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Abstract: Close-distance multilayer coal mining is common. Under the condition of extremely
close-distance coal seams, it is extremely difficult to control the surrounding rock of large-span
open-off cut roadways in multistress concentration areas. Based on the engineering background of
the 23616 open-off cut roadway in Chaili Coal Mine, this paper investigated the influence of upper
close seam mining on the stress and deformation of the lower large-span roadway in detail. The
control effect of a high-strength prestressed yielding bolt and cable was analyzed systematically.
The support system stress was coordinated by the yielding member to avoid excessive stress on the
local support structure and reduce the stress concentration of the surrounding rock. Before and after
the upper coal mining, the stress changed mainly on the left and right sides, and the displacement
changed mainly on the right side and roof. The maximum deformation of the roof and the right side
and the left side at two engineering observation sections was 85 mm, 61 mm, 48 mm and 68 mm,
53 mm, 46 mm, respectively. The surrounding rock control effect was relatively ideal, which can meet
the needs of roadway installation support.

Keywords: open-off cut roadway; large-span; multistress concentration areas; prestressed yielding
support

1. Introduction

Multiple minable coal seams are common in mining areas. If two coal seams are
close together, their mutual influence will increase the difficulty of mining. Close coal
seam mining methods are mainly divided into uplink and downlink. Uplifting is used
only when the integrity of the upper coal seam can be ensured during the mining process
of the lower coal seams [1-3]. This can not only prevent roof fall accidents but also
avoid some other disasters [4-6]. The downlink mining method is relatively common.
Scholars have conducted a lot of research on stress distribution, rock layer movement,
and coal pillar positions of close-distance coal seams. The impact of mining dynamic
loads and concentrated static loads between adjacent coal seams is a key consideration [7].
Shang Hefu et al. [8] investigated the process of chain pillar and gateroad failure in a lower
coal seam. Zhang Wei et al. [9] built a mechanical model of floor failure of an upper
coal seam. Li Yang et al. [10] obtained the development characteristics of full-cover rock
fractures after mining from a GPR scan. Wang Xufeng et al. [11] analyzed the influence of a
lower coal seam on the stress state of the surrounding rock using a numerical simulation.
Gao Xu et al. [12] studied the different excavation schemes of the return air chute in a
near-distance coal seam mining of Tashan Coal Mine. Ning Jianguo et al. [13] investigated
the mining-induced overburden failures in close multiple-seam longwall mining.

In an extremely close coal seam, the lower coal roof is more easily affected by the
dynamic load of upper coal mining [14-16]. Coal mining also belongs to the scope of
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solid mechanics. Based on the theory of solid mechanics, the stability of the rock stratum
can be analyzed [17-19]. In the mining process, one end of the coal wall supports most
of the weight of the cantilever rock above the working face, while the gangue behind
the goaf only bears the weight of the compacted area [20-22]. The advanced and lateral
abutment pressure of the working surface can be superimposed with higher concentration
stress. The lateral abutment pressure of the two adjacent working surfaces will also be
superimposed on the coal pillar. The concentrated stress passes through the coal pillar to
the floor, resulting in more complicated stress on the lower roadway, which improves the
difficulty of controlling the surrounding rock.

Generally, the roadways in the lower coal seam are in low-stress areas, which is
conducive to the surrounding rock support. However, under the condition of extremely
close-distance coal seams, the roadway must be arranged below the coal pillar, such
as the 23616 open-off cut roadway. At present, the control of a high-stress roadway is
mainly concentrated in the deep. Wang Qi et al. [23] investigated the failure mechanism
of the surrounding rock with a deep high-stress and confined concrete support system.
Liu Zhigang et al. [24] discussed the mechanism and effects of noncoupling stress-relief
blasting under deep high stress. Zhang Jinpeng et al. [25] proposed a new prestressed
yield bolt with the engineering background of Shangping roadway in Huafeng Coal Mine.
There are fewer studies on the control of the roadway surrounding rocks in multiple-stress
concentration areas.

The 23616 open-off cut roadway in the third coal seam of Chaili Mine, Shandong,
China, was arranged directly below the coal pillar due to the leakage and fire hazards
caused by the close-distance goaf. The 23616 coal face is 0.6-2.7 m away from the overlying
goaf belonging to the extremely close coal seam. As shown in Figure 1, due to the impact
of multiple mining-induced stresses, the 23616 open-off cut roadway stress is high, which
makes it difficult to control the surrounding rock. Furthermore, the control of roadways in
multistress concentration areas is still a worldwide problem.

Isolated pillar of the 3rd upper coal seam

16.8m /

23605 goaf 23607 goaf

Gangue (thickness of 0.6-2.7m)

23606 goaf

16-21m

Coal pillar 23616 open-off cut roadway

Figure 1. Location diagram of 23616 open-off cut roadway in the 3rd coal seam of Chaili Mine,
Shandong, China.

