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Abstract: The superposition effect of the advanced support pressure of the working face in the final
mining stage and the lateral support stress of the roadway is a key factor affecting the stability of the
retracement channel. To study the stress evolution of the retracement channel under the super-thick
nappe and the timing of strengthening support, this paper takes the mining of the 360808 working
face in Xinji No. 1 Mine as the engineering background, analyzes the occurrence conditions of the
working face and the measured rock pressure law, and constructs a roof structure model of the retreat
area. The UDEC discrete element numerical simulation software was used to analyze the evolution
characteristics of concentrated stress and the failure law of surrounding rock around the retracement
channel under gradual excavation conditions. Based on the relationship between the position of the
main roof fracture and the stability of the surrounding rock of the retracement channel, the instability
mechanism of the surrounding rock of the retracement channel was revealed. A mechanical model of
the surrounding rock of the retracement channel under the condition of a gradient coal pillar was
established, and the energy criterion K for the instability of the surrounding rock was obtained. The
method of adding anchor cables to strengthen the support of the surrounding rock of the retracement
channel was proposed. The results indicate that the accumulation of energy in the surrounding rock of
the retracement channel is greater than the internal consumption of energy, which is the direct reason
for the instability of the surrounding rock of the retracement channel. The time to strengthen the
support of the roof is when the working face is 15 m away from the retracement channel. According
to the analysis of on-site monitoring results, the roof convergence and the two-sides convergence
before and after strengthening the support were reduced by 90 mm and 140 mm, respectively. Under
the strengthening of support, the slope of the retracement channel in the 360808 working face is slight,
without roof fall, and the surrounding rock of the channel is effectively controlled, which is of great
significance for ensuring the safe application of the retracement channel. It has reference value for the
safety production of surrounding mines and is conducive to promoting the sustainable development
of local resource-based society and economy.

Keywords: super-thick nappe; retracement channel; strengthening support timing; numerical
simulation; instability criterion

1. Introduction

As the depth of coal mining gradually increases, the occurrence conditions of coal
seams become more complex [1–4]. The roadway is influenced by the fractured zone of
the coal rock structure, resulting in a high degree of stress concentration. When geological
structures such as faults are close in spatial distance, the tectonic stresses overlap with
each other, further increasing the stress of the coal rock mass [5–7]. Nappe is a complex
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geological structure that has a significant impact on the stress distribution of tunnels. It
refers to a thrust fault with a larger scale and a fault plane inclination angle below 30◦ [8–10].
At present, the rapid retracement of fully mechanized mining equipment mainly adopts
the method of pre-excavating the retracement channel, and the structure of the nappe will
lead to complex stress evolution process of the retracement channel, severe deformation
and damage of the surrounding rock at the retracement channel edge, which is extremely
unfavorable for the stability of the surrounding rock structure [11] and seriously restricts
the safe and efficient production of the working face. In some areas, there is a problem of
investing a large amount of support costs, but the support effect is still not ideal. Therefore,
improving the coal mining rate and reducing mining costs are of great significance for the
sustainable development of China’s coal industry.

In recent years, scholars from China and other countries have conducted extensive
research on the stress evolution of retracement channels under the influence of faults and
the strengthening of support design, such as the use of FLAC3D and boundary element
numerical simulation methods. Li et al. [12–17] proposed the influence of different fault
types on the stress of the retracement channel surrounding rock and the optimal support
scheme for the retracement channel surrounding rock under the influence of corresponding
faults. Taking the Barapukuria coal mine in Bangladesh as an example, Islam et al. [18] found
that the deformation of rock layers near faults and the variation characteristics of the stress
field in the surrounding rock of the retracement channel are under the influence of mining
disturbances, emphasizing the occurrence of stress concentration at the location of fault
fracture surfaces. Li et al. [19] established a coal pillar mechanical model based on the theory
of falling arch, theoretically determined the width of the protective coal pillar between the
retracement channel, and verified its mechanical response characteristics using the FLAC3D

