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To study the impact of mining of the lower protective layer on the deformation and failure characteristics of the upper roadway,
these characteristics of an 879 gas drainage roadway were studied and analyzed during the mining of the II 1051 working face of
the Zhuxianzhuang coal mine using similar simulation experiments and numerical simulation methods. The results indicate that
with the continuous excavation of the working face, the range of impact of the mining stress gradually spreads and exceeds the
level of the roadway. At the present time, the roadway is in a mining stress-rising area. The two sides of the roadway are
sheared, and the roof and floor are under tension-shear composite failure. The floor is the most gravely damaged—the depth of
its damage is 2.5m, and the depths of damage on either side and of the roof are approximately 1-2 m. During the advancing
process of the working face, the deformation of the roadway increases slowly at first, then increases sharply, and tends to be
stable thereafter. The deformation of the floor is the largest, followed by those of the two sides and the roof; the values are 800,

400, and 300 mm, respectively.

1. Introduction

The depletion of shallow coal resources in China has led to
increasing mining depth in various mining areas, and the
problems of coal and gas outbursts in coal mines are also
increasing. According to the characteristics of “two low and
one high” of coal seam gas, several scholars at home and
abroad have found that protective seam mining is the most
economical and effective method of preventing coal and gas
outbursts [1-6]. Although protective seam mining causes
the stress redistribution of the protected seam, leading to a
sharp drop in the gas pressure, this, in turn, reduces the risk
of gas outburst and also causes the movement and deforma-
tion of as well as transverse and longitudinal cracks in the
overlying strata. It also leads to the formation of stress-
reduction and -rise areas. Regardless of whether the roadway
is laid on the stress-reduction or -rising area, the stress distri-
bution in the surrounding rock changes [7]. The redistribu-
tion of the stress in the surrounding rock promotes the

continuous development of cracks in the areas surrounding
the roadway, leading to breakage of the surrounding rock
and a reduction in the bearing capacity. This further causes
deformation in and instability of the roadway, which renders
it difficult to maintain.

In view of the deformation and failure characteristics of
the overlying strata caused by the mining of the lower protec-
tive layer, a significant amount of research has been carried
out. Jiao et al. [8], Cao et al. [9], and Bai and Hu [10] studied
the movement and deformation characteristics of the overly-
ing strata during the mining process of the lower protective
seam. Shun et al. [11] and Xiong et al. [12] analyzed the
migration rule of overburden after mining. Wang et al. [13]
and Xue et al. [14] formulated a fracture evolution law for
the overlying strata following coal mining. Tang et al. [15],
Zhang et al. [16], Xu and Han [17], and Zhang et al. [18] ana-
lyzed the stress distribution and deformation of the protected
layer during the mining process of the lower protective layer.
Yang et al. [19] studied the deformation and failure
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characteristics of the overlying strata, development law of
mining stress and fracture, and size of the stress release area.
Zhang et al. [20] studied the characteristics of strata failure
fracture, fracture evolution, and subsidence deformation in
the process of the upward mining of deep coal seams. They
further analyzed the relationship between the strata subsi-
dence deformation curve and the strata fracture, fracture
development, and stress state. Liu et al. [21] analyzed the
law governing the development of overlying strata fractures
caused by thin protective seam mining. Huang et al. [22]
focused on the comprehensive morphological characteristics
of the fracture zone formed by the mining of the lower coal
seam and the distribution of the concentrated stress in the
surrounding rock. Liu and Chen [23] studied the deforma-
tion of coal seam pressure relief, development of mining frac-
ture, protective effect of pressure relief, discharge of pressure
relief gas, gas drainage, and outburst prevention and control
laws. Qian et al. [24] studied the stress distribution law of the
overlying strata with respect to the various support parame-
ters of the upper protective layer and obtained the range of
impact of the stress release and concentration areas of the
overlying strata.