According to research experience, the peak of advanced abutment pressure often
reaches 2—4 times the in situ stress [26,27]. Therefore, the superposition of triple advance
pressure is at least five times the in situ stress, which greatly improves the difficulty of
controlling the 23616 open-off cut roadway. Based on the engineering background of the
23616 open-off cut roadway in Chaili Coal Mine, this paper analyzed the stress distribution
of the roadway in the stress concentration area. The influence of upper close seam mining
on the stress and deformation of the lower large-span roadway was investigated in detail.
The control effect of a high-strength prestressed yielding bolt and cable was analyzed
systematically. The engineering application had important significance for the surrounding
rock control of the large-span roadway in the stress concentration area.
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2. Case Study
2.1. Geological Conditions

As shown in Figure 2, Chaili Coal Mine is located in Zaozhuang City, Shandong
Province, China. The ground level is +35.81~+36.78 m. The level of the third coal seam
is —333.5~—382.0 m. The third coal seam is divided into the upper layer and the lower
layer due to a dirt band. The thickness of the third lower coal seam is 2.60~4.60 m, with an
average of 3.90 m. Figure 3 is a comprehensive histogram of the roof and floor of the third
coal seam. The basic roof is medium sandstone, with a thickness of 21.65~36.05 m and an
average of 28.50 m. The direct floor is mudstone and sandy mudstone, with a thickness
of 1.80~4.80 m and an average of 3.56 m. The basic floor is medium sandstone, with a
thickness of 0.95~7.70 m and an average of 2.76 m.

Beijing
*
/ /Shzlmlung Province
//{; Chaili.Coal Mine
Chengdu J~®Shanghai

W NN e AR

/
Figure 2. Location of Chaili Coal Mine.
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' ‘ mudstone | compact and hard.
Medi Gray medium sandstone, mainly composed of Shi Ying and
260 ~ 25.0 2 eomm feldspar, cemented by calcium
sandstone par. Yy )
3 Sandy The gray-white mudstone is sandy, argillaceous and cemented,
540 ~ 24.80 mudstone | compact and hard.
21.65-36.05 4 Medium | Gray medium sandstone, mainly composed of Shi Ying and
28.50 sandstone | feldspar, cemented by calcium.
Caving 5 .
It's made up of pieces of falling rock.
16.58 5 Zone P P! 9
. 6 ;he 'Tmai"i"g Color black, brittle, like glass luster, half dark - half bright gas coal.
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oo 7 Itis black, containing carbonaceous and vegetated root fossil, easily softened
0.20 Mudstone in water. Part of the mudstone in the area was destroyed.
el 8 3 co_al Half dark - half bright gas coal, black, like glass luster, hard, brittle.
s
1.80~4.80 Mudstone| Black, dense structure, containing fossilized plant roots.
9 Sandy The gray-white mudstone is sandy, argillaceous and cemented,
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0.95~7.70 ) . . s
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276 sandstone| feldspar, cemented by calcium. |

Figure 3. A comprehensive histogram of the roof and floor of the 3rd coal seam.
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The 23616 open-off cut roadway was originally designed to be located under the third
upper coal goaf. The overlying rock was supported by a 12# I-steel shed. As the roof
collapsed after the mining of the upper layer, and the distance between the lower layer and
the goaf was relatively close, the cracks were connected, which might bring hidden dangers
of air leakage and ignition. Therefore, the 23616 open-off cut roadway was arranged below
the upper coal pillar, with a width of 16.8 m. The south was the 23607 goaf, the north was
the 23605 goaf, and the west was the 23606 goaf. The distance between the 23616 coal face
and the upper goaf was 0.6-2.7 m, with an average of 1.40 m. The width of the open-off
cut roadway was 7.5 m, and the width of the left coal pillar was 16-21 m. Therefore, the
23616 open-off cut roadway was affected by the roof abutment pressure of the multiple
goafs at the same time. In order to install the hydraulic support and scraper conveyor, the
width of the 23616 open-off cut roadway must not be less than 7 m. Therefore, the support
method of large-span open-off cut roadways in multistress concentration areas needs to be
further investigated.

2.2. Evaluation of the Original Support Scheme

During the gateway excavation of the 23616 coal face, the front girder with a spacing
of 2200 £ 200 mm was made of a 12# I-beam to temporarily support the roof. In the
permanent scheme, a 12# I-steel shed and metal diamond mesh were used to support the
roof, a bamboo fence and bolt were used to support the two sides, and an anchor net was
used to support the heading coal wall. The maximum deformation of the surrounding rock
after support exceeded 1000 mm. The support cost per meter of the roadway was more
than USD 1000. The original support scheme was characterized by high cost, complex
construction, slow speed, and poor effect of controlling the surrounding rock. Therefore, it
was considered to control the large-span open-off cut roadway with active yielding support
technology [28-30].

2.3. Stress Characteristics of Open-Off Cut Roadway in Stress Concentration Areas

The vertical stress of the close-distance coal seam under the coal face changes all the
time. The maximum principal stresses of the coal seams under the coal pillar and the
goaf are vertical stress and horizontal stress, respectively. The stress distribution of the
lower coal seam roadway at different distances from the coal pillar is different, resulting in
various forms of instability and failure.

There are only compression-shear and tensile failures of the roadway surrounding
rock under static load [31,32]. The broken surrounding rock is mainly shear failure, with
little tensile failure. The instability of the roadway is caused by the stress concentration
of the surrounding rock and the reduction of its own strength after excavation [33,34].
Therefore, the root of roadway failure is that the shear stress of the surrounding rock
gradually increases to exceed the shear strength. The stresses of the roadway surrounding
rock and the overlying coal pillar are superposed, which greatly increases the vertical stress.
After excavation, the vertical stress at the roof is released. Therefore, the high stress of the
23616 open-off cut roadway is mainly at the two sides and two shoulders.