calculation model. Qin et al. [20] proposed the relationship between the working resistance
of hydraulic supports and the immediate roof sinking angle under the spatial relationship
between the retracement channel and the roof fracture and determined the reasonable time
for the arrangement of the retracement channel. Ma et al. [21] analyzed the failure process of
tunnels under different conditions and discussed the failure process and final failure mode of
tunnels. This study is of great significance for maintaining channel stability. Using a model
test or a similar material test method, Zhang et al. [22,23] found in their research on the
mechanism of roof cutting and pressure relief under the influence of faults that the vibration
generated by roof fracture is relatively small, but the shear slip generated by faults releases
a large amount of energy, causing severe vibration. Han et al. [24–27] combined the theory
of elastic–plastic mechanics to analyze the stress evolution and instability failure process
of surrounding rock under different conditions under the influence of faults. Ma et al. [28]
reproduced the dynamic process and fracturing mode of the overlying rock layer through
the M-JHB-4DLSM model experiment, which is of great significance for studying the impact
effect of near-buried blasting tunnels. Through theoretical analysis and on-site measurement
methods, Sainoki et al. [29,30] summarized the principle and applicability of stopping
mining and yielding pressure during the final mining stage, combined with the pressure law
of the working face. Wang et al. [31] proposed a mechanical model that considers the stress
redistribution caused by mining in the working face and calculates the stress distribution on
the fracture surface. Ma et al. [32] proposed a fully coupled thermo-elastoplastic damage
constitutive model to study the mechanical response of specimens under dynamic loading,
used to identify the damage situation of surrounding rock under dynamic loading conditions.
Zhang et al. [33] obtained the relative displacement relationship between the roof and floor
after a single support through monitoring and proposed the optimal and reasonable support
timing. Dokht et al. [34–37] obtained the superposition effect of concentrated stress around
the retracement channel and the mining support pressure of the working face, as well as
the law of surrounding rock failure. Gu et al. [38] established a mechanical model for the
remaining coal pillar, theoretically determined the critical stable width of the coal pillar, and
conducted a sensitivity analysis on its geological and engineering factors to determine the
position of stopping mining and yielding pressure. Zhu et al. [39] analyzed the influencing
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factors of the main roof fracture position on the surrounding rock of the retracement channel
and evaluated the difficulty of bracket retracement.

The above research results provide a theoretical basis and on-site practical experience
for the stability control of surrounding rock in the retracement channel. However, based on
the research status mentioned earlier, it can be concluded that Li et al.’s [12–17] research
elucidated the structural deformation characteristics of tunnel surrounding rock under the
influence of faults from the perspectives of mechanics and energy, but there is relatively
little research on the impact of strong mining in the final mining stage on the gradual coal
pillars. Wang et al. [31] proposed a mechanical structural model for roof sliding under the
influence of faults and provided the timing for strengthening support through monitoring.
The results have a certain degree of randomness. Dokht et al. [34–37] mainly studied
the impact of strong mining during the final mining stage on the retracement channel.
However, due to the particularity of thrust faults, there is insufficient research on the timing
of strengthening support for retracement channels under this working condition.

Therefore, this article takes the mining of the 360808 working face under the structure
of the thick nappe in Xinji No. 1 Mine as the engineering background. Firstly, UDEC
discrete element numerical simulation software (UDEC 6.0 v6.0.336) is used to summarize
the evolution law of deformation and failure of the surrounding rock of the retracement
channel under the thick nappe structure. Then, based on the deformation situation of
the surrounding rock of the retracement channel, an energy conversion criterion for the
instability of the retracement channel surrounding rock is constructed, and a strengthened
support design scheme for the retracement channel is proposed. Based on the deformation
characteristic curve of the channel surrounding rock and combined with the on-site working
conditions, the timing of strengthening support was determined, and the rationality of the
design scheme was verified through on-site engineering. The research results are of great
significance for guiding the safe and rapid retreat of the 360808 working face.

2. Project Overview

(1) Basic information about the working face.

The main structural form of the coal-bearing strata in Xinji No. 1 Mine is a monoclinic
structure that leans toward the northeast or north. The coal seam outcrops are all located
in the southern part of the minefield and developed in the in situ system of the Fufeng
nappe structure. The dip angle of the middle and southern strata in the minefield is
relatively gentle, generally 15◦, and locally 35◦. The dip angle in the north is relatively
large, gradually increasing from 30◦ in the west to nearly 60◦ in the east, belonging to a
typical thrust fault. There are weak interlayers and local fractured zones on the roof and
floor of the main mining coal seam. There is a super-thick nappe structure with a thickness
of 351–562 m above the 36 mining areas (as shown in Figure 1). The super-thick nappe
structure is mainly composed of gneiss, and the lithology is mainly composed of granite
gneiss and hornblende gneiss, presenting a mixed gray-black and gneissic structure.

Starting from the west of the 360808 working face, No. 3608 (6) mining area is
transported up the mountain, 20 m east of the 8–9 exploration line, north neighbor
240805 working face goaf. The goaf of the 240818 working face is adjacent to the south. The
northern upper part of the working face is the goaf of the 360806 working face (with a verti-
cal distance of 63.2–91.5 m and an average of 77.4 m from this working face). The layout
plan of the working face is shown in Figure 2. The main mining area of the 08 working face
is the eighth coal seam, with an average coal thickness of 3.0 m. The coal mining method is
a comprehensive mechanized coal mining method that moves toward the long wall and
retreats. The roof is managed by the full height and full collapse method at once. The
specific rock column diagram is shown in Figure 3.
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Figure 3. Rock stratum histogram.

(2) Design of the original support for the retracement channel.

