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Abstract: To reveal the deformation and failure law of the gob-side roadway (GSR) and the main
influencing factors in close extra-thick coal seams, the research methods of field monitoring, theoreti-
cal analysis, and numerical simulation are adopted in this paper. Field monitoring data shows that
microseismic events occur and accumulate frequently in the surrounding rock and some overlying
key layers of the GSR. Large deformation is experienced in the middle part of roadway near the solid
coal side, the middle and upper parts of the roadway near the coal pillar side, and the roadway floor.
The overlying strata of the GSR are fractured to form a composite structure as “low-level cantilever
beam and high-level masonry beam”. The coal pillar is squeezed and effected by the composite beam
structure and the rotation moment M, causing serious bulge in middle and upper part of the coal
pillar side. The stability of the solid coal side of the roadway is affected by the stress transferred from
gangue contact point. Numerical simulation shows that the immediate roof and key layer breakage
are induced by the mining of the 30,501 working face. Shear and tension failures happen in the GSR
due to overburden subsidence and rotary extrusion. The stress and displacement at the middle and
upper of the roadway on the coal pillar side are larger than the other area. Compared with the solid
coal side, the coal on the coal pillar side is obviously more fractured, with a lower bearing capacity.
The peak stress in the coal pillar shows up 2 m away from the roadway, which is close to the length
of bolt support. The mining-induced stress and the stress transferred from gangue contact point are
the direct reasons for solid coal bulge beside the roadway. The peak stress on the solid coal side is
located 7 m away from the roadway, at the gangue contact point where overburden fractures. The
overburden strata loads and the transferred stress near the gangue contact point are transferred from
the sides to the roadway floor. Their coupling effect with the in situ horizontal stress acts as the force
source for the plastic floor heave.

Keywords: near coal seams; gob-side roadway; microseismicity; overburden fracture; roadway
deformation

1. Introduction

With the increasing demands of coal resources and the construction of resource-saving
coal mines, the implementation of narrow coal pillars to arrange working faces has become
a more popular choice of more mines [1-3]. However, large deformation and damage of
the GSR has also become a large problem, plaguing safe production in mines, especially for
close extra-thick coal seams.

Researchers have carried out a lot of research on the deformation and damage laws of
GSRs and achieved fruitful results. Yang et al. [4] studied the bearing capacity of narrow
coal pillars in the GSR during the process of mining by combining SMP criterion and
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numerical simulation. Wang et al. [5] studied the fracturing law of overburden during the
process of multi-coal mining to determine the relationship between overburden structure
failure and GSR deformation using UDEC simulation. Xu et al. [6] analyzed the damage
characteristics of the GSR during fully-mechanized caving mining. They concluded that
the non-uniform stress distribution during mining is the direct reason for the asymmetric
roadway deformation and damage. Liu et al. [7] analyzed the failure mechanism and
control technology of the GSR retaining in a short-distance coal seam. The damage and
separation of the roof are the main causes of roadway instability. He et al. [8] researched
the surrounding rock deformation mechanism during reuse of the gob side entry, and
concluded that the surrounding rock failure is mainly affected by the advance abutment
pressure. Shi et al. [9] researched the stability of surrounding rock in GSR driving in a deep
and thick seam and concluded that the displacement and plastic zone of the surrounding
rock of the straight wall semi-circular arch roadway are smaller than the corresponding
deformation value of the surrounding rock of the rectangular roadway. Xiong et al. [10]
put forward a concept of cyclic damage of the GSR in inclined coal seams, which was
verified using numerical simulation. Wang et al. [11], Ma et al. [12], and Gao et al. [13]
simulated the stress field, displacement, and plastic zone distribution of rock surrounding
roadway when mining coal pillars with different widths. Wang et al. [14] analyzed the
relationship between GSR damage and the basic roof fracturing location. They proposed
that the roadway stability has a direct relationship with the breaking location of the key
block. Additionally, the breaking laws of key blocks were analyzed with the roadway
arranged at different positions during the face mining. Mo et al. [15] considered that the
strength difference of the surrounding rock would impact the roadway and proposed that
the displacement and failure mode of the surrounding rock were sensitive to deformation
modulus. Li et al. [16] studied the relationship of in situ stress with roadway deformation
and failure and proposed that the roadway layout should be parallel to the maximum
horizontal stress. They believed that the concentrated stress at the top corner of the working
face should be reduced in advance and the coal seam should be reinforced immediately
after excavation. Zhao et al. [17] established a mechanical model of overburden strata
on the GSR at the full-mechanized caving face in extra-thick coal seams. The mechanical
source of the asymmetric failure of the GSR roof was obtained. Hua et al. [18] reported the
mechanical connection between the roadway roof and the gob side roof and obtained the
roadway stability mechanism and main roof stability criterion under the dynamic static
coupling effect. Zhang et al. [19] studied the deformation and failure law of the GSR in
deep mining condition and determined that the face mining and the coal damage are the
direct causes of roadway deformation and damage. Guo et al. [20] studied the deformation
characteristic of surrounding rock in GSR retaining formed automatically, and determined
that the length of roof suspension is the main factor for stress distribution and deformation
of the surrounding rock. Zha et al. [21] analyzed the deformation and failure characteristics
of the rock surrounding the GSR with narrow coal pillars. The reasonable coal pillar
size and roadway excavation time after mining were obtained. They also put forward
surrounding rock control technology and effective roadway-side sealing technology. Zhou
et al. [22] aimed at the stability of the floor, established a mechanical model to analyze
the stability of the roadway floor heave by analogy with the basement heave of the deep
foundation pit. It provides a model reference for analyzing the problem of roadway floor
heave. Li et al. [23] researched the distribution of in situ stress in a deep roadway by
adopting the combination of the stress measurement and comprehensive experimental
research method and concluded that the horizontal stress is the key factor for determining
the failure depth of the floor. Li et al. [24], Liu et al. [25], Zhang et al. [26], and Xue et al. [27]
pointed out that the high stress, low bearing capacity of surrounding rocks and the existing
support system are not effective to restrain the rock weathering, which are direct reasons
for strength weakening in the deep roadway during the mining process. They proposed
that using grouting and high-strength anchor support is an effective measure to ensure
roadway stability.
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To sum up, our predecessors carried out a lot of research on the deformation and
damage laws of GSRs. However, the deformation and failure laws of GSRs and the main
influencing factors in close extra-thick coal seams are not clearly revealed.