3. Mechanism of Prestressed Yielding Support
3.1. Mechanism of Prestressed Yielding Bolt

On the basis of high prestress, a yielding bolt can release the elastic energy of a road-
way after excavation. The deformation resistance of the bolt was enhanced to reduce the
breaking of the rod caused by the rapid increase of stress so as to ensure early effective-
ness. The stress—deformation characteristics of the prestressed yielding bolt are shown in
Figure 4 [25]. Stages A-B represent the deformation of the yielding structure.

When the stress in the surrounding rock is released too quickly, the bolt may exhibit
an increase in continuous working resistance. In the process of high-ground stress release,
the bolt rod breaks when the stress exceeds the tensile strength. During the continuous and
rapid increase in the bolt stress, if the yielding member is deformed, the surrounding rock
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stress will be released to a certain extent, exerting a pressure-relief effect. The state of rapid
release of surrounding rock stress and rapid increase of bolt stress is broken, leading to the
stress of the bolt and surrounding rock tending to stabilize, which not only protects the
bolt from damage but also controls the deformation of the surrounding rock. Therefore,
reasonable yielding deformation is very important to avoid the damage of bolt due to
overloading. If the yielding deformation is too large, the roof subsidence will become
larger or even separate, which will affect the active support effect of the bolt. If the yielding
deformation is too small, the roof stress cannot be fully released, which may easily lead
to the breaking of the bolt. In addition, the yielding member can cope with the impact of
dynamic pressure on the supporting structure.

>
&

Figure 4. The stress—deformation characteristics of the prestressed yielding bolt.

3.2. Coupling Effect of Yielding Bolt, Cable, and Surrounding Rock
(1) Coupling of bolt and cable support system

The yielding member, damping nut, and drag-reducing washer greatly improve the
stress of the bolt. Through small drilling and resin anchoring agent, the anchor tightness
between bolt and surrounding rock is enhanced. Figure 5 shows high-strength prestressed
bird-nest cable. Through the three “bird’s nests” at the end of the cable, the resin cartridge
is closely coupled with the cable and surrounding rock to improve the anchoring force.

Figure 5. High-strength prestressed bird-nest cable.

The support system stress is coordinated by the yielding member to avoid excessive
stress on the local support structure and reduce the stress concentration of the surrounding
rock;

(2) Coupling of yielding bolt and surrounding rock

The prestressed yielding bolt has the working characteristics of strong yielding perfor-
mance, large elongation, high strength, and high rigidity [35-37]. The rock mass, which
is easy to loosen after peaks, can be formed into a combined support circle with certain
bearing capacity and adaptable to deformation. The anchor-rock mass is a rock-beam
structure before plastic failure and can continue to bear after plastic failure.
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4. Numerical Simulation and Analysis
4.1. Stress Characteristics of the 23616 Open-Off Cut Roadway

The width of the 23616 open-off cut roadway was 7300 mm, which caused a large
bending deflection of the roof. The size of the numerical model was determined based on
the size of the 23616 open-off cut roadway and the impact area of mining in the third upper
and lower coal seams. The influence range of general mining dynamic stress did not exceed
200 m, and the significant influence range was even less than 50 m. Therefore, according
to the mechanical parameters of the roof—floor rock stratums of the third lower coal seam,
a numerical model with the size of 200 x 125 x 100 m and 369,000 grids was established
using the Mohr Coulomb model. Figure 6 shows the numerical simulation and boundary
conditions. According to the buried depth, a vertical stress of 10 MPa was applied to the
top. The left, right, and bottom boundaries were fixed constraints. After the roof rock
stratum of the 23606 coal face was stable, the 23616 open-off cut roadway was excavated at
the position 18 m away from the goaf. The stress and displacement characteristics of the
23616 open-off cut roadway under the mining and nonmining conditions of the third upper
coal seam were compared.

S LT

Vertical |Horizontal
stress stress

E Horizontal Horizontal
E stress stress
Vertical Vertical

stress stress

o I T e o O O 1

Vertical | Horizontal
stress stress

B B A A P A b8
(a) (b)

FLAC3D 6.00

©2018 ltasca Consulting Group, Inc.

Zone Group
0 1=2G_o01
1=ZG_002

=2G_014
1=2G_015
B 1=z 016

(©)

Figure 6. Numerical simulation and boundary conditions. (a) Boundary conditions of numerical
model; (b) applying stress; (c) three-dimensional numerical model.

Figures 7 and 8, respectively, show the stresses of the 23616 open-off cut roadway
under the nonmining and mining conditions of the third upper coal seam. It can be seen
from Figures 7 and 8 that the distribution of horizontal stress and vertical stress of the
23616 open-off cut roadway changed significantly after the mining of the upper coal seam;
especially, the range of stress concentration expanded.
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Horizontal stress of of 23616 open-off cut roadway.

FLAC3D 6.00

(b)

Figure 7. Stress diagram of 23616 open-off cut roadway under the nonmining conditions of upper
coal seam. (a) Horizontal stress; (b) vertical stress.

FLAC3D 6.00

(a) (b)

Figure 8. Stress diagram of 23616 open-off cut roadway under the mining conditions of upper coal
seam. (a) Horizontal stress; (b) vertical stress.