To alleviate the tension of mining succession and improve the extraction rate of the
working face, it is planned to pre-excavate the retracement channel near the stop mining
line at the end of the working face. According to the “Mining Operation Regulations for
360808 Fully Mechanized Mining Face”, the original support method for the retracement
channel was anchor rods, cables, and individual hydraulic props. The spacing between
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individual hydraulic props is 1.1 m, and the support strength is 1600 kN/m. The anchor
rod is a GM500 threaded steel anchor rod with a diameter of ϕ = 22 mm, length of 2.5 m,
spacing of 800 mm × 800 mm, and an average anchoring force of 100 kN. The anchor
cable used is selected as 1 × 19 S, Φ = 21.8 mm prestressed steel strand production, with a
length of 7.2 m and a spacing of 1200 × 1200 mm, 5 in each row, with a bearing capacity
of 583 kN, DW-25 (DW-31.5) single hydraulic prop with articulated beam, spacing of 1.1 m,
and support strength of 1 MPa. The original support status of the retracement channel is
shown in Figure 4.
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Figure 4. Schematic diagram of the original support status of the retracement channel. (a) Cross-
section of retracement channel direction. (b) Top view.

3. Evolution Law of Deformation and Failure of Surrounding Rock in the
Retracement Channel
3.1. Numerical Model Establishment and Simulation Plan

To understand the deformation and failure evolution of the surrounding rock of
the retracement channel in the final mining stage of a fully mechanized mining face
under the influence of the super-thick nappe, the discrete element numerical simulation
software UDEC is considered for the numerical calculation to study the stress evolution
and surrounding rock deformation process of the retracement channel in the final mining
stage of the working face. Establish a numerical simulation basic model based on the actual
engineering geological conditions on site, with a thickness of 400 m for the nappe, a mining
height of 3 m, a mining length of 1000 m, the closest distance from the stop mining line to
the horizontal projection of the fault of 500 m, and a size of 100 m for the right boundary
protection coal pillar. The model size is length × height = 1800 m × 500 m.

The boundary condition of the model is to apply a horizontal constraint in the X-axis
direction on the right boundary of the model and a vertical constraint in the Y-axis direction
on the bottom of the model. Apply a vertical load to the top of the model to simulate the
weight of the overburden and use the self-weight stress generated by the actual burial depth
as the top-end face load. Apply the upper self-weight stress in the horizontal direction
multiplied by the lateral pressure coefficient λ to simulate the initial crustal stress by loading.
The mechanical model of the simulated coal rock mass adopts the Mohr–Coulomb model,
and the joint mechanical model adopts the Coulomb slip model. The specific numerical
model is shown in Figure 5, and the overall rock mechanics parameters of the model are
shown in Table 1.
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Table 1. Physical and mechanical parameters of numerical model rock.

Serial
Number Rock Name Thickness/m Density

kg/m3
Tensile

Strength/MPa
Elastic

Modulus/GPa Cohesion/MPa The Angle of
Internal Friction/◦

Poisson
Ratio

1 Gneiss 400 2763 11.2 44.8 15 40 0.25
2 Fine sandstone 12 2532 5.38 37.15 3.2 42 0.27
3 Sandy mudstone 8 2562 2.6 12.08 2.45 40 0.25
4 Silicarenite 35 2423 4.9 21.75 21 75 0.29
5 Fine sandstone 4 2532 5.38 37.15 3.2 42 0.27
6 Mudstone 2 2582 2.0 10.37 1.2 32 0.28
7 No. 9 coal seam 1 1401 0.3 2.79 0.8 29 0.32
8 Mudstone 4 2582 2.0 10.37 1.2 32 0.28
9 Sandy mudstone 8 2562 2.6 12.08 2.45 40 0.25

10 Fine sandstone 4 2532 5.38 37.15 3.2 42 0.27
11 Mudstone 1 2582 2.0 10.37 1.2 32 0.28
12 No. 8 coal seam 3 1378 0.4 1.32 0.8 29 0.31
13 Mudstone 8 2582 2.0 10.37 1.2 32 0.28
14 Sandy mudstone 10 2562 2.6 12.08 2.45 40 0.25

During the simulation process, corresponding displacement and stress monitoring
points are selected for the roof convergence of the retracement channel and the two-sides
convergence to monitor the roof convergence, the two-sides convergence, the maximum
concentrated stress, and its position changes and to clarify the evolution law of deformation
and failure of the surrounding rock of the retracement channel in the final mining stage.
The specific simulation scheme is shown in Table 2 below.

Table 2. Simulation scheme design table.

Simulation Scheme One Two Three Four Five Six Seven Eight

Excavation length/m 800 100 60 10 10 10 5 5

Interval length from
retreat channel/m 200 100 40 30 20 10 5 0

3.2. Stress Distribution and Evolution of Surrounding Rock in the Retracement Channel

The distribution and evolution of stress in the surrounding rock of the retracement
channel under different simulation schemes are shown in Figure 6.
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Based on the comprehensive analysis of the above stress cloud map, it can be concluded
that when the working face is 200 m away from the retracement channel, it is not affected
by mining outside the area affected by the advanced support pressure. When the working
face is 100 m away from the retracement channel, the vertical stress in some areas of
the retracement channel increases due to the influence of advanced support pressure.
Afterward, as the working face continued to advance, the stress concentration areas on
both sides of the retracement channel gradually increased, and the stress value increased.

