iriciedl applied
e sciences

Article

Study on Surrounding Rock Control of Withdrawal Space
in Fully Mechanized Caving Mining of a 19 m Extra-Thick

Coal Seam

Dongdong Chen (%, Zhiqgiang Wang !, Shuaishuai Yue 2*{7, Shengrong Xie (¥, Fulian He !, Chunyang Tian !,
Zaisheng Jiang 1, Dawei Liang ! and Bohao Qi !

check for
updates

Citation: Chen, D.; Wang, Z.; Yue, S.;
Xie, S.; He, E; Tian, C; Jiang, Z.; Liang,
D.; Qi, B. Study on Surrounding Rock
Control of Withdrawal Space in Fully
Mechanized Caving Mining of a 19 m
Extra-Thick Coal Seam. Appl. Sci.
2024, 14, 9694. https:/ /doi.org/
10.3390/app14219694

Academic Editor: Tiago Miranda

Received: 27 August 2024
Revised: 3 October 2024
Accepted: 17 October 2024
Published: 23 October 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Energy and Mining Engineering, China University of Mining and Technology-Beijing,
Beijing 100083, China

School of Energy Science and Engineering, Henan Polytechnic University, Jiaozuo 454003, China
*  Correspondence: yueshuaishuai@hpu.edu.cn

Abstract: The section span of the withdrawal space of fully mechanized top coal caving in an extra-
thick coal seam is large, and with the gradual withdrawal of the hydraulic support, a series of strong
dynamic pressure disasters occur in the withdrawal space, and the difficulty of surrounding rock
support control increases sharply. In order to study the control mechanism of surrounding rock in the
final mining withdrawal space in detail and put forward a reasonable support technology scheme,
taking the large-section withdrawal space of an 8309 fully mechanized caving face in an extra-thick
coal seam of a mine as the research object—through the theoretical investigation of whether the
key blocks of the main roof are stably hinged under varied stopping coal caving distances and
fracture locations of the main roof—the reasonable and optimal stopping coal caving distances
and roadway formation time are determined. Using numerical simulation and similar simulation
methods, the vertical stress and the maximum shear stress research indicators were introduced
to verify the accuracy of the theoretical analysis results. The results show the following: (1) The
reasonable stopping coal caving span is 1~2 times the cycle weighting interval, the best stopping
coal caving distance in this geological condition is 30 m, and the best fracture position of the main
roof is located above the goaf. (2) The migration of overlying strata in the withdrawal space has
obvious zoning characteristics, and the zoning is as follows: a stopping coal caving area, support
area of the hydraulic support, withdrawal channel area, and stopping coal pillar area. (3) According
to the zoning characteristics of overlying strata movement, the asymmetric zoning support control
scheme of the withdrawal space is proposed. The field monitoring results show that the maximum
roof subsidence in the withdrawal space is 151 mm, the maximum internal squeezing amount of
the stopping coal pillar is 82 mm, and the supporting and anchoring effect of each partition in
the withdrawal space is good. The set of partition asymmetric support control schemes has been
successfully applied to field practice.

Keywords: top coal caving; extra-thick coal seam; withdrawal space; final mining; coal caving
distance; fracture position; asymmetric zoning

1. Introduction

China is rich in coal resources, among which the reserves of thick and extra-thick
coal seams account for more than 40% of China’s coal reserves [1,2]. Thick and extra-thick
coal seams are the main mining coal seams in China at this stage. With the continuous
improvement of fully mechanized caving surrounding rock control systems [3-6] and the
continuous improvement of underground mechanization and intelligence [7-10], fully
mechanized top coal caving mining is widely used in underground thick coal seam mining
because of its low cost and high yield, effectively reducing the number of working face
moves and other advantages. However, there are many problems in the final mining stage
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of extra thick coal seam, such as the coal recovery rate being low [11,12], the working face
being under severe pressure, and the support withdrawal being blocked [13,14].

Many scholars and experts have conducted research on the overburden structure [15-17],
the law of mine pressure behavior [18-20], and the final mining withdrawal process [21]
of the extra-thick fully mechanized caving face. In order to solve the problem of serious
floor heave in water-bearing soft rock roadway, Sakhno et al. [22] used an indoor test,
numerical simulation, and other research methods to study the mechanism of floor heave
and the difference in grouting schemes with five different reinforcement depths, and finally
obtained the reliable conclusion that the grouting depth is determined by floor heave
and water content. Aiming at the problems of complex overburden rock migration and
the difficult control of surrounding rock in steeply inclined and extra-thick coal seam
mining, Wang et al. [23] used a variety of research methods to analyze the characteristics of
overburden rock migration under geological conditions, and the research results achieved
safe and efficient mining of fully mechanized caving. Cui et al. [24] used a variety of
research methods to demonstrate that surface filling is a reliable means to control the
influence of strong mining in the thick coal seam under a complex overburden environment.
In the technology of gob-side entry retaining in fully mechanized caving mining, Kong
et al. [25] established a mine pressure model, numerical model, and similar model of
keeping an alley along empty space under the condition of top coal caving mining, and
summarized the stress evolution characteristics between the top coal and filling body and
the influence of different top coal conditions on the stability of keeping an alley along
empty space. Li et al. [26] studied the injury degrees of surrounding rock in a shallow fully
mechanized caving mining face by using borehole peeping and CT scanning technology. Tu
et al. [27] established a mechanical model in the fully mechanized top-coal caving mining
of an extra-thick island working face and deduced the mechanical equation of mining
stress distribution and failure depth of coal rock under this geological condition. Zhao
et al. [28] determined the distribution range of an internal and external stress field and the
reasonable layout position of roadway by studying the overburden structure and stress
evolution characteristics of extra-thick fully mechanized caving mining. Based on the
problem of asymmetric deformation and failure of gob-side entry in a fully mechanized
caving face, Xu et al. [29] used a variety of research methods to analyze the stress evolution
and plastic deformation mode of coal pillar roadway, and put forward the asymmetric high
pre-tightening force support scheme.

From different research perspectives, the above scholars have performed effective
research on the overburden structure, mine pressure behavior laws, and support control
of mining roadway in extra-thick fully mechanized caving face using different research
methods. The final mining working face involves the problem of safe withdrawal. In order
to ensure the orderly replacement of the working face, it is necessary to pre-excavate or
use the self-excavation withdrawal channel of the shearer to facilitate the withdrawal of
the support. The withdrawal channel is connected with the support area of the hydraulic
support to form a large-section withdrawal space. The withdrawal space has a control
problem, with large span and difficult support. However, there is a lack of targeted
research on the stress evolution law of the withdrawal space at the final stage of the fully
mechanized top coal caving mining, the structural characteristics of the overlying strata,
and the support control problem. Therefore, this paper takes the withdrawal space of the
8309 fully mechanized top coal caving face of a mine as the research background. Through
numerical simulation and physical similarity simulation experiments, the following aspects
are studied: how to optimize the stop caving distance to improve the coal recovery rate;
how to use the migration law of the large structure of the overlying strata to reduce the
pressure appearance degree of the withdrawal space at the final stage of mining; and how
to improve the support control of the withdrawal space to ensure the safe withdrawal of
the support.
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2. Engineering Background
2.1. The 8309 Working Face Overview

The main mining of the 8309 extra-thick fully mechanized caving face is the 3~5# coal
seam. The average buried depth of the test object is 575 m, the average dip angle is 0~3°,
the average coal thickness is 19.0 m and the coal thickness is evenly distributed. The 8307
working face in the adjacent section has been mined out stably and 40 m coal pillars are left
between the sections. Therefore, the mining of the adjacent working face has a very weak
influence on the normal mining of the test working face and the disturbance of the final
mining withdrawal support. The four-neighbor relationship of the 8309 working face is
shown in Figure 1.
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Figure 1. The four-neighbor relationship of the 8309 working face.