In this study, a typical GSR of the 30,503 working face in Tashan Coal Mine was inves-
tigated to determine deformation and failure characteristics of the GSR via field measure-
ment, theoretical analysis, as well as numerical simulation. The structural characteristics of
overburden and its influence on the stress and displacement fields of surrounding rock are
obtained. The deformation and failure laws of the GSR and the main influencing factors
are revealed. The research results could lay a theoretical foundation for the stability control
of the GSR in similar mining conditions.

2. Engineering Background and Roadway Deformation Characteristics
2.1. Temporal and Spatial Evolution Laws of Microseismic Events

#3-5 coal seam of Tashan Coal Mine is extra-thick coal seam, with an average burial
depth of 435 m. The Coal Mine is located in Yungang District, Datong City, Shanxi Province,
China. The mine field area is 8.146 km?. The layout of the working face and roadway is
shown in Figure 1 (for more details about engineering background please refer to Zhao
et al. 2022 [28]). The 30,503 working face passed through the filled roadway on 19 January
2021. To determine the damage characteristics of the GSR before and when the working
face passed through the filled roadway, the microseismic monitoring data during these
periods were analyzed. The temporal-spatial distribution law of microseismic events near
the GSR are shown in Figures 2 and 3. Orlecka-Sikor reported that the concentration area
of microseismic events is mainly the stress concentration area [29]. It can be seen from
the plan distribution of microseismic events in Figure 2 that the frequency and energy of
microseismic events increase significantly as the working face is near the filled roadway,
and they are more concentrated near the GSR. This indicates that mining towards the filled
roadway area led to the increasing of stress concentration and damage on the gob side.
The sectional distribution of microseismic events is shown in Figure 3; the events increase
significantly and their range expands along the strike obviously as the work faces get closer
to filled roadway, indicating higher mining-induced stress when the working face passed
through the filled roadway.

| Residual coal pillar |
3m][, 10,203 gob KY 10201 gob " K % i 7

A 1 |

30,503 gob-

Filled roadway side roadway

14m 30,503 working face ) L
Repaired oy
roadway \ [0S

15m

Figure 1. Layout of the 30,503 working face [28].

The overlying microseismic events of the GSR are mainly concentrated in the range
100 m above the coal seam floor. The key layer with thickness of 51 m has frequent fracturing
events. The accumulation and frequency of microseismic events in the surrounding GSR,
roof, and floor of the adjacent roadway indicate that the area is in a high stress concentration
area, which could be the direct cause of large deformation of the roadway.
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Figure 2. Microseismic events distribution before and during the working face passes through the
filled roadway:.
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Figure 3. Microseismic events distribution before and during the working face passes through the
filled roadway. Blue dotted line is the location of filled roadway.