Figure 7a shows the vertical stress distribution at different positions of the solid coal
wall in the retracement channel during the mining process. From the figure, it can be seen
that as the working face is mined, the stress on the outer side of the solid coal in the channel
continues to increase. At 1 m, 10 m, and 30 m outside the solid coal slope of the channel,
the starting distances for the increase in stress caused by mining are 100 m, 40 m, and
20 m, respectively. At the same time, there are significant differences in the vertical stress
peaks at different positions of the solid coal. At 1 m, 10 m, and 30 m of the solid coal slope,
the stress peaks after penetration are 60 MPa, 40 MPa, and 20 MPa, respectively. As the
distance between the monitoring position and the retracement channel of the solid coal
slope increases, the stress peak gradually decreases, indicating that the deep surrounding
rock outside the solid coal is less affected by mining.
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Figure 7. Stress analysis at the solid coal slope of the retracement channel. (a) Curve of stress variation
with mining at different positions outside the solid coal slope. (b) Stress distribution of solid coal
outside the retracement channel.

Figure 7b shows the stress distribution of solid coal outside the retracement channel at
different mining distances. From the figure, it can be seen that the vertical stress of the solid coal
in the retracement channel is distributed in a single peak form, and the peak stress continuously
increases with the mining of the working face. When the working face is connected to the
retracement channel, the stress reaches its maximum, and the peak stress reaches above 60 MPa
at a distance of 5 m from the surface in the shallow part of the solid coal slope.

3.3. Deformation and Failure Characteristics of Surrounding Rock in the Retracement Channel

The deformation and failure characteristics of the surrounding rock of the retracement
channel under different simulation schemes are shown in Figure 8.

Based on the comprehensive analysis of the above displacement cloud map, it can be
seen that the changes in the surrounding rock of the retracement channel are distributed in
three stages: in the first stage, the working face is far from the retracement channel, and at this
time, the retracement channel is basically not affected by mining, and the deformation of the
surrounding rock is very small. In the second stage, when the working face is withdrawn to a
certain distance from the retracement channel, it is gradually affected by the overburden of
the adjacent goaf, and the deformation of the surrounding rock begins to increase significantly.
In the third stage, the working face is about to connect with the retracement channel, and at
this time, the retracement channel is most severely affected by mining, and the surrounding
rock deformation and damage are obvious, with a sharp increase in deformation.
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From Figure 9, it can be seen that the deformation law of the roof of the retracement
channel is basically consistent with the deformation law of the side. The two-sides conver-
gence of the retracement channel at the same section is greater than the roof convergence.
When the working face is 30 m away from the retracement channel, it is less affected by
mining, and the deformation of the surrounding rock can be ignored. When the working
face is 5–30 m away from the retracement channel, it begins to increase due to the influence
of mining, and the remaining coal body of the working face is affected by the bending and
sinking of the overburden. The energy accumulated in the surrounding rock increases,
and the cumulative deformation of the roof and two sides reaches 50 mm and 100 mm,
respectively. When the working face is 0–5 m away from the retracement channel, the
deformation of the surrounding rock of the retracement channel increases sharply, with
the cumulative deformation of the roof and two sides reaching 320 mm and 450 mm,
respectively, exceeding the maximum allowable caving height of the retracement channel
by 300 mm.
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Figure 9. Deformation curve of surrounding rock in the retracement channel under the original
support conditions.

4. Mechanism of Deformation and Failure of Surrounding Rock in the Retracement
Channel and Design of Reinforcement Support
4.1. Analysis of the Surrounding Rock Structure of the Retracement Channel
4.1.1. State of the Overburden Structure of the Retracement Channel

According to the theory of masonry beams, the main roof is at the breaking step
distance. As the working face advances, the rock blocks collapse and are arranged neatly,
and the friction force between them can form a semi-arch structure [40,41]. After mining in
the 360808 working face, the roof collapsed and broke on the side of the coal pillar in the
lower section. A typical mechanical model was analyzed to determine the three different
fracture positions after the main roof of the end zone broke [42,43], as shown in Figure 10.

From the fracture state of the 360808 working face, it can be seen that the studied
fracture morphology is more in line with the second type; that is, the main roof fracture
is above the retracement channel, as shown in Figure 10b. The load-bearing capacity of
the overburden in the retracement channel increases. The immediate roof and hydraulic
support at the roof of the retracement channel bear most of the load of the fractured block B.
The physical coal slope undergoes tensile deformation under the influence of dynamic
pressure, and the roof on the side of the retreat slope sinks significantly. When the bearing
capacity reaches its limit, a fracture occurs immediately near the coal wall and above the
coal pillar of the solid coal, leading to a sharp decrease in its bearing capacity. Therefore,
the deformation of the retracement channel is relatively large, and it is more crucial to
strengthen the maintenance of the roof at this time.
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4.1.2. Mechanism of Surrounding Rock Failure in the Retracement Channel