The mechanized mining height of the 8309 working face is 3.5 m, the height of top
coal is about 15.5 m, and a withdrawal channel with a width of 3.8 m and a height of
3.5 m is constructed behind the stop line. In this paper, the support area of the hydraulic
support and the withdrawal channel area are collectively referred to as the (large section)
withdrawal space. A comprehensive histogram of coal and rock strata in the 8309 working
face is shown in Figure 2.
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Figure 2. Comprehensive histogram of coal and rock strata.

2.2. Evaluation of the Original Stopping Technology and Support Control Effect

It is known that the cycle weighting interval distance of the final mining of the typical
fully mechanized caving face is about 26 m under similar geological conditions. Through
field investigation of the typical extra-thick fully mechanized caving face, it is found that
in the original final mining stopping coal caving distance, the design and construction of
the withdrawal space support control have the following problems: In the actual mining
process, the stopping coal caving distance is not less than 50 m, and the long-distance
stop caving operation seriously wastes coal resources. The support strength is the same
everywhere in the withdrawal space, and the original support control is not targeted. The
key points of support control in each area of the withdrawal space are not clear, and the
difference in overburden rock migration structure and support control in each area during
the final mining and parking period is not considered. At the same time, the reasonable
operation time of stopping coal caving has not been grasped, and it is not recognized that
the fracture position of the main roof is very important for the effective support control
of the withdrawal space and the safe withdrawal of the working face support. Therefore,
both stopping coal caving operations in the final mining stage and rationally optimizing
the stopping coal caving scheme are beneficial to the economic and efficient mining of the
working face.

3. Theoretical Analysis of Surrounding Rock Stability in the Withdrawal Space at the
Final Mining of Fully Mechanized Caving

3.1. The Mechanism of Stopping Coal Caving in Fully Mechanized Caving Final Mining

Stopping coal caving operations provides a stable overburden environment for the safe
withdrawal of the final mining face and the withdrawal space. In line with the description,
this paper divides the typical key rock blocks of the main roof into A, B, C;, C;, and Cs.
Coal caving is not stopped in the final mining stage (Figure 3a). Due to the large space
in one-time mining, the direct roof above the goaf cannot enrich the goaf, the main roof
suspension begins to break to a certain extent, and B rotates and sinks. Due to the increase
in the rotation angle of B and the decrease in the overlap width between B and the stopping
coal pillar, when the coal wall and the overlying direct roof yield and plasticize to a certain
extent until they cannot withstand the disturbance of the rotation and extrusion of B, the
coal wall and the overlying direct roof collapse, and A and B cannot maintain a stable
hinged state for a long time. At the same time, the collapse gangue is squeezed into the
working face, and the shield beam of the hydraulic support is greatly increased by load,
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which makes it difficult to withdraw the support. If the coal caving is stopped in the final
mining stage (Figure 3b), only 3.5 m is mined, and the remaining uncaving coal and direct
roof caving are filled in the goaf. B only rotates at a small angle and sinks into the gangue,
under the joint support of the stopping coal pillar and the caving gangue in the goaf, and
A, B, and C; form a stable hinged structure. Most of the dynamic and static load stress
generated by B rotation acts on the stopping coal caving filling area behind the support,
which greatly weakens the damage effect of B rotation on the stable bearing structure of
the overlying strata in the withdrawal space. The indication of whether to stop coal caving
in the final mining stage is shown in Figure 3.

No stopping coal caving in the final mining stage

* B large angle rotation

* B rotates with large angle
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> The damage effect of B rotation on the stable bearing structure of overlying
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Figure 3. A schematic diagram of whether to stop coal caving in the final mining stage: (a) No
stopping coal caving in the final mining stage; (b) stopping coal caving in the final mining stage.
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3.2. Stability Analysis of Key Blocks of Overlying Strata in the Withdrawal Space

The stability of the hinged structure between the key blocks is related to the stability
of the overlying strata in the withdrawal space and the safe withdrawal of the support.
In order to clarify the difference in the stability of the hinged structure of the key blocks
with or without stopping coal caving and at different stopping coal caving distances, the
theoretical calculation and analysis of the stability of the key blocks of the overlying strata
in the final withdrawal space are carried out.

3.2.1. Theoretical Analysis of Reasonable Stopping Coal Caving Distance

Reasonable stopping coal caving distance can slow down the rotation angle of frac-
tured rock mass, weaken the influence of the dynamic and static load’s combined distur-
bance on the stable overburden environment of underlying withdrawal space during the
rotation and subsidence of key blocks, and ensure the safe and efficient withdrawal of
final mining hydraulic support. The selection principle of reasonable stopping coal caving
distance is as follows: on the one hand, ensure that the goaf area below B is fully filled,
and the rotation angle of B is small; on the other hand, the uncaving top coal and the
caving direct roof collapse and slip to the lower part of C; under the action of the B rotary
extrusion and fill part of the goaf space below C;. The rotation angle of C; is larger than
that of B to a certain extent but it can ensure the transition to B and C, and ensure the stable
hinge between the key blocks. Therefore, the selection of stopping coal caving distance is
closely related to the strike length (Lz) of the fractured rock mass of the final mining. In
this paper, the Lz approximate the cycle weighting interval distance of the final mining
period (26 m). The distance of stopping coal caving is summarized into the following four
types—a: Lc =0m; b: 0 < Lc <Lz; c: Ly < Lc <2Lz; d: Lc > 2Lz. Under the four typical
stopping coal caving distances, the migration of the key blocks of the overlying basic roof
in the withdrawal space is shown in Figure 4.

b
Wiﬂldraxt'mg space

Wiﬂldrai\_ring space
(©) (d)

|:] Suspended roof area ] stopping coal pillar area
|:| Withdrawal channel area ]:| Hydraulic support support area
E Top coal smooth-out collapse filling area Top coal sliding filling area

Direct roof caving filling area

Figure 4. Overburden rock migration characteristics of withdrawal space in different stopping coal
caving spans: (a) Lc =0m; (b) 0<Lc <Lz; (¢) Lz < Lc <2Lz; (d) Lc > 2L7.
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(1) When Lc = 0 m (Figure 4a), B has a large rotation angle. After the hinges of B and
C; are stable, there is still a large area of goaf space below B. In order to facilitate
the subsequent corresponding regional analysis, according to the migration of the
main roof fracture rock mass in the withdrawal space, the overlying rock in the
withdrawal space can be divided into a stopping coal pillar area, a support area of
the hydraulic support, withdrawal channel area, suspended roof area, and direct roof
caving filling area.

(2) When 0 < L¢ < Lz (Figure 4b), the rotation angle of B gradually decreases with the
increase in stopping coal caving distance. However, due to the limited stopping coal
caving distance, the range of top coal slow collapse and sliding filling goaf is limited,
and the vertical dislocation difference between B and C; is large. There are still some
suspended roof areas in the goaf below B and C;. With the continuous advancement
of the final mining face, the hinged structure cannot maintain a stable state for a long
time, which is not conducive to the stable migration of the final mining overburden.
According to the migration of the main roof fracture rock mass in the withdrawal
space, the overlying strata in the withdrawal space are divided into a stopping coal
pillar area, support area of the hydraulic support, withdrawal channel area, top coal
smooth-out collapse filling area, top coal sliding filling area, suspended roof area, and
a direct roof caving filling area.

(8) When Ly < L¢ < 2Ly (Figure 4c), the rotation angle of B is obviously slowed down
under the buffer support of the caving coal and rock mass. Due to the effect of the
rotary extrusion pressure of B, the caving top coal slips and fills the goaf below Cy,
and the rotation angle of C; slows down. The B rotation subsidence is supported by
Cj, and the C; rotation is buffer supported by the rear Cp. According to the migration
of the main roof fracture rock mass in the withdrawal space, the overlying strata in the
withdrawal space are divided into the stopping coal pillar area, the support area of
the hydraulic support, withdrawal channel area, top coal smooth-out collapse filling
area, top coal sliding filling area, and direct roof caving filling area.