2.2. Deformation and Damage Characteristics of the Roadway

As shown in Figure 4, the on-site observation shows that the 30,503 working face of
the GSR is severely affected by mining. The deformation of the middle part of the solid
coal side, the middle and upper part of the coal pillar side, and the bottom of the roadway
are considerably large. During mining the 30,503 working face, the GSR received relatively
serious deformation and damage. Floor heave begins to appear on the floor within 200 m
in front of the working face, reaching 0.5-0.7 m relevant height, causing the concrete laid
on the floor to crack. After the roadway floor is repaired, the amount of heave on the floor
continuously increases as the working face gets closer. Both sides of the roadway have
serious bulge, and the deformation for the middle and upper part of the coal pillar side is
more dramatic compared with the solid coal roadside. Although the roadway is supported
by bolts, the large pressure still causes the roadway sides to fracture, and embeds bolts and
anchor cable trays in the coal seam.

The 30,503 working face of Tashan Coal Mine was mined to the filled road area on
19 January 2021. The deformation data of the two roadsides before and after the working
face passes through the filled roadway were monitored to reveal the influence of the filled
roadway on the deformation and damage of the GSR, and the results are shown in Figure 5.
The maximum deformation of the two sides of GSR is 200 mm before the working face
passes through the filled roadway, and the maximum deformation of the GSR is 660 mm
when mining to the corresponding area of the filled roadway. It means that the existence of
the filled roadway affects the stability of the GSR in the process of coal seam mining. The
support strength should be increased in the area where the filled roadway exists.
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(b) Solid coal side bulge

Figure 4. Deformation and damage characteristics of GSR.
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Figure 5. Displacement of two sides of the GSR at different monitoring days.

3. Mechanical Analysis of the Influence of Overburden Structure on the
Roadway Stability

3.1. Fracturing Law of Overburden Structure of GSR under Repeated Mining

#3-5 coal seam of the Tashan Coal Mine is typical close extra-thick coal seams. Its
distance to the gob of overlying #2 coal seam is only 4.6 m. Since the mining thickness of
#3-5 coal seams in one step is 14 m, the gob is greatly increased compared with the #2 coal
seam. Therefore, the structural stability of strata overlying the GSR under repeated mining
needs to be explored.

There is a 7.9 m thick low-level old roof and a 51.2 m thick high-level old roof overlying
the Tashan Coal Mine from borehole histograms. After the #2 coal seam was mined, the low-
level old roof was fractured to form a masonry beam structure. After the 30,501 working
face is mined, whether the low-level old roof can form a stable structure can be assessed
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by Formula (1). When the condition is met, the structure can be formed as a cantilever
beam [30]:
A > Amax (1)

where A is the rotation amount after the rock strata is broken, Amax is the limit rotation
required for the breaking block of the key layer to be hinged to form a stable “masonry
beam” structure.

ql?
kho,

A=M(1—pu)=Y hi(Kp—1) > Apax = h — ()
where ) /i; is immediate roof thickness, Ky, is rock fragmentation expansion coefficient, 1
is the thickness of broken rock stratum, k is dimensionless coefficient, ! is periodic step
distance of rocks, o is compressive strength of rock, u is coal caving loss rate, M is coal
seam thickness, g is overburden load, 4 = AH, A is unit weight of rock, H is burial depth
of rock.

According to the measured data of Tashan Coal Mine, M; is 14 m, }_h; is 18.19 m, K,
is 1.2, p is 15%, the periodic step distance of the low-lever old roof is measured to be 19.8 m,
qis 10,625 KN/m3 and ¢ is 76 MPa. The above parameters are substituted to Formula (1),
A =644 m, Apax = 5.33 m. It shows A > Apax to satisfy Formula (1). Therefore, the low-
level old roof is broken to form a cantilever beam structure when the #3-5 coal seams are
mined. The same theoretical calculation is used to get the rotation amount of the high-level
old roof is 2.3 m, which is less than the maximum rotation amount of 3.6 m, forming a
hinged masonry beam structure. From this, when the #2 coal seam and the 30,501 working
face are mined, the overlying strata of the 30,503 GSR will form a “low-level cantilever
beam and high-level masonry beam”.

