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The thickness of top coal is the main factor affecting the stability of the large cross
section open-off cut under the goaf. The 12 lower 203 cross section open-off cut
of the Huojitu Coal Mine was used as the background to investigate the top coal
rational thickness of the large cross section open-off cut under the goaf in slicing
mining. The top coal above the cut was simplified into a beam model to calculate
its plastic zone range with the elastoplastic theory under the influence of the upper
slicing mining and the lower slicing cut excavating. The deformation law of the top
coal of the large cross section open-off cut under different top coal thicknesses
was studied with both a simulation experiment and numerical simulation. The
displacement, stress, and top coal structure of the surrounding rock of the cut
were observed in situ using several observation methods. The results show that
the plastic zone of the floor in the upper slicing face and the influence of the cut
excavation are 2.02 mand 1.43 m, and the maximum plastic zone of the top coal is
3.45 m. A top coal thickness of more than 3.45 m is conducive to maintaining the
stability of the large cross section open-off cut. The top coal of the cut can be
divided into the roof-fall hazard zone and roof-fall warning zone according to the
results monitored by distributed optical fiber. When the top coal thicknessis 3.0 m,
3.5m, and 4.0 m, the deformation law changes from an exponential deformation
to a linear and then to a logarithmic relationship in the roof-fall hazard zone and
from a linear to a logarithmic relationship in the roof-fall warning zone. When the
thickness of top coal is 3.5m and 4.0 m, the subsidence trend of the top coal
visibly decreases, and the subsidence is only 56% and 39% of the subsidence of
that of a thickness of 3 m. The deformation law of top coal measured using the DIC
(Digital Image Correlation, DIC) is consistent with that of distributed optical fiber.
The average thickness of the top coal reserved in the 12 lower 203 large cross
section open-off cut is 4.0 m. The maximum surface subsidence of the top coal
cut hole is 12 mm in the field monitoring. The maximum internal subsidence is
6 mm, and the maximum shed beam strain is =416 pe. The deformation of the top
coal is slight, indicating that the top coal thickness of 3.5-4.0 m is reasonable.
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1 Introduction

The cumulative proven coal reserves in northern Shaanxi are
138.8 billion tons, and the remaining coal reserves are 131.5 billion
tons, making it rich in resources. Among them, the maximum
recoverable thickness of a single layer in the Jurassic coalfield in
the Shenfu mining area is 12.5 m. In the early days, due to technical
limitations, many mines adopted layered mining technology for
mining. When mining in the lower coal seam, due to the influence of
small kilns, etc., the production roadway of the working face is laid
out under the goaf of the upper layer. The thickness of the top coal
and the support technology have become the main technical
problems in the mining of the lower coal seam (LIU et al., 2013;
CHAI et al,, 2022a; HE and HUANG, 2022; XIA et al,, 2022; XIA
et al., 2023).

The research on the layered mining of thick coal seams and the
top coal retention and support technology of the roadway in the
lower coal seam mainly focuses on the tunnel excavation and
supporting technology in the goaf area of close coal seams
(DONG et al,, 2013; GAO and ZHANG, 2014; Qi, 2018). WANG
etal. (2020) studied the position and support method of the tunnel at
the lower working face in the goaf area of the coal seam at a very
close distance and reasonably offset it from the upper residual coal
pillar by 9 m, effectively avoiding the influence of the residual coal
pillar in the upper goaf area, and proposed this method of
supporting the roadway under similar conditions. CAO (2015)
used theoretical analysis and proposed a very close coal seam
support scheme that used the top coal thickness of 3 m as the
dividing line to carry out segmented support and improve the
strength and pre-tightening force of the anchor bolts. The size of
the large section cut hole of 17 coal seam in the Shigetai Mine is
7.9 x 3 m. It adopts an “anchor rod + steel mesh + anchor cable +
steel beam shed + single pillar” approach. The joint support scheme
has a maximum moving distance of 42 mm for the roof and bottom
plates and a maximum moving distance of 26 mm for the two gangs,
which can meet the requirements of working face installation and
normal mining (ZHAO, 2018). In view of the disturbance caused by
working adjacent faces under the goaf, Yang et al. (2019) suggested
the technology of combining pressure relief with bolt support to control
the stability of the surrounding rock of the roadway under the goaf after
analyzing the fracture mechanism and stress distribution of the key
strata of the overlying rock and the deformation distribution
characteristics of the rock surrounding the roadway on the side of
the goaf. GAO et al. (2021) simulated the deformation and stress of the
surrounding rock and supporting structure during the tunneling
process under the goaf, compared the deformation and stress
concentration states of the tunnel-surrounding rock under different
support row spacings, and verified the rationality of the support scheme.