(4) When Lc > 2Ly (Figure 4d), the rotation angle of B and C; under the buffer support
of the caving coal and rock mass is obviously slowed down. Due to the long distance
to stop coal caving, the caving top coal slides and fills part of the goaf below C,
but C; can be stable under the action of direct roof caving and filling, therefore, the
long-distance parking of top coal is a serious waste of coal resources.

In summary, when the stopping coal caving distance satisfies Ly < L¢ < 2Ly (Figure 4c),
it can not only ensure that B is stably hinged with A and C; but it also reduces the coal
loss rate to a certain extent. It is proposed that the distance of stopping coal caving is
26 m, and the maximum distance of uncaving top coal under extrusion and caving meets
Formula (1) [30]:

L:LC—i-.h—2—h-cottx (1)
sinf )

In this context, L is the distance from the farthest point of uncaving top coal to the
hydraulic support; L¢ is the distance to stop coal caving, 26 m; 8 is the top coal caving
fracture angle, 60°; o is the inclination angle of the shield beam of the support, 60°; hy is
the height of uncaving top coal, 15.5 m; k; is the mining height of coal seam, 3.5 m.

The L is 41.8 m. Considering that the coal quality of the coal body is relatively hard,
some coal and rock masses near the support area of the hydraulic support may lead to
insufficient caving of the uncaving top coal and the direct roof due to the small span of
the suspended roof. Therefore, based on the stopping caving distance of 26 m, a stopping
caving coefficient K is multiplied, and finally, the final stopping caving distance is calculated
by theoretical analysis to meet Formula (2):

Lf:LCxK (2)
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In this context, Ly is the final stopping coal caving distance; L¢ is the stopping coal
caving distance, 26 m; K stopping caving coal caving coefficient, 1.15.

The final stopping coal caving distance L¢ = 29.9 m is obtained; therefore, the final
stopping coal caving distance L¢ of the 8309 extra-thick fully mechanized caving face is
30 m.

3.2.2. Stability Analysis of Key Blocks of Not Stopping Coal Caving

The mechanical model of the stability of the key block in the case of whether the
withdrawal space of the final mining stage stops coal drawing is shown in Figure 5. Within
the figure, g5 is the support force of stopping coal pillar; g, is the support force of the
hydraulic support; the horizontal thrust T and shear force Qg are generated by the action of
A in front of the working face; and g and gp are the load of the fractured rock block above
A and B; G is the gravity of B itself.

Figure 5. Mechanical model of key block stability under the condition of whether to stop coal caving
or not. The B rock block is the key research block in this paper, and the stability of the B rock block is
related to the stability of the surrounding rock in the underlying withdrawal space. Therefore, the B
rock block is highlighted and changed to magenta.

In the final mining stage, the coal is not stopped, and there is still a large gap between
the goaf and the main roof. The main roof is broken, the B activation and rotation space is
large, and the B rotation angle becomes larger. According to the “masonry beam” structure
“S-R” stability theory, it is judged whether the hinged structure of the key block is stable or
not when the final mining is not stopped.

In the final mining stage, the coal caving is not stopped, the working face is normally
mined 19.0 m, and only 7.7 m is directly filled in the goaf. According to the calculation
formula of the rotation angle of B,

hi — (T hs(Kps — 1) + p (Kpp — 1))

= arcsin
Bc I,

®)

where g is the rotation angle of B; Lgyz is the fracture length of B along the strike of the
working face, which is similar to 26 m; }; is the mining height of the coal seam, 19.0 m;
Y hs is the thickness of the rock between the main roof and the coal seam, 7.7 m; Kps is
the average residual bulking coefficient of direct roof strata, 1.15; h is the height of the
uncaving top coal, 0 m; K is the average residual bulking coefficient of the uncaving top
coal, 1.05.

In the case of not stopping the top coal, the rotation angle of B is 43°.

The key block that does not experience slip instability must satisfy Formula (4);
Formula (4) further refines and derives the final judgment Formula (5) of slip instabil-
ity [31]:

Ttgp < Qg 4)
h i < 25 (tgg+ sinc) 5)
30y 4
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In this context, T is the horizontal thrust of B; tg¢ is the friction coefficient between
rock blocks, taken as 0.6; Qg is the shear force of B; I is the thickness of key block B, 14.1 m;
hy is the thickness of the B load rock layer, 19.4 m; ¢ is the ultimate compressive strength
of B, 86 MPa; 7 is the average bulk density of the overlying rock, 0.025 MN.

The key block that does not experience rotary deformation instability must meet
Formulas (6) and (7):

T > sno; (6)
o8 3 . 2
< et
h+h; < 307(tg(p+4smﬁc) (7)

In this context, s is the contact surface area of B and Cj; 70, is the extrusion strength of
B at the corner; i is B fracture degree; [ is assumed to be equal to Lz, 26 m.

Under the condition of not stopping coal caving, the key block “summary of S-R
stability theory analysis parameters” is shown in Table 1. The results show that under
the condition of not stopping coal caving, there will be no sliding instability between the
key blocks of the basic roof, and because the B rotation angle is too large, there may be
rotational deformation instability.

Table 1. Summary of theoretical analysis parameters of “S-R” stability of key blocks without stopping
coal caving.

Summary of Theoretical Analysis Parameters of “S-R” Stability of Key Blocks Without

Stopping Coal Caving
B rotation angle B¢ 43°
L (tgg + 3sinpg)” > h+ Iy 1416 >335
013% (i — % isinfg + % sin? Bg) < h+hy —14.6 < 33.5 (rotary deformation instability)

3.2.3. Stability Analysis of Key Blocks for Stopping Coal Caving

In the final mining stage, coal caving is stopped, and only 3.5 m of coal is mined in the
working face. The rest of the uncaving top coal is fully filled with the goaf with the direct
roof caving. According to the above B rotation angle calculation Formula (3), the following
can be obtained:

In the case of stopping the top coal, B¢ is 3.5°;

hj is the mining height of the coal seam, 3.5 m; h is the height of the uncaving top coal,
15.5 m.

The key block does that not experience slip instability must meet Formula (5), and the
key block that does not experience rotate deformation instability must meet Formula (7).
Under the condition of reasonable stopping coal caving, the key block “S-R” stability theory
analysis parameter summary is shown in Table 2. The results show that under the condition
of reasonable stopping coal caving, there will be no sliding instability between the key
blocks of the main roof and there will be no rotary deformation instability.

Table 2. Summary of theoretical analysis parameters of “S-R” stability of key blocks with stopping
coal caving.

Summary of Theoretical Analysis Parameters of “S-R” Stability of Key Blocks with Stopping

Coal Caving
B rotation angle B¢ 3.5°
. ééc” _(tg;os:; ;313 sin ﬁf ).2 > I+ Iy 478>335
2 3 G+ hsin?Bg) > h+hy 126.0 <335

According to the results of the stability of the key block in whether to stop the coal
caving or not, with the continuous advancement of the final mining face, the goaf below B is
filled by the non-caving coal and the direct roof caving, the rotation space and rotation angle
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of B fracture are reduced, and the probability of slip instability and rotation deformation
instability between key blocks decreases.

3.3. The Relative Space-Time Layout of the Main Roof Fracture Position and the Withdrawal Space

The influence of different fracture positions of the final mining main roof on the

underlying withdrawal space disturbance is significantly different. The relative space-time
layout of the main roof fracture position and the withdrawal space can be roughly divided
into three categories: the first case—the fracture position is above the stopping coal pillar;
the second case—the fracture position is above the withdrawal space; the third case—the
fracture position is above the goaf.