The breaking law of overlying rocks when the #2 and #3-5 coal seams are mined
separately is analyzed to further determine the fracture law of the overlying high and low
old roofs in the GSR under the influence of repeated mining. Firstly, the limit equilibrium
theory is used to calculate the distance X between the broken position of the low-level old
roof and the coal wall of the working face, when the #2 coal seam is mined [31]:

My A KfyH’ + Cp/ tan @g
2tan g Co/tang00+P0/A

Xo = ] ®)
where, My is coal seam mining height, -y is unit weight, A is coefficient of lateral pressure,
@ is internal friction angle, K is stress concentration coefficient, Cy is cohesion, H’ is mining
depth. Py is the support resistance of the support on the upper section level roadway to the
lower side.

Combined with the field measured data and Formula (3), it is calculated that the
breaking position of the low-level old roof after mining the #2 coal seam is 4.6 m away from
the coal wall of the 10,201 gob. The corresponding position of gangue contact point after
the breaking of the key block B on the low-level old roof is 15.2 m away from the remaining
coal pillars, 26.8 m horizontally away from the 30,501 gob, and 13.8-18.8 m away from
the 30,503 GSR. The remaining coal pillar is 28 m away from the narrow coal pillar of the
GSR. The broken length of the low old roof is 19.8 m. When the key block of the low old
roof fails, the failure position between block C and the adjacent block is 7 m away from
the 30,501 gob, located 1 m above the narrow coal pillar with width 8 m and close to the
roadway side. The remaining rock blocks with a distance of 12.8 m or shorter will form a
cantilever beam structure. Because the narrow coal pillar is affected by the fracture position
of the low cantilever beam, stress concentration can be formed on the coal pillar, which will
lead to greater damage to the coal pillar. The schematic diagram of the broken structure of
the low-level old roof is shown in Figure 6.
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Figure 6. Sectional diagram of the rock layer overlying the GSR after the low-level old roof is broken.

The same calculation method is used to calculate that after mining the 30,501 working
face, the periodic breaking length of the high-level old roof is 45.2 m, and the breaking
position is 22 m away from the coal wall of the 30,501 gob. The corresponding position of
the gangue contact point is 20 m away from the remaining coal pillar and 7-12 m away
from the 30,503 GSR after the key block of the high-level old roof is broken. The distance
between the breaking point of the high-level old roof and the gangue contact point on
the low-level old roof is only 4.8m, according to theoretical calculation results. After the
high-level rock beam breaks and sinks, part of the load acts on the gangue contact point,
and the other part acts on the coal pillar, roof, and solid coal of the GSR. The load acting
on the coal pillar will cause the roadway to deform. The stress around the gangue contact
point will be concentrated and transferred to the #3-5 coal seams. The schematic diagram
for the overlying rock layer of the GSR after the high-level old roof is broken is shown in
Figure 7.

Breaking

Y

L L L e

e e
=R e un it un it

et et e e

Gob-side
roadway

Figure 7. Schematic diagram of rock structure overlying GSR under repeated mining.

When the high-level old roof breaks and sinks on the lower cantilever beam, the
cantilever beam will rotate under compressive stress and transfer a part of stress to the
lower coal pillar. Combined with the research results of Qu et al. [32], when the high-level
old roof breaks and sinks, the coal pillar is not only squeezed by overlying strata, but also
is acted upon by the rotational moment M, as shown in Figure 7. The middle and upper
part of the coal pillar are more obviously affected by the moment M, which is an important
reason for the bulge of the middle and upper part of the coal pillar beside the GSR.

3.2. Stress Transfer Characteristics of Contact Gangue Point under the Action of
Overburden Structure

According to the breaking law of overlying stratum of the GSR, the surrounding rock
of the adjacent roadway is subject to the compressive stress of the high and low level old
roof breaking on the coal body at the solid coal side and the high stress at the gangue
contact point after the high and low level old roof breaking. The maximum transferred
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stress at the contact gangue point where the old roof is broken can be calculated by the
following formula [32]:

{y(4H —2L)[2Ltana + (H — L/2) tana] 4+ 2yL? tana
4(a+hcos gtan(6 + ¢) — hsin @) tan? a

Omax = (4)
where, a is the width of the coal pillar, / is the thickness of the middle layer between the
#2 coal seam and the #3-5 coal seams, ¢ is the inclination angle of the coal seams, « is the
gangue angle, L is the inclination length of the gob, and 6 is the stress transferring angle.