The distance in Figure 9 refers to the distance between the surrounding rock and the
roadway surface. As the distance increased, the depth of the surrounding rock increased.
As shown in Figure 9a, under the nonmining conditions of the upper coal seam, the vertical
stress of the left side was about 20~25 MPa, with a peak value of 26 MPa. The vertical stress
on the right side was about 13~17.5 MPa, with a peak value of 21 MPa. The horizontal
stress of the roof was about 6~12 MPa, with a peak value of 17.5 MPa. In the mining
process of the 23606 coal face, the third upper coal seam was seriously damaged due to the
bending and collapse of the third lower coal seam roof. The 23616 open-off cut roadway
was affected by the advanced abutment pressure of the 23606 coal face.

i ) —
—4— roof ‘ +— roof
30 —=— lift side ‘—'—- left side
—e— right side 70} —e— right side
25F 60
~20F 50
< —_
-4 i
S Sl
~15F et
w
@ DY
s | =
wn 10 AL
5 10
ok
0 A . . ' A 4 L L L L L i
0 2 4 6 8 10 0 2 4 6 8 10
Distance (m) Distance (m)
(a) (b)

Figure 9. Stress of 23616 open-off cut roadway under the nonmining and mining conditions of upper
coal seam. (a) The nonmining conditions of upper coal seam; (b) the mining conditions of upper
coal seam.

As shown in Figure 9b, under the mining conditions of the upper coal seam, the
vertical stress of the left side was about 15~45 MPa, with a peak value of 65 MPa. The



Processes 2023, 11, 1600

8 of 15

vertical stress on the right side was about 5~35 MPa, with a peak value of 52 MPa. The
horizontal stress of the roof was about 3~20 MPa, with a peak value of 21 MPa.

After the mining of the 23605 and 23607 faces, the stress of the 23616 open-off cut
roadway surrounding rock changed significantly, especially on the two sides. Through
comparison, the peak stresses of the left side, right side, and roof increased by 39 MPa,
31 Mpa, and 3.5 MPa, respectively, with an increase of 150%, 147%, and 20%. After the
mining of the third upper coal seam, the advanced abutment pressure of the 23605 and
23607 coal faces acted on the coal pillar, which greatly aggravated the stress concentration
of the 23616 open-off cut roadway. In addition, the advanced abutment pressure of the
23606 coal face further increased the stress of the cut roadway.

4.2. Prestressed Yielding Support for the 23616 Open-Off Cut Roadway

Through a numerical simulation, the control effect of the yielding bolt and cable and a
single hydraulic prop for the large-span 23616 open-off cut roadway was evaluated.

4.2.1. Support Scheme of the 23616 Open-Off Cut Roadway

The width and height of the 23616 open-off cut roadway were 7300 mm and 2800 mm.
The diameter and length of the bolt were 20 mm and 2400 mm. The spacing—discharge
distances on the roof and the sides were 850 x 1000 mm and 1000 x 1000 mm. The diameter
and length of the cable were 17.8 mm and 7000 mm. The spacing—discharge distances
were 850 x 1000 mm. Each discharge of six cables was arranged. Each bolt and cable
were matched with a yielding pipe. Each discharge of two single hydraulic props was
arranged. The spacing—discharge distance was 3200 x 500 mm. The support unit of the
23616 open-off cut roadway is shown in Figure 10.

Cable Q 1860~ 17.8%7000 mm

Bolt Q 500~20x2400 mm

|

2050 mm

3200mm 2050 mm

7300 mm ‘

Figure 10. The support unit of 23616 open-off cut roadway.

4.2.2. Stress and Displacement of the 23616 Open-Off Cut Roadway after Support

Figures 11-13, respectively, show the displacements, stresses, and monitoring data
of the 23616 open-off cut roadway after support under the nonmining conditions of the
third upper coal seam. It can be seen from Figures 11 and 12 that under the nonmining
conditions of the upper coal seam, the 23616 open-off cut roadway had the most obvious
roof deformation due to its large width. The stress distribution of the surrounding rock
was relatively uniform, and the concentration coefficient was small.
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3616 open-off cut roadway

(@) (b)

Figure 11. Displacement diagram of 23616 open-off cut roadway after support under the nonmining
conditions of the upper coal seam. (a) Horizontal displacement; (b) vertical displacement.
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om0
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Figure 12. Stress diagram of 23616 open-off cut roadway after support under the nonmining condi-
tions of the upper coal seam. (a) Horizontal stress; (b) vertical stress.
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Figure 13. Monitoring data of 23616 open-off cut roadway after support under the nonmining
conditions of the upper coal seam. (a) Displacement; (b) stress.

Figure 13 shows that the maximum horizontal displacements of the left side, right
side, and roof of the 23616 open-off cut roadway after the support of the yielding bolt and
cable and single hydraulic prop were 35 mm, 5 mm, and 60 mm, respectively. The vertical
stress of the left side was about 20~23 MPa, with a peak value of 25 MPa. The vertical stress
on the right side was about 13~17 MPa, with a peak value of 19 MPa. The horizontal stress
of the roof was about 6~15 MPa, with a peak value of 17 MPa.

Figures 14-16, respectively, show the displacements, stresses, and monitoring data
of the 23616 open-off cut roadway after support under the mining conditions of the third
upper coal seam. It can be seen from Figures 14 and 15 that after mining of the upper coal
seam, the deformations of the left and right sides of the 23616 open-off cut roadway tended
to be equal; especially, the stress and displacement were basically symmetrical.
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FLAC3D 6.00 FLAC3D 6.00
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Figure 14. Displacement diagram of 23616 open-off cut roadway after support under the mining
conditions of the upper coal seam. (a) Horizontal displacement; (b) vertical displacement.
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Figure 15. Stress diagram of 23616 open-off cut roadway after support under the mining conditions

of the upper coal seam. (a) Horizontal stress; (b) vertical stress.

