang is smaller at about 13 mm. The bottom
slab has almost no deformations at about 6 mm. When conducting an analysis along the
horizontal layer, the deformation of the surrounding rock mainly occurs at the top plate and
the negative gang of the roadway, and the bottom plate also has some deformations. The
maximum deformation of the top plate of the roadway is about 140 mm, the deformation
of the positive and negative helpers of the roadway is about 130 mm, and the deformation
of the bottom plate is about 30 mm.
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Figure 31. Deformation curves of the roadway’s surrounding rock at different locations.  

3.3. Analysis of Results 

According to Figure 32, when the horizontal distance of the roadway from the resid-

ual coal pillar remains unchanged, the deformation of the roadway excavation along the 

Figure 30. Deformation cloud diagram of the roadway’s surrounding rock at different locations.
(a) Roadway excavation along the roof. (b) Roadway excavation leaves: top coal bottom coal.
(c) Roadway excavation along the floor. (d) The coal column is 4 m. (e) The coal column is 8 m.
(f) The coal column is 15 m. (g) The coal column is 25 m. (h) Roadway dug directly below the residual
coal pillar.
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3.3. Analysis of Results

According to Figure 32, when the horizontal distance of the roadway from the residual
coal pillar remains unchanged, the deformation of the roadway excavation along the floor is
the largest, which is 27 mm, and the deformation mainly occurs in the secondary gang and
the top slab. When the roadway is dug along the top and left top bottom coal boring, the
plastic zone of the roadway’s surrounding rock is much larger than the range of the plastic
zone when the roadway is dug along the bottom, which indicates that the deformation
of the surrounding rock is smaller, and the roadway is more stable when the roadway is
arranged along the top. However, based on the fact that the mine is mined by the caving
mining method, the roadway’s layout should be located in the middle and lower positions
of the coal seam.
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When the vertical direction of the roadway remains unchanged, the deformation of
the roadway and the range of the plastic zone increase with the increase in the size of the
left coal pillar. When the roadway is arranged directly below the residual coal pillar, the
deformation of the roadway reaches the maximum, the maximum deformation of the top
plate of the roadway reaches 140 mm. The deformation of the two helpers also reaches
130 mm, and the plastic zone is connected with the plastic zone of the residual coal pillar.
This indicates that this location is most prominently affected by the concentrated stress of
the residual coal pillar, and the roadway’s stability is poor. With the comprehensive analysis
conducted above, in the process mining a close coal seam group, the stress influence of
residual coal column on the roadway is reduced and can effectively improve the stability of
the roadway.

4. Discussion

For the analysis of roadway deformation variables, distinct from the long-term dis-
placement monitoring methods used in the past [22], short-term surface displacement
monitoring methods were used in this study to analyze roadway deformation variables.
Long-term displacement monitoring methods can measure the deformation of the roadway
more accurately, and air can be used to analyze the deformation and damage law of the
roadway with a large amount of long-term data to obtain more accurate information on the
deformation and damage mechanisms of the roadway. However, in the actual production
process, when the roadway experiences excessive deformation or even closure, short-term
surface displacement monitoring methods can be used to analyze the damage pattern
of the roadway. Combined with the geological environments in which the roadway is
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located, it is clear that in the non-uniform stress field, the roadway exhibits asymmetric
damage morphologies.

In order to guarantee the stability of the roadway and to improve the support efficiency,
FLAC3D numerical simulation software was used to establish a numerical model for the
multi-point roadway arrangement, and the main stress values, the ratio of main stresses, the
deformation variables of the roadway, and the connectivity between the roadway and the
plastic zone of the residual coal column were analyzed in detail from different directions.
In previous studies, the connectivity of the plastic zone was not used as a criterion for mea-
suring the stability of the roadway [32–35]. However, in the actual production operation,
the plastic zone of the residual coal pillar is the damage range of the surrounding rock. If
the roadway and the plastic zone of the residual coal pillar appear in a superimposed area,
then it will seriously affect the support of the roadway and cannot guarantee the stability of
the roadway. In this study, the above factors were analyzed and combined with the mining
processes adopted by the coal mine. It is proposed that, in the context of this type of project,
the layout of the roadway in the middle and lower positions of the coal seam and the use
of small coal pillars can guarantee the stability of the roadway.

5. Conclusions

In this paper, the deformation volume and deformation characteristics of the return
airway of 30503 in Tashan mine were analyzed. We conducted short-term surface displace-
ment monitoring by using field testing and determined the existence of the asymmetric
damage morphology of the roadway and established a roadway layout optimization model
by means of numerical simulations for the actual engineering situation of the working
face. We also analyzed the main stress magnitude and the plastic zone morphology of the
roadway for eight groups at different positions. The study showed the following.

(1) Via surface displacement observations, it can be seen that the 30503 working
face return roadway experienced large deformations within a short period of time, and
the two gangs’ displacement is obviously larger than the top plate’s displacement. At
the same measurement point position, the two gangs’ displacement and the top plate’s
displacement also has obvious differences. The roadway exhibits obvious non-uniform
damage phenomena.

(2) The residual coal pillar of the overlying coal seam affects the stress environment
of the lower coal seam roadway due to the stress from its own weight. The change in the
roadway’s layout position has little effect on the trend of the main stress curve of the lower
coal seam, and the peaks of σ1 and σ3 in the horizontal direction appear at the residual coal
pillar. σ1 and σ3 and σ1/σ3 are smaller at the position far from the residual coal pillar.

(3) As the coal mine is mined by releasing the top coal, the arrangement of the roadway
in the vertical direction should be in the middle and lower positions of the coal seam.
Although the distribution of the plastic zone along the bottom of the roadway is small, its
roadway’s deformation variable is larger. In order to guarantee the stability of the roadway,
the roadway should be arranged in the middle position of the coal seam.

(4) When the coal column left in the lower coal seam’s roadway is 4 m, the maximum
deformation of the roadway’s surrounding rock is the smallest. At this time, the roadway is
farthest away from the residual coal column of the overlying coal seam and is least affected
by its stress; therefore, during the mining process of the coal seam group, the roadway
is arranged as a small coal column (far away from the residual coal column), which can
effectively improve the stability of the roadway.
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