The length of the stress transferring area at the gangue contact point is r. Taking the
coal wall of the 30,501 gob on the right as the starting point, the stress transfer angle 6 is
shown in Figure 8. The transferred stress continues to increase from 0 on both sides of the
contact gangue point and reach to the maximum value o,y at the contact gangue point.
The length 7 can be calculated through the model.

r=a+hcos¢tan(6 + ¢) — hsin ¢ (5)

Breaking position

AT
R e e R e R AR

Low-level
old roof

Gob-side
roadwa

Figure 8. Sectional diagram of the stress transfer model at the contact gangue point.

According to the actual situation of the Tashan Coal Mine, the vertical distance between
the #2 coal seam and the #3-5 coal seam is 4.6 m, the width of the narrow coal pillar is 8.0 m,
6 is 30°, the dip angle of the coal seam ¢ is 2°. According to existing research results [32],
the gangue angle « is 75° and the rock fracture angle  is 84°. The above data are substituted
into Equations (4) and (5) to obtain o,y at the contact gangue point is 23.74 MPa and r is
10.5 m. Combined with theoretical analysis, the breaking position of the old roof is 7-12 m
away from the GSR, and the influence range of the contact gangue point stress is 10.5 m.
Therefore, the transfer stress of the contact gangue point can affect the stability of the GSR
after the high-level old roof breaks and touches the gangue.

Section 2.1 concluded that microseismic events occur frequently in the high and low-
level old roof area above the GSR. The failure area of the high and low-level old roof
obtained from the theoretical analysis is basically consistent with the microseismic event
gathering area monitored on site, which verifies the accuracy of the theoretical analysis
results. Simultaneously, the field monitoring shows that the upper and middle part of the
coal pillar side of the roadway are seriously bulged compared to other areas, which further
verifies the theoretical analysis that the composite structure of low-level cantilever beam
and high-level masonry beam squeezed these areas. The stress transferring at the gangue
contact point is the main reason for side wall bulge on the solid coal side in the field.

4. Numerical Simulation Research on Deformation and Damage Law of GSR in Close
Extra-Thick Coal Seams

4.1. Model Construction and Research Plan
The numerical model is established in FLAC3D modelling software, taking the geo-

logical conditions of the Tashan Coal Mine as the engineering background, as shown in
Figure 9. The model size is 640 m x 400 m x 130 m (XYZ), with 530,504 grids. The model
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uses hexahedral mesh. For more details about numerical model and boundary conditions,
please refer to Zhao et al. 2022 [28].

(a) Numerical model

130

X

50 163 300 320 364 520 560 640
(b) Sectional view of the model
Figure 9. Numerical model.

The Mohr-Coulomb constitutive model [33] is used to reveal the deformation and
damage law of the GSR in the close extra-thick coal seams. The physical and mechanical
parameters used in the numerical model are from the experimental results of the coal and
rock sample in the Tashan Mine [28].

To reflect actual mining conditions, the following mining sequence is simulated: (1) the
30,501 working face is mined with the historical mining sequence of the working face. The
stress field and plastic zone of surrounding rock of the GSR of the 30,503 working face
are analyzed before mining. (2) The impact of mining on the 30,503 working face stability
is studied.

4.2. Distribution Laws of Stress Field and Plastic Zone Surrounding Roadway after
GSR Excavation

Modelled excavation is carried out according to the actual mining sequence. The
modelled roadway supports are consistent with the actual mine support method. The
distribution laws of the stress field and plastic zone for rocks surrounding the GSR after
GSR excavation are shown in Figures 10 and 11. As can be seen in Figure 10, the stress in
the remaining coal pillar area of the overlying #2 coal seam is highly concentrated, and
transferred the stress to the low-level coal mass and upper overlying stratums, with a
maximum value of 47 MPa. The main reason for the stress concentration in the coal pillar
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area is that after the coal masses on the left and right sides of the coal pillar are mined, the
overlying strata are in a suspended state, and the overlying stratum is mainly supported
by the remaining coal pillars. It can be seen from Figure 11, under the compressive stress
of overlying strata, the coal pillar undergoes obvious shear failure, which extends to the
lower coal seams. The coal and rock mass near the GSR is affected by the overlying #2 coal
seam. The mining of the right side of the 30,501 working face led to obvious pressure relief.
Simultaneously, due to the mining of the 30,501 working face on the right side of the GSR,
the 4.6 m-thick immediate roof collapsed and drove waste rocks from the mining settlement
of the #2 coal seam to further collapse. Moreover, overlying sandstones with 51 m thick also
fractured integrally to act on gob and narrow coal pillar. At this time, narrow coal pillars are
the main support point of the overlying strata. Under the overlying rock subsidence and
rotary extrusion, the stress in the narrow coal pillar area of the #3-5 coal seams increases
with a maximum of 17 MPa in the junction area between the cantilever beam and the
coal mass. The stress extends to the middle and upper area of the GSR. Shearing and
tensioning damage occurred in the GSR due to the subsidence and rotary extrusion of
overlying strata. The subsidence and extrusion of overlying key blocks on the coal pillar
side is the main reason for the plastic failure of the side, as well as an important cause for
the heave occurring in the middle and upper part of the coal pillar side, as obtained in
Section 3.1. The vertical stress transmitted by the key blocks acts on the solid coal and coal
pillars, which becomes a crucial cause of the floor heave. Based on the above analysis, it
can be seen that after the adjacent working faces are mined, the squeezing effect after the
key blocks above the GSR sank and broke is an important reason for the deformation and
failure of the surrounding rock of the roadway.