In the theoretical research of the stability of a lower stratified
mining roadway, scholars have studied the failure factors and
failure rules of large-section tunnels and cut-hole surrounding
rocks (CHAI et al., 2008; NIU et al., 2014). HE et al. (2014) used
numerical simulation to analyze the zoning characteristics and
crack evolution rules of the surrounding rock fissure fields when
the hole width was 6-10 m. Anchor belt nets and double truss
anchor cables were used to support the joint during excavation,
resulting in completion of the hole in 10 days. The movement of
the roof and floor of the tunnel and the two sides was small, and
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the surrounding rock control effect was good. ZHANG et al.
(2004) studied the anchor network cable support scheme for the
surrounding rock of fully mechanized caving in thick coal seams.
They used Timoshenko beams to analyze the roof-like
connectors and the side coal mass and determined the factors
that affect the stability of the opening. The support plan was
optimized, and specific support parameters were determined.
Jiang et al. (2021) established a mechanical model of the roof
under the goaf and deduced its internal force according to the
failure characteristics of the surrounding rock of the stope roof.
The shear and compression safety factors of the open-off cut roof
were given, and the factors affecting the stability of the roof were the
span of the open-off cut and the thickness of the roof. In order to solve
the problem of roof coal support for large-span openings under goafs
in layered mining of thick coal seams, CHAI et al. (2022b) and CHAI
et al. (2022c) analyzed the load-bearing deformation and failure
characteristics of large-span roof coals, derived the extreme value
conditions of instability, and analyzed the deformation laws of the top
coal with the hole peek device.

The roof of the cut hole in the lower coal seam was damaged
before tunneling. The roof structure changed, cracks developed,
stability was poor, and the risk of roof falling increased, which
brought many technical difficulties to the lower coal seam tunneling
(Yan et al,, 2015; Xinjie et al., 2016; He et al., 2023). Scholars
calculated the initial breaking distance and periodic breaking
distance of the roof by constructing a plate model and used the
beam model to analyze the stability of the tunnel roof (Xiao et al.,
2011; Tulu et al, 2016). In terms of the broken load-bearing
structure of the tunnel roof, JIANG et al. (2016) established a
continuous deep beam mechanical structure model under
uniform load and obtained the stress distribution law of the roof
rock layer under tunnel mining. YAO (2014) analyzed the mining
tunnel of the Hexi Mine and deduced the deep-seated reasons for the
breakage of the roof anchor cables. The maximum deflection and
angle under three different combination structures of the broken
roof rock layer block beam, fixed beam, and composite beam of the
roadway were discussed. Factors such as the roadway width,
interburden thickness, upper coal seam mining height, and
relationship with roof deformation were discussed. Through
UDEC (Universal Distinct Element Code, UDEC), Liu et al.
(2021) analyzed the fracture evolution law and failure form of
the surrounding rock of the open-off cut roof during the first
excavation and the second excavation. Xie et al. (2020) used
numerical simulation software to analyze the distribution
characteristics of effective prestress in the roof of the goaf and
concluded that it can form an anchored rock beam structure. Few
scholars have constructed a mechanical model of the tunnel roof to
analyze the deformation laws of the top coal under the goaf, and
there are few studies on related support technologies.

In summary, most of the existing research results are research on
the support technology of large-section hole cutting under the goaf
area of close coal seams. There are few reports on the thickness of the
top coal left for large cross-section cut holes under the goaf and the
coupling relationship between the surrounding rock and the
supporting structure under layered mining conditions (Gong
et al,, 2019). Ensuring the stability of the surrounding rock of the
cut holes while maximizing the reduction of the thickness of top coal
can both improve the recovery rate of legacy coal resources and
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reduce the amount of tunneling work (undercover amount). This
has become the focus of current research. This paper uses theoretical
calculations to obtain the depth of damage to the upper-layer mining
floor and the plastic damage range of the top coal caused by the
lower coal seam cutting tunneling. Both physically similar
simulation tests and numerical simulations were carried out to
study the deformation of three groups of top coal thickness
conditions. The work is expected to provide a scientific and
reasonable basis for large cross-section open-off cut under similar
working conditions.

2 Theoretical analysis of the plastic
zone range of top coal of the cut hole

2.1 Engineering background

The average coal thickness of the 1 203 coal seam composite
area in the Huojitu Coal Mine is 10 m, the buried depth is 63-87 m,
and the average buried depth is 80 m. Due to the limitations of the
manufacturing level of mechanized mining equipment at that time,
this panel adopted the layered mining method for mining. The
upper-layer working face was designed to have a mining height of
4.5-5m, and a remaining 5-m-thick coal seam was retained in the
upper-layer goaf area. Under this situation, more than 30 million
tons of coal resources have not been mined. In order to avoid the
small kiln cross-border area, it is planned to arrange the 1 lower
203 large cross section open-off cut under the 1 upper 203 goaf
area, as shown in Figure 1.

The 17 lower 203 working face excavation tunnel includes the 1~
lower 203 tunnel, the shunting chamber, the end frame nest, and the

shearer machine nest. The design length of the cutout is 251.4 m, the
width is 9.0 m, and the height is 3.9 m. The cross-section of the cut is
large. In order to prevent the roof from connecting with the goaf
above during the excavation process, leaving a reasonable thickness
of top coal becomes the main issue to ensure safe production on the
working face.