(1) When the working face is far from the retracement channel, the remaining width of
the coal pillar between the working face and the retracement channel is large, and it
will not be affected by the mining of the working face. The integrity of the roof and the
surrounding rock on the two sides is suitable, and the surrounding rock is in a stable
state. During the final mining period, as the working face advances, the width of the
interval coal between the working face and the retracement channel continuously
decreases, forming a gradually changing width coal pillar. During the connection
process between the retracement channel and the working face, there is a significant
trend of surrounding rock deformation and stress increase. The gradient coal pillar is
affected by the superposition of advanced support pressure and lateral support stress
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of the retracement channel, and it fails when it exceeds the strength limit. The shallow
plastic failure range of the gradient coal pillar expands, as shown in Figure 11.
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Figure 11. Schematic diagram of mining before the connection between the working face and the
retracement channel.

(2) After the connection between the working face and the retracement channel, the
advanced support pressure of the working face begins to transfer to the protective
coal pillar outside the retracement channel. The deformation and pressure of the
surrounding rock inside the retracement channel both increase sharply, and the roof
significantly sinks, expanding the range of solid coal slope fragmentation.

From the above analysis, it can be concluded that the dynamic pressure linkage
effect caused by the unstable deformation of the gradient coal pillar and the unreasonable
position of the main roof fracture during the connection between the working face and
the retracement channel is the fundamental reason for the catastrophic instability of the
surrounding rock of the retracement channel.

4.2. Construction of Instability Criteria

When the main roof fracture occurs above the retracement channel, due to the absence
of coal below the fracture line to bear the end load of the fracture block, one end of the
main roof fracture acts on the immediate roof above the retracement channel, and the other
end is carried by the gangue in the goaf [44]. At this time, the immediate roof is subjected
to the superposition effect of the overburden pressure and the pressure of the key block
and its overburden behind the main roof, which has a significant impact on the retracement
channel. The surrounding rock undergoes significant deformation under stress, and the
stress analysis of the surrounding rock is shown in Figure 12.
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Figure 12. Analysis of the stress on surrounding rock when the main roof fractures above the
retracement channel.

According to the force analysis diagram, it can be seen that the upper part of the
cantilever rock beam in the retracement channel is mainly affected by the overburden
pressure F(x) and the pressure Fm of the rear main roof key block and its overburden. The
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internal support body support force F1 and the working face shield support force F2 play
an upward supporting role on the rock beam.

The main uniformly distributed force F(x) above the cantilever rock beam can be
expressed as the advanced support pressure [45]:

F(x) = (m− 1)γHe−
2 f µ
M (l−x) + γH (1)

where m represents the stress concentration coefficient of the roof, γ represents the unit
weight of the overburden, H represents the burial depth of the overburden, f represents the
coefficient of friction, µ represents the lateral pressure coefficient, M represents the mining
height, and l represents the main roof fracture position.

From the deflection curve equation of a cantilever beam under a uniformly distributed
load, it can be seen that [46]

L(x) =
qx2

24EI

[
x2 − 4x(L0 + L1 + L2) + 6(L0 + L1 + L2)

2
]

(2)

where E represents the immediate roof elastic modulus, I represents the immediate roof
section moment of inertia, L0 represents the length of the solid coal slope immediately
penetrated by the roof, L1 represents the width of the retracement channel, and L2 represents
the roof control distance of the working face bracket.

When the main roof fractures above the retracement channel, the deformation of the
immediate roof is closely related to the rotational sinking of the broken main roof rock
block. Regarding the movement law of the surrounding rock, when the main roof fractures
above the retracement channel, the immediate roof is regarded as a deformed body, which
is supported by anchor cables and individual pillars. According to the principle of energy
conservation, the rotational deformation work of the main roof rock block is equal to
the work performed by external support forces such as anchor cables and individual
pillars. Therefore, it is necessary to solve the main roof, immediate roof, and support
work separately.

(1) Main roof key block rotation sinking work.

When considering the rotation and sinking of the main roof, the work performed by
the main roof to the immediate roof is as follows:

W1 =
∫ L0+L1+L2

l
Fmθxdx =

γ0hmθ
[
(L0 + L1 + L2)

2 − l2
]

2
(3)

where θ represents the sinking angle of the key block rotation, γ0 represents the main
unit weight of the roof rock mass, and hm represents the thickness of the key block and
its overburden.

(2) Work immediately against self-weight.

Under the influence of the key block’s rotational sinking, the immediate roof will also
undergo rotational sinking, and its center of gravity will change. When the immediate
jacking angle is β, according to the geometric relationship of the immediate jacking sinking
analyzed in reference [47], it can be seen that the vertical displacement of the center of
gravity of the immediate jacking under the rotation of the key block is as follows:

S0 =
1
2
[h1(1− cos β)− sin β(L0 + L1 + L2 − l)] (4)

Therefore, the immediate roof work is as follows:

W2 = −1
2

γ1h1(L0 + L1 + L2 − l)[sin β(L0 + L1 + L2 − l)− h1(1− cos β)] (5)

where γ1 represents the bulk density of the immediate roof rock mass.
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(3) Work performed by the internal support body of the retracement channel.