There have also been several developments in the study of
the stability of the overlying roadway owing to the mining of
the lower protective layer. Qian et al. [24] used the FLAC
numerical simulation software to analyze the effect of
upward mining on the stability of the overlying roadway with
respect to the various support parameters of the upper pro-
tective seam and found that the vertical stress, plastic zone,
and displacement of the sidewall on one side of the roadway
in the upper protective seam were greater than those on the
side near the underlying goaf. Xie et al. [25] studied the
impact of the repeated mining of multiple coal seams on
the deformation of roof roadways. Wang et al. [26] studied
the temporal and spatial evolution laws of the stress and frac-
ture fields in a roof coal roadway after pressure-relief mining
in a lower coal seam and found that the superimposed stress
formed by the underlying mining and roadway excavation
determines the stress distribution and fracture evolution
characteristics of the rock surrounding the roadway. Zhang
et al. [27] used physical experiments to study the deforma-
tion and failure characteristics of the roof roadway in various
areas and obtained the similar characteristics of roadways in
“three zones™ in the collapse zone, the roadway indicated
strong roof collapsing and floor bulging; the cracks in the
rock surrounding the roadway in the fracture zone were sig-
nificantly reduced, but the mining damage was still signifi-
cant; and the deformation and failure of the rock
surrounding the roadway in the bending subsidence zone
were not evident. Zhou et al. [28] used the UDEC discrete
element numerical simulation software to study the failure
characteristics of the rock surrounding a coal roadway in
the fracture zone and found that the failure was most evident
in the roof and floor of the roadway, followed by the failure of
the side of the roadway near the working face.

The literature referred to above primarily investigated the
deformation and failure characteristics and stress distribu-
tion of the overlying strata and coal roadway in the mining
process of the lower protective seam. However, little infor-
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mation is available on the deformation and failure law of
the rock roadway outside the “three zones” and adjacent to
the working face. However, the overlying 879 gas drainage
roadway of the IT 1051 working face in the Zhuxianzhuang
coal mine is located in the rock strata outside the “three
zones,” which is significantly deformed and damaged by the
mining of the working face. Based on the abovementioned
conditions, through similar simulation experiments and
numerical simulations and considering the overlying 879
gas drainage roadway of the Zhuxianzhuang coal mine II
1051 working face of the Huaibei Mining Group as the engi-
neering background, in this study, the deformation and fail-
ure characteristics of the upper roadway during the mining
of the lower protective layer are investigated. Further, the
law that governs the impact of the deformation and failure
characteristics of the overlying strata on similar characteris-
tics of the upper roadway and the instability mechanism of
the roadway is summarized.

2. Project Profile

The Zhuxianzhuang mine is located in Suzhou City, Anhui
Province, China. The 879 gas drainage roadway, to be studied
in this study, is located in the II 5 mining area. The mineable
coal seams in the mining area were identified as No. 8 and
No. 10 coal. The No. 10 coal seam lies under the No. 8 coal
seam, the distance is approximately 78 m, and the coal seam
dip angle is approximately 20°. The No. 10 coal seam is used
in protective seam mining; the thickness of the coal seam is
0.97-3.2m, and its structure is relatively simple. The 879
gas drainage roadway is arranged 40-45m above the roof
of the No. 10 coal seam, with a horizontal distance of 5m
from the left coal wall of the working face, serving as gas
drainage for the No. 8 coal seam, as depicted in Figure 1(a).
The position of the rock surrounding the roadway and the
rock properties of the roof and floor of the roadway are
depicted in Figure 1(b). According to the geological histo-
gram, it can be seen that the direct bottom of the roadway
is made of mudstone, the two sides are made of fine sand-
stone, and the lithology of the floor is poor. Therefore, under
high stress and dynamic load, the floor is more likely to be
damaged than either side.

To reduce the amount of roadway excavation required,
the 879 gas drainage roadway was used as the main roadway
for the eight coal mines. When the lower protective layer was
mined, the overlying strata moved and deformed under the
impact of mining, the original stress balance state was bro-
ken, the coal and rock mass near the working face were
destroyed, and the stress on the surrounding rock was redis-
tributed to achieve a new stable state. In the process of relief
of pressure from the upper coal seam, the strength of the sur-
rounding rock of the upper roadway was weakened, leading
to the fracture and instability of the rock surrounding the
roadway, which is difficult to maintain and has a significant
impact on the safety of the mine. Therefore, it is necessary
to study the characteristics, summarize the mechanism of
roadway deformation and failure, and provide guidance for
reasonable roadway support design.
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F1Gure 1: Comprehensive histogram depicting the spatial location and geology of roadway.
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FIGURE 2: Model sensor layout.