2.2 Scope of the plastic zone of top coal of
the cut hole

The 17 lower 203 working face is located below the goaf of the 17
upper 203 working face. After the working face is mined, the top coal
plastic zone consists of two parts affected by the mining of the
upper-layer working face. As shown in Figure 2, one part is
calculated through elastic—plastic theory, which determines the
maximum damage depth, h,,.x, of the floor after the upper layer
is mined. The other part is the plastic state after the coal and rock
mass is stressed during the tunneling process; its thickness is /. The
sum of the two thicknesses is regarded as the maximum range of the
plastic zone H of the coal beam.

2.2.1 Plastic zone of floor in the upper-layer
working face

A goaf is formed behind the longwall working face, and it has a
rectangular cross section. The mining height of the coal seam will be
very small compared with the width of the longwall working face.
Assume that the mining length of the working face is L, the vertical
stress is yH, the horizontal stress is xyH (x is the lateral stress
coefficient), and r, is the maximum damage distance in front of the
stope. Using elastic theory (Schenato et al., 2017), the horizontal

The 12 upper 203
working face

FIGURE 2
Composition of the plastic zone of cut top coal.
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stress, vertical stress, and shear stress near the stope can be obtained

as follows:
o, =yH L cos6 1 sinesin 39 (1-x)yH
=T VRN 9% 2% P
{L % 6 360

J - - hd in —sin — 1
o,=yH 7 c052<1+smzsm 2), (1)
T,, = yH £cosgsinecosﬁ
=Y \er 272 2’

Here, r is the boundary of the failure zone and 6 is the angle
between the edge and the horizontal direction at the maximum yield
depth, h.

Analysis of Equation 1 shows that if the point (r, 6) is known, the
stress of the surrounding rock of the stope is directly proportional to the
buried depth of the working face and the length of the working face.
Based on the actual mining conditions of the Huojitu Coal Mine, the
boundary of the damage area is r<L, and the lateral pressure coefficient
x is generally 1. Substituting these values into Equation 1, the principal
stress of the stope edge is obtained as follows:

yH\/f 0 .0
0, =—1\—cos =| 1+sin — |,
2 \r 2 2

yH\/f 9( , 9) )
0, =—1|—cos —| 1 —sin — |,

2 \r 2 2

0'3:0

Here, r is the boundary of the failure zone, y is the bulk density of
the rock formation, H is the buried depth, L is the mining length of
the working face, and 0 is the angle between the edge and the
horizontal direction at the maximum yield depth, .

Assuming that the surrounding rock failure obeys the
Mohr-Coulomb criterion, the following formula can be obtained:

0, —50'3 :Rc, (3)
_l+sing @)
" 1-sing

Here, R, represents the uniaxial compressive strength and ¢
represents the internal friction angle.

Substituting Equation 1 into Equation 3, the yield failure depth h
of the floor caused by stress concentration below the edge of the
mining layer can be calculated as

HL 0 o\’
h=y cos’=[ 1+sin = | siné. (5)
AR 2 2
After finding the first-order derivative of 6 in the

aforementioned formula and allowing the derivative to be zero,
the maximum value of the base plate failure depth under the plane
stress state can be obtained:

1.57yHL

hmax = (4R§) .

(6)

This maximum value is obtained when 0 is approximately —75".
According to the aforementioned formula, it can be seen that the
damage depth of the floor is positively related to the square of the
inclination length of the working face and the buried depth. It is
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negatively related to the square of the compressive strength of the
floor. When calculating the thickness of floor failure, we use the
elastic—plastic theory and take into account the factors affecting the
joint cracks existing in the floor. Then, Equation 6 becomes

1.579*H*L

hmax = T e
(4R? &)

(7)

Here, § is the influence coefficient of joints and fissures in the
floor rock layer, y is the average bulk density of the overlying rock
layer of the mined coal seam in kN/m?, H is the average buried depth
of the mined coal seam in m, L is the inclination length of the mining
coal seam working surface in m, and R, represents the compressive
strength of the floor rock layer in MPa.

2.2.2 Plastic zone of roof during the lower coal
seam large cross section open-off cut excavation

During the lower coal seam cut hole excavation process, without
being disturbed by the mining of the upper layer, the top coal of the
cut near the upper coal seam will first undergo elastic deformation
and then plastic damage. According to the analysis of the stress
characteristics of beam structures in elastic—plastic mechanics, the
strain at the x-axis section is

e=2. ®)
p

Here, p is the radius of curvature of the beam, and the
relationship with the deflection is

d*w
2o ©)
p dx
According to the elastic theory, the stress is
o0=Ee=E X. (10)
p

In the elastic stage, the relationship between curvature and
bending moment is

==

(11)

o=

It can be seen that the normal stress of elastic bending is
distributed linearly in the direction, taking the maximum
absolute value at y=+ h/2:

(12)

According to the yield condition of the uniaxial stress state,
when |0|max <05, the cross section is all in the elastic state; when
|0|max =05, the elastic stage reaches the limit, and the elastic limit
bending moment M, is

_ osbhf .