FLAC3D 5.00

©2012 Itasca Consulting Group, Inc.

Contour of ZZ-Stress
Plane: on

Calculated by: Volumetric Averaging
6.4650E+05
0.0000E+00
-2.5000E+06
-5.0000E+06
-7.5000E+06
-1.0000E+07
-1.2500E+07
-1.5000E+07
-1.7500E+07
-2.0000E+07
-2.2500E+07
-2.5000E+07
-2.7500E+07
-3.0000E+07
-3.2500E+07

-3.5000E+07

-3.7500E+07

-4.0000E+07

-4 2500E+07

-4 5000E+07

-4.6987E+07

Figure 10. Stress contour of surrounding rocks after GSR excavation.

4.3. Influence Law of Mining Action on Stability of GSR in 30,503 Working Face
4.3.1. Variation Law of Advanced Support Pressure under the Influence of Mining

The field measurement shows that the advanced support pressure is one of the main
reasons for the deformation and damage of the rock surrounding the GSR. Figure 12a shows
the advanced support pressure distribution in the middle of the coal seams under different
mining distances of the 30,503 working face. Figure 12a indicates that there are three stress
peaks. The left and right peaks correspond to the stop mining line of overlying coal seam
#2 and the open-off cut corresponds to the remaining coal body area, and the middle is the
advanced support pressure peak area. When the 30,503 working face is mined 60 m, 80 m,
90 m, 100 m, and 110 m, respectively, the peaks of the advanced support pressure were
20 MP, 28 MPa, 31.2 MPa, 31 MPa, and 29 MPa, respectively. Stress peaks basically occur at
the position 20 m ahead of the working face. When the working face is mined to 90-100 m,
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the advanced support pressure reaches the peak value, which means the working face has
been fully mined. When mining to 100 m, the peak value in vertical stress distribution
(Figure 12b) and the plastic zone distribution (Figure 12c¢) are also basically located at the
position of 20 m ahead of the working face.
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A total of six monitoring lines were arranged along the working face on the solid
coal and coal pillar sides of the GSR, to further reveal the influence of mining the 30,503
working face on the surrounding rock stability of the GSR. The monitoring lines on the
solid coal side are arranged 2 m away from the roadway with an interval of 2 m as lines 1,

2, and 3 sequentially from inside to outside. The coal pillar side is arranged similarly, as
shown in Figure 13.

Figure 13. Layout of monitoring lines in two sides of the GSR. Different colors represent different
coal and rock beds.

The vertical stress distribution of two roadway sides at different mining distances is
simulated as shown in Figures 14-16:
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Figure 14. Vertical stress distribution when mining at 60 m.
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Figure 16. Vertical stress distribution when mining at 100 m.

The advance support pressure on the solid coal side of the roadway changes with the
continuous advance of the mining face. When the working face is at 60 m, 80 m, and 100 m,
respectively, the peak values of the advance support pressure are 21.6 MP, 29.3 MPa, and
39.1 MPa, respectively. With the advance of the working face, the stress peaks basically
appear about 20 m in front of the working face, and the stress peaks also increase with the
mining length. This is mainly due to the mining of the working face in the proximity of
the 30,501 gob. Under the coupling action of the advanced bearing pressure and the lateral
bearing pressure, the stress peak value increases continuously.