@

@)

®)

During the whole mining period, the “masonry beam” structure is always in a dy-
namic equilibrium state. In the early stage of the next stage of pressure, the fracture
position of the main roof will first fracture above the stopping coal pillar (Figure 6a),
and the coal wall of the stopping coal pillar becomes an important fulcrum for the
stable migration of the “masonry beam” structure. The withdrawal space is arranged
in the coal body behind the fracture line. At this time, the withdrawal space will be
all exposed below the unstable B region. The B rotary sinking leads to the strong
dynamic pressure phenomenon in the withdrawal space. The roof of the support area
of the hydraulic support is cut off in a large area due to a lack of support, which leads
to the subsequent hydraulic support being crushed and unable to withdraw. This
arrangement is the most unfavorable for the work of stopping mining and removing
the support;

If the withdrawal space is arranged below the fracture line of the main roof (Figure 6b),
the overlap width between B and the solid coal decreases, which increases the possi-
bility of the sliding instability of B. During the withdrawal of the support, the rotation
and subsidence of B lead to the risk of roof cutting and support crushing in the
withdrawal space;

If the fracture position of the basic roof is located above the goaf (Figure 6c), most of
the dynamic and static load stresses of B rotary sinking act on the stopping coal caving
filling area, which greatly reduces the damage of B rotary sinking to the complete
A above the stop coal pillar. The withdrawal space is arranged under the A region.
This arrangement is most beneficial to the stop mining and withdrawal work. The
relative space-time layout of the basic roof fracture position and the withdrawal space
is shown in Figure 6.

The fracture line is above the stopping coal pillar.

L
I The withdrawal space will all be exposed below B. J

L
I B rotary sinking |
ool v
< Strong dynamic pressure phenomenon
occurs in the withdrawal space.

(a)

Figure 6. Cont.
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Withdrawal space Stopping coal caving filling area

The fracture line is above the withdrawal space.
L
| The lap width of key block and solid coal decreases. |
[
| B rotary sinking |

v
The risk of roof cutting and support crushing

occurs in the withdrawal space.

(b)

The fracture line is above the goaf.

L
| B rotary sinking

L)
Most of the dynamic and static load stress of B rotary
sinking acts on the stop coal caving filling area.

The withdrawal space 1s arranged below
the A region.

(c)

Figure 6. The relative space-time layout of main roof fracture position and withdrawal space: (a) The
fracture position is located above the stopping coal pillar; (b) the fracture position is located above
the withdrawal space; (c) the fracture position is located above the goaf. The magenta straight line in
the figure indicates the position where the two rock blocks are squeezed each other when the steps
of the two rock blocks collapse when is not stop coal caving in this interval. The text mark red is to
facilitate the reader to accurately grasp the characteristics of this paper. One of the major research
features is the spatial and temporal relationship between the different fracture positions of the three
basic roofs and the underlying withdrawal space.

4. Simulation Analysis on Stability of the Withdrawal Space in the Final Mining Stage
4.1. Numerical Model Establishment of the Withdrawal Space in the Final Mining Stage

According to the actual geological conditions of the 8309 extra-thick fully mechanized
caving face and the mechanical parameters of the coal and rock strata (Table 3), the UDEC
numerical analysis model is constructed as shown in Figure 7. The UDEC simulation
software was used to construct a model with a length x width of 300 m x 112.3 m to
simulate the spatial stress evolution law and overburden structure characteristics of large-
section withdrawal under different stopping coal caving distances and different fracture
positions of the main roof. The model is externally imported into a 3.5 m hydraulic support
for simulating real top coal mining. The left, right, and lower boundaries of the model
limit the speed and displacement. The upper boundary applies a 12.0 MPa uniform load
and increases according to the buried depth gradient. The lateral pressure coefficient is set
to1.2.

Table 3. Correction parameters of model.

Angle of .
Rock Stratum Bulk( é/[lj)ac}ulus Shea:évlljc;;lulus Cohesion (MPa) Interna(lofriction Tenm(l;/[éIi’t:)e ngth
Medium sandstone 10.06 6.62 2.37 437 0.36
Sandy mudstone 2.59 1.86 0.84 24.0 0.08
3~5# extra-thick coal seam 1.70 0.88 0.53 17.5 0.02
Mudstone 2.93 2.20 0.97 26.6 0.09
Grit stone 4.61 3.46 1.60 38.1 0.09
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Table 3. Cont.

Rock Stratum

Angle of

Bulk Modulus Shear Modulus Cohesion (MPa) Internal Friction

Tensile Strength

(GPa) (GPa) ©) (MPa)
Fine sandstone 10.51 6.92 2.36 43.4 0.37
Sandy mudstone 241 1.73 1.19 324 0.03
Grit stone 12.34 8.13 2.65 449 0.49
Sandy mudstone 241 1.73 1.19 32.4 0.03
Mudstone 2.68 2.12 0.95 26.4 0.09
Grit stone 10.11 7.59 2.55 44.6 0.45

A AL A2 A 4 I Underlying stratum
| 2'0P M]Ta “qifm*' 1°alding| | | “‘ Medium sandstone

¥
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od l 3.5 m machine coal mining

: A : x x : : z x : z z z Extra-thick roof coal

Figure 7. Numerical analysis model of extra-thick comprehensive caving working face. The dark
blue hinge support in the diagram represents the velocity and displacement of the left, right and
lower boundaries of the constraint model; the light green down arrow indicates that a uniform load
of 12.0 MPa is applied to the model.

4.2. Study on the Stability of the Withdrawal Space under Different Stopping Coal
Caving Distances

A reasonable stopping coal caving distance is related to the stable migration of overly-
ing strata in the final mining face and the withdrawal space. In this section, it is proposed to
analyze the migration characteristics and stress evolution law of overburden structures in
withdrawal space under different stopping coal caving distances of 0 m, 10 m, 20 m, 30 m,
40 m, and 50 m. For the convenience of expression, L¢c is used to represent the stopping
coal caving distance.

4.2.1. Migration Characteristics of the Overlying Rock Structure in the Final Mining
Withdrawal Space

The migration characteristics of the overlying strata structure in the withdrawal space
under different stopping coal caving distances are shown in Figure 8. From Figure 8, it
can be seen that with the increase in the distance of stopping coal caving, the number and
range of key blocks undertaken by top coal caving increase, and the rotation angle of the
key blocks slows down.

(1) When Lc = 0 m (Figure 8a), due to the large mining space, there is a large range of
suspended roof area under B, C; compacts the gangue, and the vertical drop between
B and C; is large. Only when B rotates and sinks at a large angle can it be hinged
with C;. At this time, the dynamic and static load stress generated by B rotation is
concentrated on the overburden rock in the withdrawal space due to the large rotation
angle of B, and the extrusion deformation in the withdrawal space is serious, resulting
in a crushing accident.

(2) When Lc =10 m and 20 m (Figure 8b,c), part of the goaf below B is filled with unplaced
top coal. The rotation angle of B is slower than that of not stopping coal caving. There
are still some suspended roof areas below B and the rotation of B is blocked. The
vertical drop between B and C; increases, especially when Lc = 20 m. The large drop
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means that the interaction force between C; and B is limited. Most of the dynamic and
static loads generated by B rotation act on the stopping coal pillar and the stopping
coal caving filling area within a limited range. The overburden rock in the withdrawal
space is still subjected to concentrated load. Especially when Lc = 10 m, the extrusion
deformation in the withdrawal space is serious, and there is a risk of support crushing
in the support area of the hydraulic support.