M, 5

(13)

When M>M,, the cross section enters the plastic stage from the
elastic stage, and the corresponding normal stress approaches the
ultimate stress at y=+h/2. Forming a plastic zone in which the
normal stress is evenly distributed, the area near the neutral axis is
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still an elastic zone, and the normal stress is still linearly distributed.
Using the static equilibrium relationship, we can get

! ¢ 3
M:2bJ- aydy:Zb(J aszydy+j asydy)
0 o ¢ 0

_ obh’ L 4
3m)

4
As M increases, & decreases; that is, the plastic zone continues to

(14)

expand, and the elastic zone continues to shrink until £ = 0, and the
cross section completely enters the plastic state. At this time, the
plastic limit bending moment M; is

asbh%'

M, =
4

(15)

From the aforementioned formula, it can be seen that the plastic
ultimate bending moment of the roof coal beam is related to the
yield strength, span, and height of the coal beam. Therefore,
measures can be taken to increase the thickness of the roof coal,
improve its resistance to damage, and prevent the cut hole roof coal
from entering a plastic state. The coal beam is stable before it is
damaged by mining. According to material mechanics calculations,
the maximum bending moment under a vertical load is

_

max — . 16
4 (16)

To ensure that all coal beams do not enter the plastic state, M, >
M. must exist, that is,

2 2
obhy by (17)
PR
q
hzloyg 1. (18)

The average buried depth of the 17 coal seam in the Huojitu
Coal Mine is 76 m, the coal seam thickness is 9.5-10.6 m, the
average mining height of the upper layer is 4 m, and the length of
the 1° upper 203 working face is 210 m. The uniaxial compressive
strength Rc of the 17 coal is 9.2 MPa, the influence coefficient & of
floor joint cracks is 0.95, the average bulk density of the overlying
rock layer y = 0.018 kN/m?, and the highest stress concentration
coefficient K; = 3.5. Substituting the aforementioned geological
parameters into Equation 5, the specific calculation results are as
follows:

1.57y*H?L 157 x 0.0182 x 76> x 210
= g S ~2.02m
(4R? - 6%) 4%9.2%2%0.95

hmax =

The maximum damage depth of the upper layer mining floor is
2.02 m, and the range of plastic damage of the coal beam is 0-2.02 m.

According to the actual situation on site, the uniform load
q=14Mpa and 0,=9.2Mpa overlying the cut-out eye are
substituted to obtain h;>1.43 m. That is, when the hole is
tunneled, the maximum plastic range of the top coal is 1.43 m.
The maximum range of the plastic zone of the top coal of the cut
hole is

H = h o + by =2.02 + 1.43 = 3.45m. (19)

Frontiers in Earth Science

10.3389/feart.2023.1301595

That is, when the thickness of the top coal of the cutting hole is
greater than 3.45 m, it is beneficial to maintain the stability of the
cutting hole.

3 Similar simulation test analysis of cut
hole top coal thickness

A simulation was conducted to determine the reasonable top
coal thickness for cut hole in the 1 lower 203 coal seam working
face using a simulation test platform with a length of 3,000 mm, a
width of 200 mm, and a height of 2,000 mm. The geometric
similarity ratio of the simulation experiment is 1:50, the stress
similarity ratio is 78, and the time similarity ratio is 7.1. The
model ratios are shown in Table 1.

According to the theoretical analysis results, the thickness of the
top coal at cut hole No.1, No.2, and No.3 is 3 m, 3.5m, and 4 m,
respectively. During the model building process, the acrylic mold is
pre-embedded and cut. According to the actual situation, the 1~
upper 203 coal seam working face was mined to form the goaf, and
then the die was pulled to simulate the cut hole mining process. The
simulation was run six times.

Fiber optic sensing technology has the advantages of wide
distribution and high precision and has been applied in similar
simulation experiments to monitor overlying rock deformation
and working face pressure (Xie et al., 2020). This article applies
distributed fiber
experiments. As shown in Figure 3, the experiment monitored

optic technology to similar simulation
the deformation of the top coal from the inside and the surface of
the model. In this test, the layers were under the 17 coal, and a
2 mm horizontal optical fiber was arranged on the cut hole roof
with a strain coefficient of 0.0497 MHz/pe. In the test, the
NBX6055 spatial resolution was set to 1 cm, and the monitoring
accuracy was 50 pe. A distributed optical fiber sensing system
based on BOTDA (Brillouin Optical Time Domain Analysis,
BOTDA)
deformation of the top coal of the cut hole. The equipment was

an NBX-6055 photometer. During the test process, the spatial

technology was used to monitor the internal

resolution of the instrument was 5 cm, the sampling interval was
1 cm, and the sensing distance was 20 km. The optical fiber was
implanted into the physical model using pre-embedding. When
the model was laid to the height of the sensor position, the optical
fiber was horizontally laid into the center of the model. After the
model was laid, tension was applied to the two segments of the
optical fiber to maintain the horizontal state of the optical fiber in
the model.

After the model was built, speckle spots were arranged on the top
coal above the cut holes and the two coal bodies. The digital speckle
system camera has 12 million pixels and a strain measurement range
of 0.005%-2,000%. During the experiment, the shooting frequency
was 1Hz, the strain measurement accuracy was 0.005%, and the
displacement measurement accuracy was 10 um (0.01 pixels). Data
were collected for cut holes No.1, No.2, and No.3 for each excavation.
The open-off cut process of the 1 coal seam is shown in Figure 4 a.
The caving characteristics of overlying strata after the mining of the
upper layer working face are shown in Figure 4b.
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TABLE 1 Physical similarity simulation experiment material ratio.