When the immediate roof of the retracement channel sinks, the support strength of
the internal support body is F1, and the work performed by the internal support body is
as follows:

W3 =
∫ L0+L1

l

F1

L0 +
L1
2

S1dx =
F1S1

[
(L0 + L1)

2 − l2
]

2L0 + L1
(6)

where S1 represents the sinking amount in the middle of the roof of the retracement channel.

(4) Work performed by hydraulic support with cover on the working face.

When the main roof rotates, the overburden exerts pressure on the retracement channel.
The shield hydraulic support of the working face, to some extent, blocks the rotation
deformation of the main roof and works on the immediate roof. The support strength of
the shield hydraulic support is F2, and the work performed by the shield hydraulic support
is as follows:

W4 =
∫ L0+L1+L2

L0+L1

F2x

L0 +
L1
2

S1dx =
F2S1

[
(L0 + L1 + L2)

2 − (L0 + L1)
2
]

2L0 + L1
(7)

(5) Strain energy of the solid coal slope of the retracement channel.

Under the rotary sinking effect of the main roof key block, the strain energy of the coal
body affected by the immediate compression and retracement of the solid coal slope of the
channel is as follows:

W5 =
∫ L0

0
ξ

(
S1x

L0 +
L1
2

)2

dx =
ξS2

1L3
0

3
(

L0 +
L1
2

)2 (8)

where ξ represents the stiffness coefficient of the solid coal slope.

(6) Immediate roof strain energy.

Immediately jacking the rock mass generates compressive strain energy due to com-
pression, namely:

W6 =
ξS2

1h1L3
0

4E
(

L0 +
L1
2

)2 (9)

The above formulas are applicable to the condition of hard roofs. After the working
face is connected with the retracement channel, the energy release of the roof above the
channel and the energy accumulation of the internal structure of the channel during the
breaking process of the roof, quantifying the energy transmission process, intuitively
reflecting the movement state of the overburden, and establishing a foundation for the
construction of structural instability criteria. However, the above mechanical model regards
the main roof block as a standard block with constant stiffness, ignores the deformation
of the block itself, and does not consider the influence of fracture line angle on the energy
transfer law of the structure.

According to energy conservation, when the external energy is equal to the internal
energy consumption, the surrounding rock of the retracement channel is in a critical
equilibrium state. If the ratio of external work to internal energy consumption is k, then
there is as follows:

k =
W1 + W2

W3 + W4 + W5 + W6
(10)

At this point, it can be divided into two states:{
1©When k ≤ 1, the surrounding rock loses stability
2©When k > 1, the surrounding rock keeps stability
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When the sum of external energy is greater than the sum of internal energy consump-
tion, the surrounding rock of the retracement channel becomes unstable.

4.3. Strengthening Support Strength and Timely Machine Determination
4.3.1. Strengthening Support Strength Design

When the energy of the surrounding rock in the retracement channel is in equilibrium,
the minimum safe support strength F1 can be obtained by bringing the above Formulas (1)
to (10) into W1 + W2 = W3 + W4 + W5 + W6:

F1 =
W3(2L0 + L1)

S1

[
(L0 + L1)

2 − l2
] (11)

When the support force F2 of the shield support in the working face is constant,
according to the actual mining requirements, the maximum value Smax of the roof caving
in the working face can be determined, which is the maximum value of S1. At this time,
the minimum support strength Fmin of the internal support body corresponding to the
maximum caving degree can be obtained. Due to different geological conditions and the
stability of the support body, the calculation of the minimum safety support strength F1min
should take a certain safety coefficient η = 1.2, and then F1min = 1.2Fmin.

4.3.2. Timing of Strengthening Support

According to the deformation and failure characteristics of the surrounding rock of
the retracement channel, when the working face is 5–30 m away from the retracement
channel, it begins to increase under the influence of mining. In the retracement channel,
the surrounding rock begins to deform, and the sinking rate shows an increasing trend.
When the working face is 0–5 m away from the retracement channel, the deformation of the
surrounding rock in the retracement channel increases sharply, and the subsidence of the
roof and the rate of the two sides moving in significantly increase. When the working face
is 5 m away from the retracement channel, the roof subsidence reaches ∆1 = 50 mm, which
is the critical point for the sudden change in roof subsidence rate. Therefore, the timing for
strengthening support before the working face is 5 m away from the retracement channel.

Based on a comprehensive analysis of the selection method for strengthening support
under similar engineering conditions [48], a certain safety coefficient ηa = 0.8 is taken
here to calculate the maximum safe settlement ∆2 = ηa∆1 = 40 mm. Based on the curve
of the subsidence of the roof of the retracement channel in Figure 10, it can be seen that
the corresponding working face is 15 m away from the retracement channel at this time.
Therefore, the timing for strengthening support is at a distance of 15 m from the working
face to the retracement channel.