When L¢ = 30 m and 40 m (Figure 8d,e), the goafs of B and C; are filled with unplaced
top coal. B and C; are buffered and supported by the uncaving top coal, and the
rotation angle of B is greatly slowed down. During the rotation and subsidence of B,
it is supported by the full range of top coal caving, stopping coal pillars, and C;. At
the same time, C; is affected by the rear C, interaction. Therefore, at this time, the key
blocks are interlocked and interacted to form a stable hinged structure. The top coal
caving filling area bears most of the concentrated load of B, and the overburden rock
in the withdrawal space is less affected by the load disturbance. There is no obvious
deformation in the withdrawal space, and there will be no support crushing accident
in the support area of the hydraulic support. The spatial section of the withdrawal
channel area meets the withdrawal requirements.

When Lc =50 m (Figure 8f), the unplaced top coal fills the goaf of B, C1, and Cy, the
rotation angle of B is further reduced, and the stable hinged structure is formed by
the support of the uncaving top coal, the stopping coal pillar, and C; and C, during
the rotation and subsidence of B. However, compared with Lc = 30 m, the difference
in withdrawal space deformation is small. It can be seen that when Lc > 30 m, the
increase in stopping coal caving distance has no obvious effect on the protection and
gain of withdrawal space, which invalidly increases the stopping coal caving distance
and seriously wastes coal resources.
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Figure 8. The migration characteristics of the overlying rock structure in the withdrawal space under
different stopping coal caving distances: (a) Lc = 0 m; (b) Lc = 10 m; (¢) Lc =20 m; (d) Lc =30 m;
() Lc =40 m; (f) Lc =50 m.

4.2.2. Evolution Law of Vertical Stress in the Final Mining Withdrawal Space

The evolution law of vertical stress in the withdrawal space under different stopping
coal caving distances is shown in Figure 9. In order to facilitate the analysis and comparison,
the original rock stress of the coal seam where the withdrawal space is located is marked
in the diagram. Taking the boundary between the goaf and the withdrawal space as the
starting line, the withdrawal space, and the stopping coal pillar in front of it are divided
into a depressor area and pressurized area along the direction of the stopping coal pillar.
The vertical stress distribution is introduced into the following evaluation and analysis
indicators: The lateral extension range D; of the depressor area in the withdrawal space.
Due to the fact that there is little difference in the degree of coal plasticization at the edge of
the support area of the hydraulic support under different stopping coal caving distances
during the rotation and sinking of B, in order to intuitively and fairly reflect the influence
of the change in stopping coal caving distance on the longitudinal extension range of the
depressor area of withdrawal space, D, is used to represent the longitudinal extension
range of the depressor area of the withdrawal channel. The peak stress o, of the middle
coal body in front of the withdrawal space: [(Di(Lc) — Di(Lc = 0))/Di(Lc = 0)] x 100%
(the percentage of the difference between D;(Lc) and D;(Lc = 0) in the withdrawal space
at different stopping distances); [(Do(Lc) — Do(Lc = 0))/Do(Lc = 0)]x100% (percentage
of difference between Dy (Lc) and Do(Lc = 0) at different stopping coal caving distances);
ow(Lc)/ow(Lc = 0) (under different stopping coal caving distances, the increase coefficient
of the peak stress in front of the withdrawal space).
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Figure 9. The evolution law of vertical stress in withdrawal space under different stopping coal
caving distances: (a) Lc =0 m; (b) Lc =10 m; (¢) Lc =20 m; (d) Lc =30 m; (e) Lc =40 m; (f) Lc =50 m.
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When Lc = 0 m (Figure 9a), the overlying top coal and pseudo-top of the withdrawal
space are all located in the depressor area, D; is 21 m, D, is 20.4 m. A “shuttle shape”
stress-focused area is formed in front of the stopping coal pillar, and o is 2.4 MPa.
Due to the large plasticizing area in front of the withdrawal space, o is far away
from the coal wall in front of the withdrawal space.

When Lc = 10 m (Figure 9b), the top coal and its direct roof in the support area of
the hydraulic support are all located in the depressor area, and the depressor area
in front of the withdrawal space and the stopping coal pillar is reduced, D; is 13 m,
D, is 16.4 m. A “string moon”-type stress-focused area is formed in front of the coal
pillar, and o is 2.5 MPa. Due to the decrease in the plasticizing area in front of the
withdrawal space, o, is close to the coal wall in front of the withdrawal space.
When L =20 m (Figure 9c), the range of the depressor area in front of the withdrawal
space and stopping coal pillar is further reduced, D; is 11.5 m and D, is 124 m. A
“string moon” stress-focused area is formed in front of the stopping coal pillar, and o,
is 2.8 MPa. oy, is closer to the coal wall in front of the withdrawal space than Lc = 0 m.
When Lc = 30 m (Figure 9d), the range of the depressor area in front of the withdrawal
space and stopping coal pillar is greatly reduced, D; is 11 m, D, is 9.4 m. A “string
moon” stress-focused area is formed in front of the stopping coal pillar, and o, is
2.9 MPa. o is much closer to the coal wall in front of the withdrawal space than
LC =0m.

When Lc = 40, 50 m (Figure 9e,f), the range of the depressor area in front of the
withdrawal space and stopping coal pillar are greatly reduced, D; is 11 m, D, is 9.1 m.
A “string moon” stress-focused area is formed in front of the stopping coal pillar, and
ow is 3.2 MPa. oy, is much closer to the coal wall in front of the withdrawal space
than Lc =0 m.

Under different stopping coal caving distances, [(Di(Lc) — Di(Lc = 0))/Di(Lc = 0)]
x 100% is —38.1%, —45.2%, —47.6%, —47.6%, —47.6%, respectively, compared with
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Lc =0 m. When L¢ =30 m, D; reaches the minimum value, which is about 47.6% lower
than that of Lc = 0 m. [(Do(Lc)-Do(Lc = 0))/Do(Lc = 0)] x100% is —19.6%, —39.2%,
—53.9%, —55.4%, —55.4%, respectively, compared with Lc = 0 m. When L¢c =40 m,
D, reaches the minimum value, which is about 55.4% lower than of Lc = 0 m but the
decrease is not obvious compared with Lc = 30 m.

(7)  Under different stopping coal caving distances, ow(Lc)/ow(Lc = 0) is 1.04, 1.17, 1.21,
1.33, and 1.33, respectively, compared with Lc = 0 m. The increase in o, is smaller
than that of Lc = 0 m. When L¢ = 30 m, the increase coefficient of vertical stress peak
is only 1.21.

(8) Through the analysis of quantitative results, it can be seen that the increase in stopping
coal caving distance has little influence on the peak stress in front of stopping coal
pillar, and has significant influence on the range of the depressor area of surrounding
rock in the withdrawal space. The increase in the stopping coal caving distance
can reduce the horizontal and vertical extension range of the depressor area in the
withdrawal space. At the same time, the plasticization range of the coal body and the
direct roof in front of the stopping coal pillar is reduced, and the integrity is enhanced,
which is beneficial to control the internal extrusion deformation of the coal wall of the
stopping coal pillar.

Therefore, according to the vertical stress evolution law of different stopping caving
distances, the stopping caving distance L¢ is selected as 30 m.

4.2.3. Evolution Law of Maximum Shear Stress in the Final Mining Withdrawal Space

The maximum shear stress can characterize the deformation and failure of coal and
rock mass under the combined action of complex stress. In this paper, the maximum
shear stress index is introduced to study the complex stress environment and deforma-
tion and failure mechanism of surrounding rock in the large-section withdrawal space
under different stopping caving distances. The evolution law of maximum shear stress
of overlying rock in the withdrawal space under different stopping caving distances is
shown in Figure 10. The evolution of the maximum shear stress is introduced into the
following evaluation indexes: the maximum shear stress peak T, of the middle coal in
front of the retreat space; Ty, from the withdrawal space coal wall distance Dy; [(Tw(Lc)
— Tw(Lc = 0))/Tw(Lc = 0)] x 100% (the percentage of the peak difference between Ty (Lc)
and Tw(Lc = 0) in front of the withdrawal space under different stopping coal caving
distances.); [(Dw(Lc) — Dw(Lc = 0))/Dw(Lc = 0)] x 100% (the percentage of the range dif-
ference between the withdrawal space Dy (Lc) and Dy (Lc = 0) under different stopping
distances).