Figure 16a shows that the maximum horizontal displacements of the left side, right
side, and roof of the 23616 open-off cut roadway were 60 mm, 60 mm, and 125 mm,
respectively, after the support of the yielding bolt and cable and single hydraulic prop.
Figure 16b shows that the vertical stress of the left side was about 15~45 MPa, with a peak
value of 62 MPa. The vertical stress on the right side was about 5~45 MPa, with a peak
value of 52 MPa. The horizontal stress of the roof was about 3~20 MPa, with a peak value

of 27 MPa.
—— roof —— roof
140 —=—left side 70 —=— left side
—e— right sight —— right side
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E 50
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£ ool
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Figure 16. Monitoring data of 23616 open-off cut roadway after support under the mining conditions
of the upper coal seam. (a) Displacement; (b) stress.
4.2.3. Comparison and Analysis

The stress concentration of the surrounding rock after support shifted to the depth. The
surface surrounding rock had more uniform stress and significantly reduced displacement.
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This was because the surface surrounding rock was most affected by mining. With the
increase of the distance from the roadway surface, the degree of influence on the rock
stratum gradually decreased.

After upper coal mining, the peak stresses of the left side, right side, and roof increased
by 37 MPa, 3 Mpa, and 10 MPa compared with that of upper coal nonmining, with an
increase of 148%, 173.7%, and 58.8%. The maximum displacement of the left side, right
side, and roof increased by 15 mm, 55 mm, and 65 mm, respectively, with an increase of
42.9%, 1100%, and 108.3%.

Before and after upper coal mining, the stress changed mainly on the left and right
sides, and the displacement changed mainly on the right side and roof. It showed that
upper coal mining had a comprehensive loosening effect on the lower coal. The roof and
left side coal of the 23616 open-off cut roadway was obviously affected by the 23606 goaf.
In addition, the mechanical properties of the rock mass and coal were significantly reduced,
with even some of them entering a plastic failure state. Therefore, due to the influence of the
left goaf, mining had the greatest impact on the right-side coal, although the displacement
of the 23616 open-off cut roadway after support obviously increased before and after upper
coal mining. However, the maximum roof subsidence was only 125 mm, which was within
the allowable range.

5. Engineering Application and Evaluation

In engineering practice, the composite support scheme of the yielding bolt and cable
and single hydraulic prop was adopted. The detailed parameters were the same as those
in Section 4.2.1. The roof displacement of the 23616 open-off cut roadway was monitored.
The monitoring results were analyzed to further evaluate the rationality of the scheme.

5.1. Support Scheme during Construction

The supporting scheme was supplemented as follows: The tray sizes matching the bolt
and cable were 150 x 150 x 10 mm and 300 x 300 x 12 mm. The outer diameter, thickness,
and height of the bolt yielding pipe were 32 mm, 3.0 mm, and 40 mm, respectively. The
yielding load was 100 &+ 20 kN. The outer diameter, thickness, and height of the cable
yielding pipe were 32 mm, 3.5 mm, and 40 mm, respectively. The yielding load was
160 £ 20 kN.

Figure 17 shows the left-handed prestressed yielding bolt. Its specific parameters are
shown in Table 1. Table 2 shows the specific parameters of the cable.

Table 1. The specific parameters of left-handed prestressed yielding bolt.

Bearing Drag-

Rod Rod Tensile . Tray Damping :
Parts Diameter/mm Material/MPa Strength/kN Tray Size/mm Capacity/kN Nut Steel Reducing
Washer Washer
Index P20 Q500 202 150 x 150 x 10 245 M22 Q345B PVC-U
Table 2. The specific parameters of cable.
Diameter of
Material of Number of Tensile . Tray
Parts Steel Steel Strand  Steel Strand  Strength/kN Tray Size/mm Capacity/kN Anchorage
Strand/mm
Index $17.8 Q1860 1x7 353 300 x 300 x 12 380 K18
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Figure 17. The left-handed prestressed yielding bolt.

The size of the welded steel ladder was 4000 x 80 mm. A cold-drawing steel welded
mesh with a grid of 100 x 100 mm was laid on the roof. A diamond braided steel wire
mesh with a grid of 60 x 60 mm was laid on two sides. Each bolt and cable were matched
with one and three pieces of k2570 resin. The setting load of the single hydraulic column
with a diameter of 100 mm must not be less than 90 kNN.

5.2. Results and Evaluation

Multiple monitoring sections were arranged on the 23616 open-off cut roadway to
read the displacements of the roof and two sides. Three monitoring points were set at each
section, respectively, on the roof, left side, and right side. Two representative monitoring
sections were selected for analysis and named as 1 # and 2 #. Two monitoring sections were
located in the middle of the test roadway, which was less affected by boundary factors. The
roof monitoring point was located in the middle of the roof. The monitoring points on both
sides were located at a height of 1 m from the floor. Figure 18 shows the displacement of
the roof and two sides of observation section 1 # and 2 # over time.
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Figure 18. The displacement of the roof and two sides of observation section 1 # and 2 # over time.
(a) 1# monitoring sections; (b) 2# monitoring sections.