10.3389/feart.2023.1301595

Lithology Proportion Layer Cumulative River Gypsum/kg White Coal/kg Water/kg
number thickness/ thickness/cm  sand/kg powder/kg
am
12 Fine-grained 837 3.1 126 24.6 0.9 2.2 2.77
sandstone
11 Siltstone 728 12.2 122.9 96.4 2.8 10.8 11
10 Siltstone 728 1.5 110.7 12.1 0.3 14 1.39
9 Siltstone 728 6.9 109.2 54.1 1.5 6.3 6.21
8 Coarse-grained 973 17.1 102.3 137.9 10.5 49 15.4
sandstone
7 17" coal seam 5.1 85.2 19.8 1 5 19.8 4.6
6 Fine-grained 837 25.8 80.1 206.1 8.1 18 234
sandstone
5 Siltstone 728 7.2 54.3 56.4 1.5 6.3 6.3
4 172 coal seam 19.9 47.1 78 39 19.5 78 18
3 Siltstone 728 6.6 27.2 522 1.5 6 6
2 Fine-grained 837 52 20.6 419 1.6 3.7 4.7
sandstone
1 Siltstone 728 154 15.4 121.2 3.6 13.8 13.8
Grained
Siltstone
Siltstone
1" coal
Grained
Physical drawings of model Siltstone
1-2upper coal
cut hole cut hole cut hole
1-%ower coal
H H
No.l : Siltstone
horizontal optical fiber Grained
BOTDA photonometer Siltstone

FIGURE 3
Model monitoring system.

3.1 Analysis of top coal deformation results

3.1.1 Internal deformation zoning characteristics of
top coal

The optical fiber monitoring results of top coal deformation
during the excavation process of entries No.1, No.2, and No.3 are
shown in Figure 5, with the center of the top coal as the 0 point. It
can be seen that the deformation of the top coal is distributed in a
“W” shape. The deformation characteristics of positive fiber-optic
sensing tension and negative pressure indicate that the middle part
of the top coal appears to sink significantly due to the influence of its
own weight and the load of the overlying goaf. With the tunneling,
the subsidence within the £50 mm range of the center of the top coal
of cut holes No.1, No.2, and No.3 is significantly greater than that of
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the two sides, showing the zoning characteristics of a large
deformation in the middle and small deformation on both sides.
The area within £50 mm of the center of the top coal can be divided
into roof-fall hazard areas. It shows that when the cut hole width of
the 17 203 working face is 9.96 m, the roof deformation is large
within 5 m of the center of the cutout. If the support is not placed in
a timely manner, there is a greater risk of top coal falling.

Within the range of +50-100 mm on both sides of the cut holes
No.1, No.2, and No.3, the horizontal optical fiber test results gradually
changed from positive strain to negative strain, indicating that
the subsidence of the top coal gradually decreased near the two
sides of the cut hole. As the tunneling distance increases, the
subsidence of the top coal in the area of cut holes No.1, No.2, and
No.3 also gradually increases, but the peak deformation is only 7%-
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Lower layered open-off cut

FIGURE 4

Caving form of overlying strata after upper layer mining

Physical similarity simulation experiment result diagram. (A) Lower layer open-off cut. (B) Caving form of overlying strata after upper-layer mining.
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FIGURE 5

Deformation results of top coal monitored with the horizontal optical fiber. (A) cut hole No.1 (B) cut hole No.2. (C) cut hole No.3.

37% of the deformation in the center of the tunnel, indicating high
stability. Therefore, within the range of 2.5 m between the two sides of
the cut hole, the possibility of roof coal caving is small, and this area
can be identified as a roof caving warning area.

3.1.2 Internal deformation rules of top coal

The deformation characteristics of the roof risk zone during the
excavation process of cut holes No.1, No.2, and No.3 are shown in
Figure 6. Comparing the optical fiber test results of cut holes No.1,
No.2, and No.3, the center subsidence of the top coal of cut hole 1 in
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the roof collapse danger zone was significantly greater than that of
setup No.2 and No.3 at each excavation stage. After the cut hole was
penetrated, it reached 652 e; the center of cut hole No.2 was 363 pe,
and the deformation amount was approximately 56% of that of cut
hole No.1; the deformation of cut hole No.3 was the smallest, and the
subsidence amount of the top coal after the cut hole was penetrated
was only 228 pe, which was approximately 35% of that of cut hole
No.1. Fitting the deformation results of the top coal center points of
cut holes No.1, No.2, and No.3 found that as the cut hole is tunneled
to penetration, when the top coal thickness is 3 m, the subsidence
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amount of the top coal roof risk area of the cut hole increases
approximately exponentially. When the thickness of the top coal is
3.5 m, the deformation amount in the risk zone of roof coal collapse
increases approximately linearly. When the thickness of the top coal
is 4 m, the deformation amount in the risk zone of roof coal collapse
increases approximately logarithmically. These results show that
when the width of the cut hole is constant and the thickness of the
top coal of the cut hole in the 1 203 working face is set to 3 m, the
stability of the top coal is poor, the subsidence of the roof collapse
danger zone increases exponentially, the deformation of the top coal
is large, and the maintenance of the cut hole is difficult. When the
thickness of the top coal is set to 3.5 m, the stability of the top coal is
moderate, the subsidence in the risk area of roof collapse increases
linearly, and the deformation of the top coal is between that of the
3.0 m and the 4.0 thicknesses. When the thickness of the top coal is
set to 4 m, the stability of the top coal is high, and the risk area width
of roof collapse is minimum. The amount of subsidence increases
with an approximate logarithmic law, and within a certain period of
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time after the hole is cut through, the amount of deformation of the
top coal changes little.