(1) It can be seen from Figure 10 that with the increase in the stopping coal caving
distance (Lc), the range of maximum shear stress low-value area of surrounding rock
in withdrawal space is shrinking, and the range of the maximum shear stress increase
area is expanding. The range of stress increase area first extends longitudinally to
the direction of the withdrawal space (0 m—20 m), and then extends laterally to the
depth of the stopping coal pillar (20 m—30 m). When Lc > 30 m, there is no obvious
expansion of the stress increase area (30 m—50 m).

(2) The maximum shear stress peak T, of the central coal in front of the withdrawal space
at different stopping caving distances is 1.48 MPa, 1.52 MPa, 1.70 MPa, 1.82 MPa,
2.01 MPa, and 1.96 MPa, respectively. The percentage of the difference between the
peak values of Ty (Lc) and 7w (Lc =0) [(tw(Lc) — Tw(Lc = 0))/Tw(Lc = 0)] x 100%
in the central coal in front of the withdrawal space is 2.70%, 14.86%, 22.97%, 35.81%,
and 32.43%, respectively. When Lc = 40 m, the maximum shear stress peak T of the
middle coal body in front of the withdrawal space reaches the maximum value of
2.01 MPa, which is 35.81% higher than that of Lc = 0 m.

(3) The distance Dy between Ty, and the coal wall in the withdrawal space is 27 m,
12.5m, 6 m, 5 m, and 5 m, respectively, under different stopping coal caving distances.
The percentage of the range difference between the withdrawal space Dy (Lc) and
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Dw(Lc =0) [(Dw(Lc)—Dw(Lc = 0))/Dw(Lc = 0)] x 100% is —53.7%, —77.8%, —81.5%,
—81.5%, and —81.5%, respectively. When Lc = 30 m, the distance between T and the
coal wall in the withdrawal space D,, reaches the minimum value of 5 m, which is
81.5% less than that of Lc = 0 m.

Through the analysis of quantitative results, it can be seen that with the increase in
stopping coal caving distance, the maximum shear stress peak of the middle coal
body in front of the withdrawal space is greatly transferred to the shallow coal body
of the stopping coal pillar. When the maximum shear stress peak area of Lc =0 m is
far away from the shallow coal body and the peak value is small, it shows that the
stopping coal caving operation leads to the large-scale plasticization of the stopping
coal pillar, the coal body integrity is poor, the strength is low, and the shallow coal
body does not have good bearing and shear resistance. When the maximum shear
stress increase area of Lc = 30 m is close to the shallow coal body of the stopping coal
pillar to the greatest extent, it shows that the shallow coal body of the stopping coal
pillar is greatly weakened by the mining disturbance of the working face, the solid
coal remains in a good and complete state, and the shallow coal body of the stopping
coal pillar in the final mining stage has good bearing and shear performance.
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Figure 10. The evolution law of maximum shear stress in withdrawal space under different stopping
coal caving distances: (a) Lc = 0 m; (b) Lc = 10 m; (¢) Lc = 20 m; (d) Lc =30 m; (e) L¢c = 40 m;
(f) Lc = 50 m. In the figure, the red dotted line delineates the low value area of the maximum shear
stress, and the black dotted line delineates the high value area of the maximum shear stress. In order
to facilitate readers to read, the corresponding line color indicates the regional characteristics.

Therefore, according to the maximum shear stress evolution law of different stopping
coal caving distances, the stopping coal caving distance L is selected as 30 m.

4.3. Study on the Stability of the Withdrawal Space under Different Fracture Positions of the
Main Roof

4.3.1. Migration Characteristics of the Overlying Rock Structure in the Withdrawal Space
Under Different Fracture Positions of the Main Roof

The distance of stopping coal caving at the end of mining is 30 m, and the structural
characteristics of overlying strata in the withdrawal space under different fracture positions
are shown in Figure 11. With the continuous advancement of the working face, the influence
of different fracture positions on the deformation of the withdrawal space is significant.

(1) When the fracture position is located above the stopping coal pillar (Figure 11a), the
dynamic and static loads of the rotary sinking parts of B and C; are concentrated on
the upper part of the whole withdrawal space, and the plasticizing damage of the
shallow coal body of the stopping coal pillar is serious, which leads to the serious
extrusion deformation in the section of the withdrawal space; consequently, the
support crushing accident occurs in the support area of the support, and the section
space of the withdrawal channel area cannot withdraw the support normally.

(2) When the fracture position is located above the withdrawal space (Figure 11b), the
dynamic and static loads of the B and C; rotary sinking parts are concentrated above
the partial withdrawal space. Compared with Figure 11a, it is found that the defor-
mation of the support area of the hydraulic support is more serious, and the roof
of the area is completely crushed but the section of the withdrawal channel area is
relatively complete.

(3) When the fracture position is located above the goaf (Figure 11c), the dynamic and
static loads of B and C; rotary subsidence are concentrated on the stopping coal caving
filling area behind the support, and the withdrawal space is placed under the stable
A region. The overall section control effect of the withdrawal space is good. This
arrangement is conducive to the safe and efficient withdrawal of the final mining.
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The dynamic and static loads caused by the rotation of B and
C1 lead to serious extrusion deformation in the section of the
withdrawing space and the occurrence of the crushing accident.
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Figure 11. The structural characteristics of overlying strata in the withdrawal space under different
fracture positions: (a) the fracture position is located above the stopping coal pillar; (b) the fracture
position is located above the withdrawal space; (c) the fracture position is located above the goaf. The
blue dotted line on the left side of the figure delineates the buffer support range of the stopping coal
caving area to the overlying key rock blocks. The red dotted line and the downward arrow indicate
the dynamic and static load disturbance of the unstable rock strata in the rear of the goaf on the
underlying stopping coal caving area. The red explosion shape indicates the serious mine pressure
disaster in the underlying area under the influence of different fracture positions. The arrows and
related marks in the right sketch correspond to the information in the left sketch.

4.3.2. Evolution Characteristics of Vertical Stress and Maximum Shear Stress of Overlying
Strata in the Withdrawal Space under Different Fracture Positions of the Main Roof

The evolution law of vertical stress and maximum shear stress of overlying strata in the
withdrawal space under different fracture positions of the main roof is shown in Figure 12.
The evolution analysis of vertical stress and maximum shear stress also introduces the
above evaluation and analysis indexes.
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When the fracture position is located above the stopping coal pillar (Figure 12a), in

terms of vertical stress, the overlying top coal and direct roof of the withdrawal space are
almost all located in the depressor area, D; is 19 m and D, is 26.7 m. A “Carillon shape”
stress-focused area is formed in front of the stopping coal pillar, and o, is 2.3 MPa. Due to
the large plasticized area in front of the withdrawal space, o is far away from the coal wall
in front of the withdrawal space. In terms of maximum shear stress, the large-scale coal
body in the shallow part of the stopping coal pillar is in the low-value area of maximum
shear stress.

@)

@)

®)

When the fracture position is located above the withdrawal space (Figure 12b), in
terms of vertical stress, the depressor area in front of the stopping coal pillar is greatly
reduced and the depressor area above the withdrawal space is reduced to a certain
extent, Dj is 12 m and D,, is 10.4 m. A “string moon” stress-focused area is formed in
front of the stopping coal pillar, and o is 2.8 MPa, which is close to the coal wall when
the fracture position is located above the stopping coal pillar. In terms of maximum
shear stress, the maximum shear stress peak t,, of the middle coal body in front of
the withdrawal space is 1.7 MPa, and the distance between Ty, and the coal wall in
the withdrawal space D, is 6 m.