3. Study on Migration and Stress Distribution of
Overlying Strata in Upward Mining

3.1. Similar Material Model Design. According to the geolog-
ical conditions and similarity theory, the geometric similarity
ratio was C; =1 : 100, bulk density similarity ratio was Cy
=1:1.67, and stress similarity ratio was C; = 1 : 167. There-
fore, the model size was determined as length x width x
height = 3000 mm x 300 mm x 1300 mm, and the mining
thickness was determined as 2.5cm. On either side of the
model, 70 and 50 cm boundary coal pillars were set. In the
test, fine sand was selected as the aggregate, gypsum powder
and lime powder were used as cementing materials, mica
powder was used for layered laying between each rock layer,
and the remaining weight of the upper part of the model was
imposed by an additional counterweight.

3.2. Test Data Monitoring. To monitor the changes in the
stress and displacement of the overlying strata and rock sur-
rounding the 879 gas drainage roadway when the model
mines the lower protective layer, six stress observation lines
were buried from the bottom to top; the distances between
the lines and the No. 10 coal roof were 2.5, 15.5, 15.5, 33,
41, 57, and 70cm. Simultaneously, five displacement-
measuring lines were set on the surface of the model. The dis-
tances between the measuring lines and the roof of the No. 10
coal seam were 7.5, 17.5, 32.5, 42.5, and 57.5 cm. One mea-
suring point was arranged every 10 cm of the measuring line,
and another four displacement-measuring points were
arranged around the roadway. The distribution of the mea-
surement points is depicted in Figure 2.

During the test, a BX120-50AA resistance strain gauge
and a CM-2B strain gauge were used as the stress acquisition
devices to record the stress change in the overlying strata in
real time during coal mining. The effect of the equipment
connection is depicted in Figure 3.

3.3. Analysis of Test Results

FiGure 3: Effect diagram of model observation equipment.

3.3.1. Migration Law of Overlying Strata during Mining. In
the early stage of mining, the overlying strata moved down-
ward with coal seam mining, and the movement was slow.
As the working face was continually excavated, rock fissures
developed gradually, rock strata bent and sank, and tensile
failure occurred, leading to rock collapse. At this time, the
height from which the rocks fell was small, as depicted in
Figure 4(a). With continuous mining of the coal seam, the
overlying strata also moved toward the goaf. The fissures of
the strata developed, the strata broke again, and the falling
height increased to 5m, as depicted in Figure 4(b). When
the working face was continually excavated 15m forward,
the main roof was broken periodically, and vertical and hor-
izontal cracks appeared in the front and on the roof of the
working face, respectively. At this time, the advancing dis-
tance of the working face was 70m, as illustrated in
Figure 4(c). Therefore, the periodic fracture step of the main
roof was approximately 15 m.

The continuous excavation of the working face led to
increasingly intense movement of the overlying strata, the
weak strata collapsed with mining, and the main roof was
broken periodically. Owing to the various properties of the
strata, bed separation with a length of approximately
300mm and a height of approximately 10 mm appears
among the various strata above the main roof, as depicted
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FIGURE 4: Movement characteristics of overlying strata during mining.

in Figure 4(d). As the working face was continually excavated
further, the overlying strata further bent and sank, and the
bed separation gradually closed and developed upward. As
depicted in Figure 4(e), the deformation and movement of
the strata began to affect the roadway horizon, and the strata
moved and deformed toward the goaf, leading to tension in
the surrounding rock on the right side of the roadway, caus-
ing small vertical tension cracks. When the working face was
excavated up to the terminal line, as depicted in Figure 4(f),
fissures developed in the rock surrounding the roadway,
which exhibited asymmetric characteristics.

3.3.2. Stress Distribution Law of Overlying Strata under
Mining. Owing to the mining of the coal seam, the original
stress equilibrium state of the overlying strata was broken,
the stress was redistributed, and the vertical stress concentra-
tion appeared at the coal wall of the working face. In the ini-
tial stage of mining, the stress concentration area was small.
As depicted in Figures 5 and 6, when the excavation length
of the working face was less than 55 m, the stress concentra-
tion factor of the rock layer 33 m away from the roof of the
working face tended to be 1. The results indicate that when
the excavation distance of the working face was less than
55 m, the range of impact of the mining was the largest within
33 m of the roof, and the impact on the strata at 33 m of the
roof and above was small. When the excavation length of
the working face exceeded 55 m, the scope of impact of the
mining expanded. The impact gradually reached and crossed
the strata where the roadway was located; the maximum
value of the impact was reached on the strata 70 m above
the roof, as depicted in Figures 7 and 8.
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FIGURE 5: Stress diagram of working face mining at 35 m.