4.3.3. Strengthening Support Methods

The original support method is shown in Figure 4. Under the original support con-
ditions, the support strength is not sufficient to maintain the stability of the retracement
channel structure. In the final mining period of the 360808 working face, in order to achieve
a safe connection between the working face and the retracement channel, measures such as
anchor reinforcement are considered to strengthen support for the retracement channel.

In order to prevent large-scale overall falling off the roof rock layer of the roadway,
a “composite arch” reinforced with anchor cables is used. The “suspension beam” theory
is used to suspend the entire structure in a hard main roof, and the falling method is
considered based on the most severe falling height greater than the length of the anchor
rod [49]. Under the condition of neglecting the cohesive force and internal friction force of
the rock mass, the equilibrium of the vertical force is taken, and the anchor cable parameters
are calculated as follows:
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Calculation of anchor cable length:

M = Ma + Mb + Mc + Md (12)

where M represents the total length of the anchor cable, and Ma, Mb, Mc, and Md represent
the anchoring length of the anchor cable penetrating into a relatively stable rock layer, the
thickness of unstable rock layers that need to be suspended, the thickness of the upper tray
and anchor, the required exposed stretching length.

The anchoring length La of the anchor cable is determined by the following formula:

Ma ≥ φ · d1 · fa/(4 · fc) (13)

where φ represents the safety factor, d1 represents the diameter of the anchor cable steel
strand, fa represents the tensile strength of the steel strand, and fc represents the anchoring
adhesion of the anchor cable.

Calculation of anchor cable spacing:

c = n·F/(2·Ba·Ha·γ) (14)

where c represents the spacing of anchor cables, n represents the number of anchor cables
in each row, F represents the ultimate bearing capacity of the anchor cable,Ba represents
the maximum caving width of the roadway, Ha represents the height of roadway collapse,
and γ represents the bulk density of the rock mass.

Number of anchor cables per row:

N = φ·G/F (15)

where N represents the number of anchor cables in each row and G represents the self-
weight of the suspended rock.

5. Field Practice Verification
5.1. Parameter Analysis and Calculation
5.1.1. Energy Balance Calculation

(1) Calculation of channel support strength under original support conditions.

When the overburden on the retracement channel of the 360808 working face breaks
above the roof, the key block’s rotational sinking angle θ is 5◦, and rock mass density
γ0 = 25 kN/m3. The thickness of the key block and its adjacent overlying strata is selected
with reference to the height of the collapse zone and fracture zone, hm = 54 m. The length of
immediate roof penetration into the solid coal slope L0 = 1.94 m. The width of the retrace-
ment channel L1 = 5.2 m. The roof control distance of the working face support L2 = 5.0 m.
The main roof fracture position l = 4.54 m. Immediate roof thickness h1 = 5 m. Immediate
return angle β = 3◦. The subsidence in the middle of the roof convergence of the retracement
channel S1 = 320 mm. The stiffness coefficient of the solid coal slope ξ = 10 MPa/m. The
stiffness coefficient of the immediate roof rock layer ξ1 = 50 MPa/m.

When the energy of the surrounding rock in the retracement channel is in equilibrium,
the above parameters are taken into Equation (11), and the calculation shows that the
internal support strength F1 at this time is F1 = 2041 kN/m

(2) Calculation of minimum safety support strength.

When the sinking amount in the middle of the roof of the retracement channel reaches
the maximum allowable value for roof caving, S′1 = 300 mm.

At this point, the minimum safety support strength F′1 is as follows:

F′1 = 2374.89 kN/m
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Due to the influence of different geological conditions and the stability of the support
body, the calculation of safety support strength F1min should take a certain safety coefficient
η = 1.2, where F1min = 1.2F′1= 2849.87 kN/m.

Based on a comprehensive analysis of the strength of the support under the two
support conditions mentioned above, it can be calculated that the support strength that
should be provided for strengthening the support design is FZ = F1min − F1 =809 kN/m.

5.1.2. Strengthening Support Plan

In the original support method, the support strength provided by anchor cable support
was 423 kN/m. To meet the safety support strength, the support strength provided by the
anchor cable should reach 1232 kN/m. It is planned to add a row of anchor cables every
1600 mm along the channel roof, with a length of 7.2 m, and the number of anchor cables in
each row is unchanged. The plan verification is as follows:

Selection of anchor cable material: Select 1 × 19 S, Φ = 21.8 mm prestressed steel
strand production.

The thickness of unstable rock layers that need to be suspended is taken as the imme-
diate roof thickness Mb = 5 m. The thickness of the upper tray and anchor is Mc = 0.1 m.
The required exposed stretching length Md = 0.25 m. Safety coefficient φ = 2. Anchor cable
steel strand diameter d1 = 21.8 mm. Steel strand tensile strength fa = 1860 N/mm2. The
anchoring adhesion of the anchor cable fc = 10 N/mm2. Number of anchor cables per row
n = 5. The bearing capacity of the steel strand is taken as F = 583 kN.