Comparing supporting pressures on the coal pillar side of the roadway under different
mining distances, it can be seen that when the working face is at 60 and 80 m, the distri-
bution trend of the supporting pressure is similar. The peak value of the bearing pressure
on the coal pillar is stable at 12.1-15.2 MPa. However, when the working face is mined to
100 m, the peak support pressure is 18.5 MPa. The support pressure on the monitoring line
6 near the gob basically does not change, indicating that the coal in this area is very broken.
The supporting pressures along the survey line 4 and line 5 have the increase of 2.77 MPa
and 3.7 MPa, respectively, compared with that when the mining is at 80 m. This indicates
that the compression effect from the overlying strata on the coal pillar near the gob is more
dominant due to mining, which is in line with the theoretical analysis results.

The advanced support pressure variation in two sides of the roadway during mining
shows that the peak value basically appears at about 20 m ahead of the working face. Also,
the coal on the coal pillar side is significantly more broken than the solid coal side with
lower carrying capacity. Within 8 m of the solid coal side, the coal body is more broken as
it is closer to the roadway side and the coal pillar is more fragmented as it is closer to the
gob. This is an important cause for roadway side walls bulging during mining.

4.3.2. Stress Distribution around the Roadway during Mining

Monitoring lines are arranged surrounding the roadway to further quantify the stress
changes of the two sides and the floor of the roadway during mining. The length of the
two-side monitoring lines is 8 m. Line A starts parallel to the roof. A total of eight lines are
arranged with 1 m interval. Four 6 m long monitoring lines are arranged in the floor with
an interval of 1 m. The layout of the monitoring lines is shown in Figure 17. The simulated
working face is mined 100 m forward and the stress distribution law on the monitoring
section at 0, 20, and 30 m ahead of the working face is extracted. The results are shown
in Figure 18.
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Figure 18. Monitored vertical stresses around the GSR. (a) 0 m ahead of the working face, (b) 20 m
ahead of the working face, (c) 30 m ahead of the working face.

Figure 18 shows when the distance of mining to the working face is 100 m, the stress
changing trend within 20 m ahead of the working face in solid coal side is basically the
same, and its bearing capacity increases as it moves away from the roadway and its peak
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shows up at 7 m away from the roadway. The peak position is close to the theoretical
calculation result in Section 3.1 located at the gangue contact point. The rise of the stress
in solid coal side at an advance of 30 m is significantly lower than that within 20 m. It
can be seen that the range of 20 m ahead of working face is the main mining affected area.
Figure 18 shows that the peak stress on the coal pillar side within 30 m of the working
face appears at 2 m near the roadway. 2.2 m bolts have been used for the two sides of
roadway. The protection range is just in the peak stress range of the coal pillar side, which
is an important reason for the damage and the bulge of bolts on the coal pillar side. The
breaking position of the low-level old roof is 1 m away from the coal pillar, as calculated in
Section 3.1. The numerical simulation is similar with the theoretical results. It can be seen
from the stress distribution within 30 m, the peak stress in the roadway sidewall on the
coal pillar side always appears at the position of monitoring lines A, B, and C. This stress
distribution characteristic can explain the phenomenon for the heave and serious damage
of the middle and upper coal pillar side onsite.

The stress of the solid coal side is significantly larger than that of the coal pillar side
within 20 m ahead of the working face. The stress of the coal pillar side is larger at 30 m.
This is because the coal pillar within the mining-influenced range is disturbed by repeated
mining, yielding a reduced bearing capacity. The mining causes the high-level rock beam
to break and in contact with the waste rock. In this case, the solid coal becomes the main
bearing structure after the overlying key block is broken with a high stress concentration
area appearing on the side. In the area not affected by mining, the coal pillar is relatively
complete with the coal pillar as the main bearing structure after the overlying key block is
broken. Thus, the stress increases under the compression of broken key block.

Figure 19 shows the monitoring results of the horizontal stress at each monitoring
line in the two sides of the roadway. The measured horizontal stress of the solid coal at
20 m and 30 m ahead of the working face is greater than that on the coal pillar side of the
roadway. The horizontal stress peaks appear at 2 m from the roadway on the coal pillar side
and at 7 m on the solid coal side, which is consistent with the vertical stress peak position.
The high horizontal stress on the solid coal side of the roadway is the direct cause for the
heave on the solid coal side.
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Figure 19. Horizontal stress distribution of two sides of GSR.