As the hole is tunneled, the deformation patterns of the
roof collapse warning zones with different top coal thicknesses are
shown in Figure 7. Figure 7A shows the deformation characteristics of
the roof collapse warning area on the left side of the cut holes No.1,
No.2, and No.3, and Figure 7B shows the deformation characteristics of
the roof collapse warning area on the right side of the cut holes No.1,
No.2, and No.3. As the number of excavations increases, the subsidence
of the roof collapse warning area on the left and right sides of the
No.l cut eye increases approximately linearly. When the tunnel is
penetrated, the deformation of the roof collapse warning area on the left
side of the No.1 cut eye reaches 231 e, and the roof collapse danger area
on the right side reaches 278 pe. The subsidence in the roof collapse
warning area on the left and right sides of cut holes No.2 and
No.3 increases logarithmically, and the growth rate of the top coal
subsidence gradually decreases after the third tunneling. After the
penetration, the subsidence amount of the roof collapse warning
area on the left side of the cut hole No2 is 161 pe, and the
subsidence amount on the right side is 187 ue. The subsidence
amount of the roof collapse warning area on the left side of the cut
hole No.3 is 79 e and that on the right side is 72 pe. The roof collapse
warning areas of the cut hole No.2 and No.3 are significantly smaller
than that of the cut hole No.1.

In summary, when the thickness of the top coal of the cut hole is
3.0 m, the subsidence of the roof collapse warning area increases
linearly with the cut hole tunneling, the stability of the top coal is
poor, and the probability of roof collapse risk is relatively high
within a certain period of time after the breakthrough. When the
thickness of the top coal is 3.5 m and 4.0 m, the subsidence amount
in the roof collapse warning area increases logarithmically as the
hole is tunneled. During the fourth to sixth tunneling process, the
growth rate of the roof coal deformation in the roof collapse warning
area slows down significantly; the top coal has better stability.

Comparative analysis of Figures 5 and 6 shows that under
different top coal thicknesses, during the tunneling process, the
deformation of the top coal roof collapse danger zone in the span
direction of the borehole is significantly greater than the roof

B
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DIC monitoring data of cut hole roof subsidence. (A) cut hole
No.1, (B) cut hole No.2, and (C) cut hole No.3.

collapse warning areas on both sides. When the thickness of the top
coal is 3.0 m, the deformation pattern of the top coal changes from
exponential deformation to linear deformation from the top coal
roof risk area to the roof collapse warning areas on both sides. The
stability of the top coal is poor, and the risk of roof collapse is high.
When the thickness of the top coal is 3.5 m, the deformation pattern
of the top coal changes from linear deformation to logarithmic
deformation from the roof collapse danger zone in the center of the
top coal to the roof collapse warning areas on both sides. The top
coal shows a certain self-stabilization ability and good stability.
When the thickness of the top coal is 4.0 m, the subsidence law of the
top coal is logarithmic within the width of the cut hole for both the
roof collapse danger area and the roof collapse warning area. The top
coal shows good self-stabilization ability, and the top coal is more
stable.
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FIGURE 9
Design scheme of the local model.

3.1.3 Analysis of surface deformation of
surrounding rock of cut hole

The vertical displacement of the top coal measured using the DIC
testing system at the 10 mm horizontal layer above the roof during the
tunneling process of each cut was extracted, as shown in Figure 8. The
top coal deformation measured using DIC in cut holes No.1, No.2,
and No.3 is similar to the distributed optical fiber monitoring results.
During the tunneling process, the deformation of the center of the top
coal is significantly greater than that of the two sides, showing obvious
zoning characteristics. It can still be divided into a roof collapse danger
area and a roof collapse warning area. Among them, 45-145 mm is a
roof collapse danger area, and the remaining areas are roof collapse
warning areas. When the top coal thickness is 3.0 m, after the hole is
cut through, the maximum subsidence of the roof collapse danger
zone is 0.95 mm. When the top coal thickness is 3.5 m, the maximum
subsidence is 0.49 mm. When the top coal thickness is 4.0 m, the
maximum subsidence amount is only 0.26 mm. As the top coal
thickness increases, the maximum subsidence amount in the roof
collapse danger zone gradually decreases. When the top coal thickness
is 3.5 m and 4.0 m, the subsidence amount is 52% and 27% of the
subsidence at 3 m, respectively. Thicker coal yields higher stability.