When the fracture position is located above the goaf (Figure 12c), in terms of vertical
stress, the depressor area in front of the withdrawal space and the stopping coal pillar
is greatly reduced, D; is 11 m and D, is 9.4 m. A “string moon” stress-focused area is
formed in front of the stopping coal pillar, and o, is 2.9 MPa. In terms of maximum
shear stress, the maximum shear stress peak Ty of the middle coal body in front of
the withdrawal space is 1.82 MPa, and the distance between 7y, and the coal wall in
the withdrawal space Dy, is 5 m.

Through the analysis of quantitative results, in terms of vertical stress, when the
fracture position is above the goaf, the transverse and longitudinal range of the
depressor area is the smallest, and D; and D,, are 42.1% and 64.8% lower than those
when the fracture position is above the stopping coal pillar, respectively. In terms
of maximum shear stress, when the fracture position is located above the goaf, the
maximum shear stress peak is the closest to the coal wall in the withdrawal space,
and Dy, is 5 m. When the fracture position is located above the stopping coal pillar,
the stopping coal pillar is plasticized in a large range, the integrity of the coal body is
poor, and the shallow coal body does not have good bearing and shear performance.
When the fracture position is located above the withdrawal space, the plasticization
range of the stopping coal pillar area is greatly reduced but the top coal and direct
top plasticization above the withdrawal space is serious, the coal body integrity is
poor, and the top coal does not have good bearing and shear performance; in contrast,
when the fracture position is located above the goaf, the top coal above the stopping
coal pillar and withdrawal space is greatly weakened by the mining disturbance of
the working face. The surrounding rock integrity of the withdrawal space is good,
and the coal and rock mass of the withdrawal space in the final mining stage has good
bearing and shear resistance.

In summary, the main roof fracture position is located above the goaf, and the with-

drawal space is arranged under the A region. This arrangement form is most beneficial to
the stop mining and withdrawal work.
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Figure 12. The evolution characteristics of vertical stress and maximum shear stress in withdrawal
space under different fracture positions: (a) the fracture position is located above the stopping coal
pillar; (b) the fracture position is located above the withdrawal space; (c) the fracture position is
located above the goaf. In the left figure, the yellow dotted line delineates the vertical stress depressor
area, the black dotted line delineates the vertical stress pressurized area, the red dotted line in the
right figure delineates the maximum shear stress low value area, the black dotted line delineates the
maximum shear stress peak area, and uses the same color font color to describe the feature area.

4.4. Physical Similarity Simulation Analysis of Stopping Coal Caving Operations in the
Withdrawal Space of the Final Mining Stage

In order to better reveal the movement law of overburden structures in the large-
section withdrawal space under the conditions of whether the withdrawal space stops coal
caving during the continuous advancement of the final mining face and better guides the
field engineering practice, a physical similarity model is established to simulate the typical
stopping coal caving operation. The geometric similarity ratio of the model is 100:1, the
size of the support is 1.8 m x 0.2 m x 1.4 m, the thickness of the rock layer is 112.3 cm,
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the thickness of the coal seam is 19.0 cm, the height of the hydraulic support is 3.5 cm, the
bulk density similarity ratio is 1.6:1, and the time similarity ratio is 10:1. The migration
of overlying rock structure under the typical stopping distance of coal caving is shown in
Figure 13.

(1) In the early stage of the similar simulation experiment, the thickness of the normal
mining coal seam before the excavation of the withdrawal channel is 19.0 cm, that
is, the stopping caving distance is 0 m (Figure 13b). Due to not stopping coal caving,
the direct roof caving and crushing expansion did not fully fill the goaf, C; could not
fully contact the direct roof caving filling area, and C; continued to rotate and sink. At
the same time, B breaks above the support area for the hydraulic support, and there
is a large range of suspended roof area below B. The overlap width between B and
the stopping coal pillar decreases, and the vertical drop between B and C; is large. A
stable hinged structure cannot be maintained for a long time between A, B, and C;.
The rotation angle of B is large, and most of the sinking extrusion force acts on the top
of the withdrawal space, and the hydraulic support is seriously deformed.

(2) The working face continues to advance but only 3.5 cm coal seam is mined. The
designed span of non-top coal is 30 m, that is, the distance of stopping coal caving
is 30 m (Figure 13c). C; and Cj are in full contact with the direct roof caving filling
area, and uncaving the top coal and direct roof caving fully fills the goaf; then, B
and C; are in full contact with the coal and rock mass in the filling area, and the
rotation angle of B and C; is small. At the same time, the fracture position of the main
roof is located above the goaf. Most of the rotary extrusion pressure of B acts on the
stopping coal caving filling area, and the withdrawal space is placed below the A
region. At this time, the support control of the withdrawal space is not difficult, and
the withdrawal space is slowly and stably deformed, which can ensure the safe and
efficient withdrawal of the support.

Plane stress similarity simulation experiment
1.8 mX02m X1.4m

N
a. The geometric similarity ratio is 100 :1

b. The similarity ratio of bulk density is 1.6 : 1
c. The time similarity ratio is 10 : 1

N
The thickness of coal seam in the model is 19.0 cm.
4
The hydraulic support in the model is 3.5 cm, that is,
1 the machine mining height of the working face is 3.5
Support area of the hydraulic support | cm.

(a)

Figure 13. Cont.
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In the initial stage, the mining height of the model coal
seam is 19.0 cm, and the coal caving is not stopped to
fill the goaf.

¥
C, did not fully contact with the direct roof caving filling
area, and continued to rotate and sink.

¥

a. B breaks above the withdrawal space, B rotates and sinks,
and there is a suspended roof area below B.

b. The lap width of B and stop coal pillar is small, the
vertical drop of B and C, is large, and A, B and C, have no
stable hinge.

c. B rotation, extrusion retracement space, hydraulic support

Stopping coal caving filling area Direct roof cavin!g filling area [caving filling area.

Withdrawal space  Direct roof cavi;{g filling area load deformation.

(b)

The working face continues to advance, the machine
mining height of the working face is 3.5 cm, and the

stopping coal caving distance is 30 cm.
LV

C,, C; fully contact with direct roof caving filling area.

4
a. The uncaving top coal and direct roof caving enrich the
goaf, and the rotation angle of B is small.
b. The fracture position of the main roof is located above the
goaf.
c. Most of the rotary extrusion pressure of B acts on the stop

(©)

Figure 13. Migration characteristics of overburden structures in withdrawal space under typical
stopping coal caving distance: (a) the whole picture of similar simulation model; (b) Lc = 0 m;
(¢) Lc = 30 m. The red font is to highlight the message that different pictures want to convey.

5. Asymmetric Partition Support Monitoring System for the Final Mining
Withdrawal Space

5.1. Asymmetric Support Control Scheme of the Final Mining Withdrawal Space Partition

Due to the influence of many factors such as the geological structure and mining
disturbance of the working face, the degree of plastic damage of the surrounding rock
in front of and behind the final mining face is obviously different. The distribution of
overburden rock and stress shows obvious zoning characteristics, that is, the stopping coal
caving area, the support area of the hydraulic support, the withdrawal channel area, and
the stopping coal pillar area.

(1) The reasonable space-time layout of the withdrawal space under the scientific stop-
ping coal caving distance and the basic roof fracture position in the stopping coal pillar
area ensures that most of the dynamic and static load stresses of the overlying strata
act on the caving direct roof and the loose top coal to improve the stress environment
of the withdrawal space overburden.