Based on this investigation of overburden migration and
stress distribution, the stress distribution during the mining
process of the working face was summarized and analyzed.
The results obtained from the monitoring and distribution
of rock stress were compared with those of the model, and
the stress distribution in each layer was determined. The
stressed environment of the roof of the 879 gas drainage
roadway can be described as follows: After the mining of
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FIGURE 6: Stress diagram of working face mining at 55 m.
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FIGURE 7: Stress diagram of working face mining at 150 m.

the I 1051 working face, the 879 gas drainage roadway in the
upper part of the No. 10 coal seam lays in the stress-rising
area of the overlying strata formed by mining. As illustrated
in Figure 9, the stress concentration factor of the surrounding
rock increased, and the roadway was strongly affected by
mining. Thus, the roadway was prone to deformation and
failure.

4. Numerical Simulation Study on Stability of
Upper Roadway under Upward Mining

4.1. Establishment of Numerical Calculation Model. The finite
difference numerical simulation software FLAC3D was used
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—¥— 41 cm away from the roof of No. 10 coal seam
—¢— 57 cm away from the roof of No. 10 coal seam

<~ 70 cm away from the roof of No. 10 coal seam

FIGURE 8: Stress diagram of working face mining at 180 m.

to establish the required model based on the actual geological
and mining technical conditions of the II 1051 fully mecha-
nized face and the prior establishment of similar models.
The model involves the studied coal seam, roadway, and its
top and bottom plates. It simulates the dip angle between the
coal and rock (20°) and the mining thickness of No. 10 coal
seam (2.5m). The model size is length x width x height =

360 m x 400 m x 320 m, which is divided into 9, 36, and 160
grid units, as depicted in Figure 10. The upper boundary of
the model is defined as a free boundary, and the lower and left
and right boundaries are defined as single-constraint bound-
aries to limit their horizontal displacement. The mechanical
model adopts the Mohr-Coulomb strain-softening approach
to reflect the property that the residual strength gradually
decreases with the development of deformation after coal fail-
ure. A vertical load corresponding to the actual burial depth of
the model was applied to the upper boundary of the model to
simulate the stress exerted by the vertical pressure caused by
other overlying strata. The physical and mechanical parame-
ters of the model are listed in Table 1.

4.2. Steps in Numerical Simulation

(1) First, the relevant constraints of the model were defined,
and the initial equilibrium operation was performed

(2) Second, the excavation balance among the transpor-
tation channel, track channel, and upper gas drainage
roadway in the IT 1051 fully mechanized working face
was determined

(3) The working face was excavated step by step, and
each excavation was 10 m deep

(4) Finally, comparative analysis and research were con-
ducted on the model after the excavation operation
had stabilized
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FIGURE 10: Grid diagram of numerical model.

4.3. Analysis and Discussion of Numerical Simulation Results

4.3.1. Analysis of Characteristics of Failure Field of Rock
Surrounding Roadway during Advancing of Working Face.
Figure 11 depicts the distribution law of the roadway failure
field 120m from the initial position of the working face at
various advancing distances.

As illustrated in Figure 11, in the early stage of the work-
ing face mining, the degree and scope of damage of the road-
way floor and rock surrounding the roadway on either side
were large. With the continuous advancement of the working
face, the range of damage of the rock surrounding the road-
way gradually increased. When the advancing distance of
the working face was less than 60m, as shown in
Figures 11(a) and 11(b), the degree and range of damage of
the rock surrounding the roadway remained unchanged.
When the advancing distance exceeded 60 m, as shown in
Figures 11(c)-11(h), the impact of the mining activities on
the surrounding rock on either side of the roadway began
to appear, and the degree and scope of damage began to
increase. The increase in the range of the scope of damage
of the roadway roof was small, and the degree and scope of
damage were less than those of the floor and either side. It

can be seen from the figure that the two sides of the roadway
were damaged primarily by shear, and the damage depth was
approximately 1.5-2m. The roof and floor of the roadway
were damaged in the form of shear damage and tension-
shear composite damage. The floor damage was the most sig-
nificant, with a damage depth of 2.5 m, and the roof damage
was the least significant, with a damage depth of 1-1.5.