The thickness of the top coal increases from 3.0 m to 4.0 m, and
the maximum subsidence amounts in the roof collapse warning
areas are 0.56 mm, 0.18 mm, and 0.09 mm, respectively. When the
top coal thickness is 3.5 m and 4.0 m, the deformation is only 32%
and 16% of that found with a 3.0 m thickness, and the subsidence
amount is small. As the hole is cut, the subsidence of the top coal
changes little. It shows that when the top coal thickness is greater
than 3.5 m, the stability is better.

4 Numerical simulation analysis of
Lealsonable thickness of top coal of cut
ole

In order to study the deformation of the surrounding rock in the
large-section cut hole under the goaf and verify the reliability of the
cut hole support scheme, a local model of the cut hole was
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Roof subsidence of cut hole with different top coal thicknesses
under a support condition.

established, and different top coal thicknesses were set up, with and
without support. The established numerical calculation model is
shown in Figure 9. In order to be consistent with the onsite mining
conditions, the model adopts the internal excavation method; that is,
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the working face is inside the model, and the front and back, left and
right, and upper and lower parts of the working face are solid coal
and rock masses. The stability of a hole cut with top coal thicknesses
of 3.0 m, 3.5 m, and 4.0 m was analyzed under various conditions.
3DEC was used to compare and analyze the roof collapse of the hole
and tunnel under different top coal thicknesses, and FLAC3D was
used to analyze the plastic state and stress distribution
characteristics of the surrounding rock mass of the excavation.

4.1 Stability analysis of surrounding rock for
hole cutting without support

Figure 10 shows the plastic zone distribution characteristics of
cut holes with top coal thicknesses of 3.0 m, 3.5 m, and 4.0 m without
support. The plastic zone of the rock surrounding the cut hole is
symmetrically distributed. The coal walls on both the front and
auxiliary sides of the cut hole with different top coal thicknesses are
damaged by tension-shear mixing. There is no obvious change in the
damage range. The damage range of the plastic zone of the coal wall
is small. The damage depth of the left coal wall is 1 m, and the
damage depth of the right coal wall is 0.9 m. The failure mode of the
roof rock layer above the cut hole is mainly tensile failure. When the
top coal thickness is 4 m, the plastic zone directly above the center of
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the cut hole reaches 2.9 m. When the top coal thickness is 3.5 m, the
plastic zone is 2.5 m. When the thickness is 3 m, the plastic zone is
2.65 m. A "A" shaped shear failure area is formed with the cut hole as
the center.

4.2 Stability analysis of rock surrounding cut
hole under supporting conditions

Figure 11 shows the vertical displacement cloud diagrams of top
coal thicknesses of 3.0 m, 3.5 m, and 4.0 m after support. No large-
scale roof collapse was found after support was added, and some
blocks were broken. When the top coal thickness is 3.0 m, 3.5 m, and
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4.0 m, the maximum subsidence values of the roof are 282 mm,
171 mm, and 154 mm, respectively. Because some blocks have a
large breakage subsidence value and the roof subsidence is not
obvious at other locations, measuring lines were arranged at two
height positions of the roof (0 m and 0.2 m), and the roof subsidence
curve was drawn as shown in Figure 12.

It can be seen from Figure 10 that the subsidence values of the
two height positions of the cut-out roof are small. When the top coal
thickness is 3.0 m, 3.5 m, and 4.0 m, the maximum subsidence values
of the roof are 23 mm, 20 mm, and 17 mm, respectively, and the
support effect is obvious.

Figure 12 show the distribution of plastic zones with top coal
thicknesses of 3.0 m, 3.5 m, and 4.0 m after support. The rock
formation failure mode in the roof of the cut hole is mainly shear
failure. Different top coal thicknesses also have certain damage range
differences. When the top coal thickness is 3.0 m, the range of the
plastic zone directly above the center of the cut hole reaches 2.58 m.
The plastic zone changes less than that without support. The plastic
zone is 1.95 m at 3.5 m and 1.31 m at 4.0 m. The range of the plastic
zone for top coal thicknesses of 3.5 m and 4.0 m is significantly
reduced after support. The effect is obvious.

Figures 13D, E, and 13f show the vertical stress distribution cloud
diagrams of top coal thicknesses of 3.0 m, 3.5 m, and 4.0 m after
support. When the top coal thickness is 3.0 m, the maximum stress
value directly above the cut hole reaches 0.087 MPa; when the top coal
thickness is 3.5 m, the maximum stress value is 0.69 MPa; when the
top coal thickness is 4.0 m, the maximum stress value is 0.98 MPa.
Compared with the no-support condition, the vertical stress cloud
diagram changes from a symmetrical distribution to an asymmetrical
distribution. Two pressure relief areas are formed with the middle
single pillar as the boundary, a 5.4 m pressure relief area on the left
and a 3.6 m pressure relief area on the right. The top and bottom
plates at the central single pillar position form a certain degree of stress
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FIGURE 15
Characteristics of top coal failure of cut hole.

concentration. The degree of compressive stress concentration in the
stress concentration areas of the coal walls and bottom corners on
both sides is significantly reduced, and a new stress concentration area
is formed on the top and bottom plates of the central single pillar. The
supporting structure effectively improves the stress concentration of
the surrounding rock, and the overall stress distribution of the
surrounding rock is more balanced.