It can be seen from Figure 18 that the maximum deformations of the roof, the right
side, and the left side at observation sections 1 # and 2 # were 85 mm, 61 mm, 48 mm and
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68 mm, 53 mm, 46 mm, respectively. The subsidence of the roof rock layer was the largest
but within the allowable range. The reason is that the bending deflection of the large-span
open-off cut roadway roof under the coal pillar was large.

The subsidence of the roof rock stratum was faster in the first 12 days, slower at 30 days,
and gradually stabilized at 45 days. The deformation of the two sides was relatively small
in the first 25 days, relatively fast in 25 to 40 days, and gradually stabilized after 40 days.
Although the coal pillar stress could be transmitted to the two sides, the side coal was
complete, and the roof rock stratum was broken, so the initial deformation of the roof was
faster, and the sides were slower. As the right side was more obviously affected by the
stress concentration of the coal pillar, the deformation was greater than that of the left side.
The results showed that the surrounding rock control effect was relatively ideal, which
could meet the needs of roadway installation support.

6. Discussion and Conclusions

This paper took the 23616 open-off cut roadway in the third coal seam of Chaili Mine as
the engineering background to explore the support mechanism and methods of large-span
roadways in multistress concentration areas. The effectiveness of prestressed yielding
support was verified through engineering monitoring. According to the burial depth, the
vertical stress here should be approximately 10 Mpa. However, under the movement of
the overlying strata after coal seam mining, the stress distribution is uneven, resulting in
stress concentration. Under the mining conditions of the upper coal seam, the maximum
vertical stress of the left side and right side was about 65 MPa and 52 MPa. Compared to
the nonmining conditions of the upper coal seam, the peak stresses of the left side and right
side increased by 39 MPa and 31 MPa, respectively, with an increase of 150% and 147%. By
coordinating the prestressed yielding bolt, prestressed yielding cable, and the surrounding
rock, not only did it avoid the breakage of the bolt and cable in the stress concentration
area, but the stress in the surrounding rock was also balanced. The numerical simulation
and engineering application results showed that the deformations of the two sides and roof
of the 23616 open-off cut roadway after support were 4661 mm and 68-125 mm. The main
conclusions of the paper are as follows:

(1) The 23616 open-off cut roadway in the third coal seam of Chaili Mine was arranged di-
rectly below the coal pillar. The original steel shed support scheme was characterized
by high cost, complex construction, slow speed and a poor surrounding rock control
effect. This study controlled the large-span open-off cut roadway in a multistress
concentration area using active yielding support technology;

(2) The prestressed yielding bolt has the working characteristics of strong yielding per-
formance, large elongation, high strength, and high rigidity. The support system
stress was coordinated by the yielding member to avoid excessive stress on the local
support structure and reduce the stress concentration of the surrounding rock. Rea-
sonable yielding deformation is very important to avoid damage to the bolt due to
overloading;

(3) The stress concentration of the supported surrounding rock shifted to the depth. The
stress of the surface surrounding rock was more uniform, and the displacement was
significantly reduced. Before and after upper coal mining, the stress changed mainly
on the left and right sides, and the displacement changed mainly on the right side and
roof. It showed that upper coal mining had a comprehensive loosening effect on the
lower coal. Due to the influence of the left goaf, mining had the greatest impact on
the right-side coal;