4.3.2. Analysis of Stress Change in Roadway during
Advancement of Working Face. To analyze the stress distri-
bution law of the rock surrounding the roadway in mining,
the area with the maximum stress concentration on either
side of the roadway was selected for data extraction to reflect
the maximum stress applied on the roadway. The data in the
figure were extracted from 10 to 400 m of the model; the data
were taken every 10m. A total of 40 data points were cap-
tured from each survey line, and the data were extracted
when the model simulated the excavation of 30, 60, 90, 120,
150, 180, 210, and 240 m. Eight data curves were obtained
for each side of the roadway, and the results are presented
in Figure 12.

It can be seen from Figure 12 that the continuous
advance of the working face led to a gradual increase in
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TaBLE 1: Parameters of physical and mechanical properties of the model.

Rock name Thickness (m)  Bulk (GPa)  Shear (GPa)  Coh. (MPa)  Fric. (°)  Oypgon (MPa)  Density (KN/ m>)
Sand-shale interbeds 2 0.13 0.12 0.86 32 0.31 2530
Fine sandstone 4 1.05 0.68 1.28 38 0.52 2873
Siltstone 2.5 0.13 0.12 0.86 32 0.31 2530
No. 10 coal 5 0.25 0.10 0.50 28 0.17 1380
Mudstone 2 0.30 0.17 0.48 26 0.15 2483
Medium sandstone 6 0.55 0.43 1.28 38 0.52 2920
Fine sandstone 4 1.05 0.68 1.28 38 0.52 2873
Siltstone 3.5 0.54 0.41 1.10 34 0.41 2460
Mudstone 2 0.30 0.17 0.48 26 0.15 2483
Fine sandstone 3 1.05 0.68 1.28 38 0.52 2873
Sandy mudstone 8 0.13 0.12 0.86 32 0.31 2530
Fine sandstone 6 1.05 0.68 1.28 38 0.52 2873
Siltstone 3 0.54 0.41 1.10 34 0.41 2460
Mudstone 6 0.30 0.17 0.48 26 0.15 2483
Fine sandstone 5 1.05 0.68 1.28 38 0.52 2873
Alumine 4 0.06 0.04 1.00 32 0.36 2461
Siltstone 6 0.54 0.41 1.10 34 041 2460
Medium sandstone 6 0.55 0.43 1.28 38 0.52 2920
Fine sandstone 2 1.05 0.68 1.28 38 0.52 2873
Mudstone 8 0.30 0.17 0.48 26 0.15 2483
No. 8 coal 10 0.25 0.10 0.50 28 0.17 1380
Fine sandstone 2 1.05 0.68 1.28 38 0.52 2873
Mudstone 12 0.30 0.17 0.48 26 0.15 2483
(a) Advance 30 m (b) Advance 60 m (c) Advance 90 m
(d) Advance 120 m (e) Advance 150 m (f) Advance 180 m
I None

Shear-n shear-p

Shear-n shear-p tension-p

Shear-p

Shear-p tension-p

Tension-p shear-p tension-p

Tension-p tension-p

n n . fensionp
g) Advance 210 m (h) Advance 240 m

Ficure 11: Distribution of characteristics of failure field of the surrounding rock at various positions from the working face.
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FiGure 12: Continued.
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FIGURE 12: Vertical stress distribution on either side of roadway along strike under different advancing distance.
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the degree of stress concentration on either side of the
roadway. The roadway was located in the mining abut-
ment pressure-rising area, which also corresponded to
similar simulation results; the degree of stress concentra-
tion on the right side of the roadway near the working
face was greater than that of the left side. When the
advancing distance of the working face was less than
60m, as shown in Figures 12(a) and 12(b), the stress on
the rock surrounding the roadway exhibited no apparent
change. At this time, the impact of mining did not affect
the strata of the roadway. When the advancing distance
of the working face was more than 60m, as shown in
Figures 12(c)-12(h), the stress on the surrounding rock
began to increase, and the roadway was definitely affected
by mining.