5 Engineering verification of reasonable
thickness of top coal of cut hole

5.1 The actual thickness of the top coal left in
the cut hole

According to the theoretical and experimental results, the cut
hole height of the 17> 203 coal seam is 3.9 m, the thickness of the
remaining top coal is 4.0 m. After the cut hole is penetrated, top coal
thickness detection boreholes are arranged along the top coal of the
cut hole. The thickness of the top coal of the cut hole is shown in
Figure 14. The top coal thickness is between 3.4 m and 4.8 m, mainly
concentrated in 3.7-3.9 m and 3.9-4.1 m within these two intervals,
and the top coal is relatively thick on the side near the main gang.
The design height of the cutting hole is 3.9 m, and the average
thickness of the top coal is 4.0 m.

5.2 Structure and failure characteristics of
top coal with cut hole

The internal failure characteristics of top coal at different depths
are monitored by a borehole peeper, as shown in Figure 15. The total
length of the peephole is 2.80 m, and cracks develop in the coal and
rock mass near the cut hole area. Some cracks appear in the coal and
rock mass at 0.73 m; long longitudinal cracks appear in the coal and
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rock mass at 1.09 m, and circumferential cracks in the coal and rock
mass develop at 1.46 m. The coal mass is relatively broken; at 2.05 m,
the coal and rock mass cracks develop and appear to be falling off; at
2.75 m, the crack reaches the goaf area of the overlying rock layer,
and accumulated gangue can be observed. Among them, the
surrounding coal rock mass shedding area at 2.05m may be
affected by the mining disturbance of the upper coal seam. After
drilling 2.05 m, the integrity of the top coal is better, and the cracks
are concentrated between 1.0 and 2.0 m. The integrity of the top
plate can be determined by drilling and observing the results.

Affected by the cut hole excavation, the opening sections of the
boreholes at the three measuring stations are relatively broken. Among
the three boreholes, the integrity of the No.1 borehole is worse. This is
mainly due to the thin thickness of the top coal at the eye-cutting and is
within the scope of the double damage caused by layered mining.

Observing the surface displacement of the surrounding rock of
the cut hole and the stress changes of the support body and roof coal
structure shows that the maximum displacement of the roof and
bottom plates is 12 mm, the maximum displacement of the two pillars
is 6 mm, the maximum displacement of the deep part is 6 mm, and
the support force of the pillars exceeds 15 MPa. The maximum
displacement accounts for a small proportion, and the stress on
the pillars is small. The maximum strain of the shed beam is —416
pe, and no major deformation occurs. The maximum change in the
axial force of the anchor cable is 20.625 kN. A peek at the drill hole
shows that a small part of the drill hole in the roof plate is cut. There is
fragmentation in the area, but the top coal structure in the remaining
areas is relatively complete, and no collapse has occurred. The
thickness of the top coal in the drilling hole is between 3.4 m and
4.8 m, mainly concentrated in the range of 3.7 m and 4.1 m, and the
top coal is relatively thick on the side near the side of workface plant.
The average thickness of the top coal is 4.0 m. Combined with the
stability of the eye-cutting site, it shows that the top coal thickness is
3.5-4.0 m, which is reasonable and can meet production requirements
after the required support has been added.

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1301595

Gao et al.

6 Conclusion

(1) The scope of the plastic zone of the top coal of the large cross-
section under the goaf in layered mining consists of the plastic
zone of the floor caused by the mining of the upper layer and the
plastic zone of the top coal caused by the tunneling. According
to elastic—plastic theory calculations, the depth of destruction of
the upper layer mining floor is 2.02 m, the plastic range under
the influence of tunneling is 1.43 m, the plastic zone of the top
coal is 3.45 m, and the thickness of the top coal of the tunnel is
greater than 3.45 m, which is conducive to maintaining the
stability of the tunnel.

The deformation of large cross-section roof coal can be divided
into a roof collapse danger area and a roof collapse warning area.
When the top coal thickness is 3.0, 3.5, and 4.0 m, the roof
collapse danger zone decreases exponentially, linearly, and
logarithmically, respectively. When the top coal thickness is
3.5-4.0 m, the sinking trend is slower, and the top coal support
has higher stability. The roof collapse warning area decreases
linearly and logarithmically, respectively. When the top coal
thickness is 3.5-4.0 m, it has better self-stabilizing ability and
higher stability.

Under the condition of no support, when the thickness of the
top coal of the cut hole is 3.5-4.0 m, the plastic zone range is
significantly smaller than that of the top coal of 3.0 m; under the
condition of support, the range of the plastic zone of the top coal
is significantly smaller, and the stability is better. On-site
monitoring shows that the thickness of the top coal is
between 3.4 and 4.8 m, with an average remaining thickness
of 40m. The drill hole peek results and the shed beam
deformation results show that the thickness of the top coal is
3.5-4.0 m, which is more reasonable.
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