(4) The maximum deformation of the roof and the right side and the left side at obser-
vation sections 1 # and 2 # were 85 mm, 61 mm, 48 mm and 68 mm, 53 mm, 46 mm,
respectively. The initial deformation of the roof was faster, and the sides were slower.
The deformation of the right side was greater than that of the left side. The surround-
ing rock control effect was relatively ideal, which could meet the needs of roadway
installation support.
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Abbreviation
¢  Strain of the prestressed yielding bolt
o Stress of the prestressed yielding bolt
0  Prestress of the prestressed yielding bolt
A Start point of yielding deformation
B End point of yielding deformation
C  Yield point of bolt rod
D Peak strength point of bolt
References
1. Kong, D Li, Q.; Wu, G.; Song, G. Characteristics and control technology of face-end roof leaks subjected to repeated mining in
close-distance coal seams. Bull. Eng. Geol. Environ. 2021, 80, 8363-8383. [CrossRef]
2. Li, X, Liu, Y,; Ren, X.; Wu, X,; Zhou, C. Roof breaking characteristics and mining pressure appearance laws in close distance coal
seams. Energy Explor. Exploit. 2022, 8, 728-744. [CrossRef]
3. Hu, Y,; Li, W,; Wang, Q.; Liu, S.; Wang, Z. Study on failure depth of coal seam floor in deep mining. Environ. Earth Sci. 2019, 78,
697. [CrossRef]
4. Ma, D,; Duan, H.; Zhang, J. Solid grain migration on hydraulic properties of fault rocks in underground mining tunnel: Radial
seepage experiments and verification of permeability prediction. Tunn. Undergr. Space Technol. 2022, 126, 104525. [CrossRef]
5. Ma, D.; Duan, H,; Zhang, J.; Liu, X; Li, Z. Numerical simulation of water-silt inrush hazard of fault rock: A three-phase flow
model. Rock Mech. Rock Eng. 2022, 55, 5163-5182. [CrossRef]
6. Ma, D.; Duan, H.; Zhang, ].; Bai, H. A state-of-the-art review on rock seepage mechanism of water inrush disaster in coal mines.
Int. J. Coal Sci. Technol. 2022, 9, 50. [CrossRef]
7. Giilli, H; Ozel, F. Microtremor measurements and 3D dynamic soil-structure interaction analysis for a historical masonry arch
bridge under the effects of near- and far-fault earthquakes. Environ. Earth Sci. 2020, 79, 338. [CrossRef]
8.  Shang, H.; Ning, J.; Hu, S.; Yang, S.; Qiu, P. Field and numerical investigations of gateroad system failure under an irregular
residual coal pillar in close-distance coal seams. Energy Sci. Eng. 2019, 7, 2720-2740. [CrossRef]
9.  Zhang, W,; Zhang, D.; Qi, D.; Hu, W.; He, Z.; Zhang, W. Floor failure depth of upper coal seam during close coal seams mining
and its novel detection method. Energy Explor. Exploit. 2018, 36, 1265-1278. [CrossRef]
10. Li, Y; Ren, Y.; Peng, S.S.; Cheng, H.; Wang, N.; Luo, ]. Measurement of overburden failure zones in close-multiple coal seams
mining. Int. |. Min. Sci. Technol. 2021, 31, 43-50. [CrossRef]
11.  Wang, X.; Wang, J.; Chen, X.; Chang, Z. A roadway in close distance to coal seam in deep mine: Location selection and supporting
practice based on creep characteristics of surrounding rocks. Arch. Min. Sci. 2021, 66, 407-419. [CrossRef]
12.  Gao, X,; Zhang, S.; Zi, Y.; Pathan, S.K. Study on optimum layout of roadway in close coal seam. Arab. J. Geosci. 2020, 13, 746.
[CrossRef]
13. Ning, J.; Wang, J.; Tan, Y.; Zhang, L.; Bu, T. In situ investigations into mining-induced overburden failures in close multiple-seam
longwall mining: A case study. Geomech. Eng. 2017, 12, 657-673. [CrossRef]
14. Li F; Zhang, Y; Liu, J.; Zhang, L.; Fang, S. The dynamical response characteristics of elastic-plastic coal under dynamic load. J.
Nat. Gas Sci. Eng. 2016, 29, 497-505. [CrossRef]
15. Li,J.; Zhao, ].; Gong, S.Y.; Wang, H.C.; Ju, M.H.; Du, K.; Zhang, Q.B. Mechanical anisotropy of coal under coupled biaxial static
and dynamic loads. Int. |. Rock Mech. Min. Sci. 2021, 143, 104807. [CrossRef]
16. Wang, C.; Cao, A.; Zhang, C.; Canbulat, I. A new method to assess coal burst risks using dynamic and static loading analysis.
Rock Mech. Rock Eng. 2020, 53, 1113-1128. [CrossRef]
17. Nassiraei, H.; Rezadoost, P. Stress concentration factors in tubular X-connections retrofitted with FRP under compressive load.

Ocean. Eng. 2021, 229, 108562. [CrossRef]


https://doi.org/10.1007/s10064-021-02438-5
https://doi.org/10.1177/01445987221120888
https://doi.org/10.1007/s12665-019-8731-0
https://doi.org/10.1016/j.tust.2022.104525
https://doi.org/10.1007/s00603-022-02878-9
https://doi.org/10.1007/s40789-022-00525-w
https://doi.org/10.1007/s12665-020-09086-0
https://doi.org/10.1002/ese3.455
https://doi.org/10.1177/0144598717747622
https://doi.org/10.1016/j.ijmst.2020.12.009
https://doi.org/10.24425/ams.2021.138597
https://doi.org/10.1007/s12517-020-05722-y
https://doi.org/10.12989/gae.2017.12.4.657
https://doi.org/10.1016/j.jngse.2016.01.032
https://doi.org/10.1016/j.ijrmms.2021.104807
https://doi.org/10.1007/s00603-019-01968-5
https://doi.org/10.1016/j.oceaneng.2020.108562

Processes 2023, 11, 1600 15 of 15

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Nassiraei, H.; Rezadoost, P. SCFs in tubular X-connections retrofitted with FRP under in-plane bending load. Compos. Struct.
2021, 274, 114314. [CrossRef]

De Toledo, EW.; Grundler, E; Sirtori, C.R.; Ruscica, M. Unravelling the health effects of fasting: A long road from obesity
treatment to healthy life span increase and improved cognition. Ann. Med. 2002, 52, 147-161. [CrossRef]

Zhang, N.; Zhang, N.; Han, C.; Qian, D.; Xue, F. Borehole stress monitoring analysis on advanced abutment pressure induced by
longwall mining. Arab. J. Geosci. 2014, 7, 457-463. [CrossRef]

Zhang, P; Sun, B. Distribution characteristics of the advance abutment pressure in a deep stope. J. Geophys. Eng. 2020, 17, 686—-699.
[CrossRef]

Qin, H.; Cheng, Z.; Ouyang, Z.; Zhao, X.; Feng, J. Relationship between advancing abutment pressure and deformation of
surrounding rock in a roadway: A case study in Helin coal mine in China. Environ. Earth Sci. 2021, 80, 763. [CrossRef]

Wang, Q.; Jiang, B.; Pan, R.; Li, S.C.; He, M.C.; Sun, H.B.; Qin, Q.; Yu, H.C.; Luan, Y.C. Failure mechanism of surrounding rock
with high stress and confined concrete support system. Int. J. Rock Mech. Min. Sci. 2018, 102, 89-100. [CrossRef]