4.4. Reasons for Deformation and Failure Characteristics and
Instability of Roadway. The natural caving method was used
to manage the roof during the excavation process of the II
1051 working face. With the advance of the working face,

the overlying strata moved continuously, forming “three
zones” above the working face: the falling zone, fracture zone,
and bending subsidence zone. With the increase in the falling
height and the development of fractures, the bending subsi-
dence of the overlying strata intensified. Because the upper
roadway floor consisted of mudstone, the lithology was poor
and was affected by the bending subsidence of the overlying
strata; the floor is subjected to shear and tensile failures. With
the continuous advancement of the working face, the impact
of mining gradually affected the roadway horizon, stress con-
centration occurred on either side, and the damage gradually
developed from the floor to either side, which led to aggrava-
tion of damage to the sides, primarily in the form of shear
failure. Aggravation of the failure of the floor and either side
led to breaking of the equilibrium state of the rock surround-
ing the roadway, which further caused subsidence of the roof.
After the failure of the roof, the entire surrounding rock
gradually became unstable, which further increased the scope
of the floor failure and finally led to an increase in the failure
of the entire surrounding rock field.
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5. Measurement and Analysis of
Roadway Deformation

To determine the deformation characteristics and stability
time of the roadway, the displacement observation station
was set at an appropriate position in the roadway. To deter-
mine the appropriate roadway support technology and sup-
port time, the cross point method was used to observe the
deformation of the roadway in the process of mining. The
observation started in early June and ended in December. A
measuring point was selected and set to 0. A negative value
indicates a distance near the measuring point, and a positive
value indicates a distance away from the measuring point. By
processing the observation data, the deformation curves
exhibited in Figure 13 were obtained for the roadway roof
subsidence, floor heave, and two sides.

As presented in Figure 13, with the advance of the II 1051
working face, the trend of roadway roof subsidence, floor
heave, and either side moving closer was roughly the same.
When the IT 1051 working face was advanced to 60 m away
from the measuring station, the impact of mining on the
roadway was weak, and the deformation of the roadway
was small. This conclusion was consistent with the results
of the numerical simulations. When the working face was
20 m away from the measuring station, the speed of deforma-
tion of the roadway increased sharply. At this time, the roof
subsidence, floor displacement, and two-sided approach were
60, 300, and 90 mm, respectively. When the working face was
pushed over the measuring station for 40 m, the deformation
rate of the roadway began to slow down, and the deformation
of the roadway tended to be stable. At this time, the roof sub-
sidence, floor subsidence, and two-sided approach were 300,
800, and 400 mm, respectively. From the field measurement
data, it can be seen that the 879 gas drainage roadway was
affected by the mining of the lower working face, and the
roadway deformation, particularly the floor heave, was evi-
dent. Therefore, floor heave control should be considered
when selecting a roadway support scheme.

6. Conclusion

We studied and analyzed the deformation and failure charac-
teristics of the overlying strata to understand the law that
governs their impact on similar characteristics of the upper
roadway and the instability mechanism of the roadway dur-
ing the mining of the lower protective seam. For this purpose,
the similarity simulation experiments and numerical simula-
tions were used.

(1) At the initial stage of mining, the movement and
deformation of the overlying strata had little impact
on the upper roadway. When the working face was
excavated at more than 55m, the movement and
deformation of the overlying strata began to spread
to the roadway, and the surrounding rocks on either
side of the roadway began to produce asymmetrically
distributed microcracks. With the continuous exca-
vation of the working face, the range of impact of
the mining stress also expanded. When the excava-

Geofluids

tion reached the terminal line, that is, the working
face was connected, the area impacted by the mining
stress extended to 70 m above the roof roadway of the
working face. At this time, the roadway lays in the
mining stress-rising area, and the stress concentra-
tion factor of the surrounding rock increased

(2) Affected by the mining of the lower working face, the
degree of damage of the surrounding rock of the
roadway was intensified, and the two sides produced
shear damage. The roof and floor appeared in the
form of composite tension-shear damage, and the
degree of damage to the floor was greater. The depth
of the final damage to the floor was 2.5m, and the
depth of damage to either side and the roof of the
roadway was 1-2m. With the continuous advance-
ment of the lower working face, the degree of concen-
tration of stress on the surrounding rock gradually
increased, and that on the right side of the roadway
near the working face was greater than that on the left
side

(3) With the advancement of the working face, the trends
of roadway roof subsidence, floor heave, and either
side of the roadway moving closer were roughly the
same, indicating a dynamic trend of increasing slowly
first, then increasing sharply, and finally becoming
stable. Here, the floor deformation (800 mm) was
the largest, followed by that of the two sides
(400 mm), and the roof deformation was the smallest
(300 mm). Therefore, floor heave control should be
considered in the selection of the roadway support
scheme
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