(2) The withdrawal space is divided into the support area of the hydraulic support and
withdrawal channel area. It can be seen from the stress distribution cloud diagram
that the vertical stress depressor area and the maximum shear stress low-value area
of the surrounding rock in the support area of the hydraulic support are large but the
roof of the area needs to have a certain bearing capacity to ensure that the top coal will
not fall close to the support and the roof will not collapse with the withdrawal of the
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support; therefore, the strength of the roof in the support area should not be too large.
The withdrawal channel area is the key point of the whole withdrawal space support.
Therefore, in the design scheme, the anchor cable must pass through the low-value
area of the maximum shear stress combined with the bolt to tighten the plasticized
coal body, and the anchor cable is anchored to the range of the maximum shear stress
increase area. The anchor depth at the shoulder socket of the withdrawal channel also
needs to reach the range of the maximum shear stress increase area. Therefore, the
inclined anchor cable is used at the shoulder socket of the withdrawal channel area
and a row of single hydraulic props are set up at 400 mm from the coal wall of the
withdrawal channel to prevent the risk of end mining and roof cutting.

(38) The vertical stress depressor area and the maximum shear stress low-value zone of
the stopping coal pillar area are small and the support requirements are not high as
long as the coal wall does not occur in a large area.

Based on the typical zoning characteristics of the withdrawal space, an asymmetric
zoning support control scheme for the final mining withdrawal space is proposed as shown
in Figure 14.

Hydraulic Stopping Anchor cable (©:21.8X6300 mm) Anchor cable (©:21.8X9300 mm)
support support coal pillar +11# I beam +11#1 beam
area area Inter-row spacing: 1500 > 1600 mm Inter-row spacing: 1500X 1600 mm
= =~
Maximum

=)

Stopping coal
caving filling area

shear stress
increase area

7

Withdrawal

Bolt (@: 22X2600 mm) -/Top transition anchor cable
+ W steel tape (£:21.8X10300 mm)+1 1#I beam
channel area Inter-row spacing: 900 X 800 mm Inter-row spacing: 1600 mm

Figure 14. Asymmetric partition support control scheme for final mining withdrawal space. Different
colors represent different support zones.

5.2. Simulation Analysis of the Pre-Stress Field of the Withdrawal Space Partition Support

In order to verify the scientificity of the partition support control in the withdrawal
space and to check the support scheme reasonably, the pre-stress field model of the partition
support is established as shown in Figure 15.

Through the analysis of pre-stressed simulation results, it can be seen that the set of
partition support design schemes forms a 0.02 MPa continuous anchorage bearing arch
structure in the deep anchorage zone of the top coal anchor cable, and the combined support
of bolt and cable forms a high pre-stressed anchorage bearing arch with a boundary of
0.2 MPa in the shallow coal body of top coal. The roof bolt—cable synergistic anchoring
range of the withdrawal channel area is large, the high pre-stressed area is connected,
and the pre-tightening anchoring effect is better than the roof of the support area for
the hydraulic support. From the perspective of the pre-stressed field in the large-section
withdrawal space, the roof of the support area for the hydraulic support, the roof of the
withdrawal channel area, and the top-to-side transition area form a large-scale high-pre-
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stressed field penetration area, and the support strength meets the needs of the partition
support control.

Stopping coal Weak High support
caving filling area support strength
—— —— —

Stopping
coal pillar area
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Figure 15. Pre-stressed field model of asymmetric partition support.

5.3. Rock Pressure Monitoring of the Large-Section Withdrawal Space in the Final Mining Stage

The deformation of surrounding rock and the stress of the anchor cable from the
beginning of roadway excavation to the withdrawal of the working face are shown in
Figure 16a. The maximum roof subsidence of the withdrawal space is 151 mm. The
withdrawal space is completed on the fifth day and the stopping coal pillar is revealed. The
maximum deformation of the stopping coal pillar is 82 mm before the withdrawal, and
the deformation of the top wall meets the requirements of the safe and rapid withdrawal
operation in the later period.

#— Anchor cable ai the top of withdrawal channel area
§ cauli A—h A
—#— Top anchor cable from support area of the hydraulic suppart_—
200 F—e— Stopping coal pillar side bolt
Withdrawal channel top and bottom deform ation
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Figure 16. Mine pressure monitoring in withdrawal space: (a) the deformation of surrounding rock
and the stress of anchor cable; (b) on site support control effect.

The force of the top anchor cable in the withdrawal channel before the withdrawal of
the support is 210 kN, the force of the top anchor cable in the support area of the hydraulic
support is 163 kN, and the force of the anchor bolt in the stopping coal pillar is 106 kN.
Obviously, the anchor cable shows a good anchoring effect but the change rate of anchorage
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force of the anchor cable on the roof of withdrawal channel is fast, the strength of the top
anchor cable in the withdrawal channel area is better than that of the top anchor cable in
the support area of the hydraulic support, which is in line with the principle of asymmetric
partition support control in the final mining withdrawal space.

The effect diagram of the on site support control is shown in Figure 16b. The section
of the withdrawal space in the preparation and withdrawal sections of the working face
remains flat, and there is no strong mine pressure phenomenon such as roof fall, rib spalling,
support member failure, and support crushing in the roadway, which fully meets the needs
of safe and efficient withdrawal in the later periods.

In conclusion, the monitoring and support control measures have proven to be effective
in managing the deformation and stress levels in the withdrawal space. The data collected
and the subsequent adjustments made to the support system have ensured that the mining
operation can proceed safely and efficiently, with the structural integrity of the roadway
being maintained throughout the withdrawal process. This success is a testament to
the careful planning and execution of the support strategy, which has been designed to
accommodate the unique challenges of the final mining withdrawal space.

6. Conclusions

(1) According to the migration characteristics of overlying strata in the withdrawal space
under different stopping coal caving distances in the working face, different stopping
coal caving distances are divided into four stopping coal caving spans. Utilizing the
theoretical analysis method, we have ascertained that a suitable stopping coal caving
span should be within the range of 1 to 2 times the cycle weighting interval, and the
optimal stopping coal caving distance is 30 m. Moreover, the “S-R” stability theory,
which pertains to the “masonry beam” structure, has been employed to illustrate that
at a stopping coal caving distance of 30 m, the critical blocks of the main roof are
stable, with neither rotational nor sliding instability occurring between them.

(2) Numerical simulation is used to analyze the migration of the overburden structure,
vertical stress, and maximum shear stress evolution characteristics of the withdrawal
space under different stopping caving distances and different fracture positions of
the main roof. It is concluded that the overburden and stress distribution of the
withdrawal space have obvious zoning characteristics, that is, the stopping coal
caving filling area, the support area of the hydraulic support, the withdrawal channel
area, and the stopping coal pillar area. When the distance of stopping coal caving is
30 m and the fracture position of the main roof is located above the goaf, the range of
the stress reduction area of coal and rock mass on the side of the withdrawal space
and stopping coal pillar is greatly reduced, and the coal and rock mass still has good
bearing and shear resistance.

(3) The physical similarity model of the withdrawal space of the final mining under the
typical stopping coal caving distance (0 m, 30 m) is constructed. The results show
that the reasonable stopping coal caving can fully fill the goaf under B and part of Cy,
slow down the rotation angle of B and C; and the difficulty of the withdrawal space
support, and protect the safe and efficient withdrawal of the support.

(4) Based on the typical zoning characteristics of the withdrawal space overburden, an
asymmetric zoning support control scheme for the withdrawal space is proposed.
The real-time monitoring results of surrounding rock deformation show that the
maximum roof subsidence in the withdrawal space is 151 mm and the maximum
deformation of the stopping coal pillar is 82 mm. The anchoring strength of the anchor
cable at the top of the withdrawal channel area > the anchoring strength of the anchor
cable in the support area of the hydraulic support > the anchoring strength of the
stopping coal pillar area. The deformation of the section of the withdrawal space
meets the needs of safe and efficient withdrawal for the final mining stages.
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