Liu, Z.; Cao, A,; Liu, G.; Li, J. Experimental research on stress relief of high-stress coal based on noncoupling blasting. Arab. J. Sci.
Eng. 2018, 43, 3717-3724. [CrossRef]

Zhang, J.; Liu, L.; Liu, C.; Li, Y. Mechanism and application of new prestressed yield bolt for controlling deep high-stress rock
mass. Tunn. Undergr. Space Technol. 2021, 119, 104254. [CrossRef]

Du, B.; Liu, C.; Yang, J.; Wu, E. Abutment pressure distribution pattern and size optimization of coal pillar under repeated mining:
A case study. Arab. J. Geosci. 2020, 13, 1261. [CrossRef]

Li, Y,; Lei, M.; Wang, H; Li, C.; Li, W.; Tao, Y.; Wang, J. Abutment pressure distribution for longwall face mining through
abandoned roadways. Int. ]. Min. Sci. Technol. 2019, 29, 59-64. [CrossRef]

Oge, LF. Revisiting the assessment of squeezing condition and energy absorption of flexible supports: A mine development case.
Tunn. Undergr. Space Technol. 2021, 108, 103712. [CrossRef]

Oggeri, C.; Oreste, P. Tunnel static behavior assessed by a probabilistic approach to the back-analysis. Am. J. Appl. Sci. 2012, 9,
1137-1144. [CrossRef]

Grechishkin, P.V.; Feofanov, G.L.; Kozlov, A.G.; Zaytsev, Y.I. Coal-rock mass deformation analysis and support design for
roadways on seams V-12 and V-26 in the Severnaya Mine of Urgalugol. Gorn. Zhurnal 2020, 1, 73-77. [CrossRef]

Liu, L.M.; Zhang, J.; Sun, W.; Fu, B.; Yan, X. Research and application of balance support design method for fully-mechanized
gob-side entry driving with opposite mining direction. J. Shandong Univ. Sci. Technol. (Nat. Sci.) 2017, 36, 24-31.
Manouchehrian, A.; Cai, M. Analysis of rockburst in tunnels subjected to static and dynamic loads. . Rock Mech. Geotech. Eng.
2017, 9, 1031-1040. [CrossRef]

Luo, Y,; Xu, K,; Huang, J.; Li, X; Liu, T.; Qu, D.; Chen, P. Impact analysis of pressure-relief blasting on roadway stability in a deep
mining area under high stress. Tunn. Undergr. Space Technol. 2021, 110, 103781. [CrossRef]

Feng, J.; Wang, E.; Shen, R.; Chen, L.; Li, X;; Li, N. A source generation model for near-field seismic impact of coal fractures in
stress concentration zones. J. Geophys. Eng. 2016, 13, 516-525. [CrossRef]

Wei, M.R.; Zhang, S.W. Simulation study of maximum bolt supportingcapacity during dynamic disaster. J. Shandong Univ. Sci.
Technol. (Nat. Sci.) 2020, 39, 37-45.

Wu, X; Jiang, Y.; Wang, G.; Gong, B.; Guan, Z.; Deng, T. Performance of a new yielding rock bolt under pull and shear loading
conditions. Rock Mech. Rock Eng. 2019, 52, 3401-3412. [CrossRef]

Skrzypkowski, K.; Korzeniowski, W.; Zagorski, K.; Zagérska, A. Adjustment of the yielding system of mechanical rock bolts for
room and pillar mining method in stratified rock mass. Energies 2020, 13, 2082. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.compstruct.2021.114314
https://doi.org/10.1080/07853890.2020.1770849
https://doi.org/10.1007/s12517-013-0831-7
https://doi.org/10.1093/jge/gxaa022
https://doi.org/10.1007/s12665-021-10045-6
https://doi.org/10.1016/j.ijrmms.2018.01.020
https://doi.org/10.1007/s13369-017-3056-3
https://doi.org/10.1016/j.tust.2021.104254
https://doi.org/10.1007/s12517-020-06281-y
https://doi.org/10.1016/j.ijmst.2018.11.018
https://doi.org/10.1016/j.tust.2020.103712
https://doi.org/10.3844/ajassp.2012.1137.1144
https://doi.org/10.17580/gzh.2020.01.14
https://doi.org/10.1016/j.jrmge.2017.07.001
https://doi.org/10.1016/j.tust.2020.103781
https://doi.org/10.1088/1742-2132/13/4/516
https://doi.org/10.1007/s00603-019-01779-8
https://doi.org/10.3390/en13082082

	Introduction 
	Case Study 
	Geological Conditions 
	Evaluation of the Original Support Scheme 
	Stress Characteristics of Open-Off Cut Roadway in Stress Concentration Areas 

	Mechanism of Prestressed Yielding Support 
	Mechanism of Prestressed Yielding Bolt 
	Coupling Effect of Yielding Bolt, Cable, and Surrounding Rock 

	Numerical Simulation and Analysis 
	Stress Characteristics of the 23616 Open-Off Cut Roadway 
	Prestressed Yielding Support for the 23616 Open-Off Cut Roadway 
	Support Scheme of the 23616 Open-Off Cut Roadway 
	Stress and Displacement of the 23616 Open-Off Cut Roadway after Support 
	Comparison and Analysis 


	Engineering Application and Evaluation 
	Support Scheme during Construction 
	Results and Evaluation 

	Discussion and Conclusions 
	References