When simulated 30,503 working face is at 100 m, the vertical stress distribution of each
survey line within 4 m of the roadway floor at 0, 20, and 30 m ahead of the working face
is shown in Figure 20. When mining the working face, the stress under the floor presents
a “U-shaped” distribution. The stress value on the solid coal side is higher within the
mining influence range, while the stress value on the coal pillar side is higher away from
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the mining influence. The overlying load is transmitted to the roadway floor through the
two sides of the roadway, and the high vertical load on the floor is the direct cause for the
continuous occurrence of the floor heave.
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Figure 20. Vertical stress distribution at GSR floor. (a) 0 m ahead of the working face, (b) 20 m ahead
of the working face [28], (c) 30 m ahead of the working face.

4.3.3. Displacement Distribution around the Roadway Affected by Mining

When 30,503 working face is at 100 m, the horizontal displacement changes along
each survey line in the roadway sides within 30 m ahead of the working face is shown
in Figure 21. The changing trend within 30 m is basically the same on two sides of the
roadway. The maximum deformation on the solid coal side is 0.69 m, located at 1 m away
from the sidewall. The deformation on the gob side increases continuously in coal pillar
with a maximum displacement of 1.4 m. The deformations along the monitoring line B
and C are larger than that along line D on the coal pillar side, which is basically consistent
with the roadway deformation characteristics on site. Based on the above analysis, it can
be concluded that the large deformation of the deep coal is an important cause for the
occurrence of bulging on coal pillar side of the roadway. Also, there are only 2.2 m bolts for
the coal pillar, which cannot control the heave effectively.
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Figure 21. Horizontal displacement distribution of the roadway two sides. (a) 0 m ahead of the
working face, (b) 20 m ahead of the working face [28], (c) 30 m ahead of the working face.

According to the research results obtained from the study. The middle part of roadway
near the solid coal side, and the middle and upper of the roadway on coal pillar side within
20 m in front of the working face shall be strengthened on the basis of the existing support.
Improving the rock bearing capacity on the coal pillar side and using longer bolts could be
effective measures to ensure the stability of the GSR.

The vertical displacement changes in the roadway floor within 30 m ahead of the
working face when 30,503 working face is at 100 m is shown in Figure 22. The maximum
floor heave of 0.41 m appears in the middle roadway 20 m ahead of the working face. Due
to high vertical stress in side walls, the roadway continues to heave, and the displacement
gradually decreases with increasing distance from the floor. When it is 4 m away from the
roadway floor, the displacement is basically negligible. Under the high unbalanced load, the
floor is prone to heave plastically under the coupling action of the horizontal compression
and the vertical stress. Meanwhile, the vertical stress generated by the breaking of the high
and low old roofs acts on rocks surrounding the 30,503 GSR, and the load of overlying
rocks is transmitted to the floor through the two sides of the roadway. Under the high
stress, two corners of the floor displace downward, and hereby the roadway is squeezed
and heave. When the high stress exceeds the ultimate strength of the floor, the floor will be
squeezed out and fractured in the roadway.
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Figure 22. Vertical displacement distribution of the roadway floor. Two black line in (a) used to
explain the location of roadway. (a) 0 m ahead of the working face, (b) 20 m ahead of the working
face [28], (c) 30 m ahead of the working face.

5. Conclusions

(1) The fracturing and subsidence of the key layers accompanied by dense microseismic
events have an important impact on the stress field surrounding the GSR. The deformation
of the middle roadway on the solid coal side, the middle and upper roadway on the coal
pillar side and the bottom of the roadway are relatively large.

(2) Under the influence of mining, the overlying strata of the GSR are broken to form
a composite structure as “low-level cantilever beam and high-level masonry beam”. The
breaking and subsidence of the structures are the main cause for the stress and instability
increase in the roadway. The breaking position of the low-level old roof is 1 m away from
the coal pillar. The maximum transferred stress at the contact gangue point is 23.7 MPa.

(3) Shear and tension failure happen in the GSR due to overburden subsidence and
rotary extrusion. The stress and displacement at the middle and upper coal pillar side
of the roadway are relatively large. The peak stress in solid coal side is about 1.8 times
that of the coal pillar side. The peak stress on the coal pillar side appears 2 m away from
the roadway, which is close to the length of the bolt support. The maximum horizontal
displacement on the coal pillar side is about 2 times that of the solid coal side.

(4) The mining-induced stress and the stress transferring at the gangue contact point
are the direct reasons for side wall bulge on the the solid coal side. The peak stress in solid
coal is 7 m away from the roadway, which is at the gangue contact point where overburden



Sustainability 2023, 15, 2710 19 of 20

breaks. The coupling effect of the overburden stress, the transferred stress near the gangue
contact point, and the horizontal stress is the force source for the floor heave. The research
results are of great significance to guide the targeted roadway support of similar mines.
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