According to Formula (13), Ma ≥ 1621.92 mm can be calculated as Ma = 1.7 m. The
length of the anchor cable can be calculated by Formula (12) as M ≥ 7.05m. Based on the
calculation results, the selected anchor cable length is 7.2 m, which meets the requirements.

The anchor cable spacing can be calculated by Formula (14) as c = 1.802 m. According
to the calculation results, the selected anchor cable spacing of 1.6 m is less than the calculated
value of 1.802 m, which meets the requirements.

The number of anchor cables in each row can be calculated by Formula (15) to obtain
N = 2.775 m. Based on the calculation results, five anchor cables are taken from each row
to meet the requirements.

According to suspension theory calculation, the use of anchor cables Φ21.8 mm × 7200 mm
prestressed steel strand anchor cable with a spacing of 1200 × 1200 mm, 5 in each row, arranged
perpendicular to the roof of the roadway, as shown in Figure 13.
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5.2. Analysis of Strengthening Support Effect
5.2.1. Strengthen the On-Site Effect of Support

During the initial mining of the working face, the retracement channel was not af-
fected by mining, and the deformation of the surrounding rock in the roadway was very
small. However, as the mining approached the stop line, the retracement channel became
more significantly affected by mining, and the degree of deformation and damage to the
surrounding rock intensified. The roof significantly sank, and the deformation of the two
sides significantly squeezed toward the interior of the channel. As shown in Figure 14, the
deformation of the surrounding rock in the retracement channel is large, and the anchor
rods and cables in the tunnel are damaged and ineffective. There are also accidents of
hydraulic support and stack support pressing in the retracement channel, which seriously
affect the safe retracement and rapid movement of the working face. After strengthening
the support of the retracement channel by adding anchor cables, the degree of deformation
and damage to the surrounding rock is reduced, and there is no significant deformation or
concentrated fragmentation in the area, indicating a significant support effect.
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5.2.2. Analysis of On-Site Monitoring Results

According to the deformation and failure characteristics of the surrounding rock in
the retracement channel, the part with a large amount of deformation in the retracement
channel is located in the middle section. Therefore, monitoring points are arranged in the
middle of the retracement channel to monitor the deformation of the surrounding rock
under the strengthened support plan.

According to the deformation curve of the surrounding rock in Figure 15, it can be seen
that after strengthening the support, the position of the measuring point in the working
face 20 m away from the retracement channel is very little affected by mining, and the
deformation amount and deformation rate of the surrounding rock can be ignored. When
the mining face reaches a distance of 15 m from the retracement channel, the deformation
amount and rate of surrounding rock begin to increase. During the distance of 5 m
between the working face and the retracement channel and the connection period, the roof
convergence and the two-sides convergence reached 230 mm and 310 mm, respectively.
Under the effect of strengthening support, the two decreased by 90 mm and 140 mm,
respectively, meeting the deformation requirements of the channel, and the support effect
is significant.

Based on the comprehensive analysis of the above deformation curves, it can be
concluded that strengthening support can effectively improve the stability of surrounding
rock. Under the action of strengthening support, the deformation rate of the surrounding
rock before and after the connection decreased significantly, and the deformation of the
surrounding rock before and after the connection was effectively controlled, resulting in a
suitable support effect.
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6. Conclusions

In response to the problem of controlling the surrounding rock of the retracement channel
in the 360808 working face of Xinji No. 1 Mine, numerical simulation, theoretical analysis,
and on-site monitoring were comprehensively used to systematically analyze the mechanism
of large deformation and failure of the surrounding rock of the retracement channel, as well
as the stress distribution law of the solid coal in the retracement channel. Based on this, the
timing and parameter design of strengthening support for the retracement channel in the final
mining stage of the working face was proposed. The main conclusions were as follows:

(1) A gradual excavation model for the working face under the super-thick nappe was
established, and the peak stress of the surrounding rock in the retracement channel
during the final mining stage was obtained as the mining face continued to increase.
It was found that the two sides of the coal pillars in the retracement channel began
to exhibit asymmetric deformation characteristics when the width of the gradually
changing coal pillars in the working face decreased to 30 m.

(2) A mechanical analysis model of the surrounding rock was established when the
basic roof ruptured above the retracement channel. The criterion for instability of
surrounding rock was obtained from an energy perspective, and a strengthening
support method of adding anchor cables was proposed. The timing for strengthening
support was determined to be when the working face was withdrawn to a distance of
15 m from the retracement channel.

(3) Through on-site real-time monitoring, it was found that the numerical simulation
results were consistent with the actual situation. After adopting strengthened support,
the subsidence of the roof was reduced by 90 mm, and the displacement of the
two sides was reduced by 140 mm, both of which met the deformation requirements
of the retracement channel. The support effect was significant.
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