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Abstract

The high stress environment and hard roof conditions seriously limit the application of
gob-side roadway retaining. To achieve non-coal pillar mining, this study proposes a novel
method combining roadside filling and roof cutting under stress-release and strong support
synergy. Mechanical modeling reveals surrounding rock failure mechanisms in high-stress
gob-side roadway retaining. Numerical simulations show the new method reduces sur-
rounding rock stress/displacement more effectively than conventional gob-side roadway
retaining. Optimized parameters were validated via field tests, confirming significant
control of rock deformation under complex high-stress conditions. The method successfully
enables non-coal pillar mining, providing a scientific basis for similar applications.

Keywords: non-coal pillar mining; failure analysis; surrounding rock control; roadside
filling; roof cutting; pressure relief

1. Introduction
Coal, as the main energy source in China, dominates its energy structure. According

to statistics, coal consumption is expected to account for more than 50% of primary energy
consumption by 2030 [1–3]. As the “ballast stone” of energy security, the intensive mining
and efficient utilization of coal resources are crucial to guarantee national energy secu-
rity and sustainable development [4–7]. However, traditional long-wall mining methods
commonly retain coal pillars to protect the roadway, which leads to a permanent loss of
approximately 10–30% of coal resources due to coal pillar retention [8–10], and exacer-
bates the problems of tense mining succession and high roadway excavation costs [11,12].
Against this background, gob-side roadway retaining through roadside filling technology
has emerged, which replaces coal pillars with flexible formwork filling bodies, reducing
the waste of resources, alleviating the contradiction between mining and excavation, and
becoming an important way to realize non-coal pillar mining [13–16]. However, the existing
gob-side roadway retaining through roadside filling technology mostly adopts the rigid
support concept, so the high strength of the filling body can easily cause stress concen-
tration, resulting in increased deformation of the surrounding rock of the roadway. In
particular, under deep high stress or hard roof conditions, the deformation of the floor and
the convergence of the two sides are significant, which seriously restricts the reuse of the
retained roadway [17–19]. Balancing the synergistic relationship between stress control
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and support strength in gob-side roadway retaining has become the key to optimizing
this technology.

The existing research on the gob-side roadway retaining technology mainly focuses
on two directions: one is the roadside support reinforcement technology with flexible form-
work filling as the core, and the other one is the self-forming roadway through roof cutting
and pressure relief technology with the goal of stress regulation. Scholars have conducted
systematic research on material properties and support parameters in terms of gob-side
roadway retaining using roadside filling technology. Deng and Li [20] used CO2 miner-
alized filling material as flexible formwork filling aggregate, improving the performance
of the filling body, reducing the stress of the surrounding rock in the fracture zone, and
enhancing the stability of roadway support. In terms of the issue of instability of the filling
body during large mining height gob-side roadway retention, Pu et al. [21] established a
mechanical model and numerical simulation to determine the appropriate width of the
filling body, revealing that a reasonable increase in width can improve shear resistance and
reduce surrounding rock stress. Zhu et al. [22] enhanced the load-bearing capacity of flexi-
ble formwork concrete using a Z6 concrete reinforcement agent, suppressing the two-stage
expansion of the over-limit length of the filling body under secondary mining, and ensuring
the structural integrity and load-bearing stability of the gob-side roadway retaining without
coal pillars under dynamic mining loads. However, such technologies focus on passive
resistance to mining pressure and do not alleviate the problem of stress concentration in
the surrounding rocks, making it difficult to adapt to high stress and complex geological
conditions. In terms of self-forming roadways through roof cutting and pressure relief
technology, Wang et al. [23] proposed a synergistic control method involving roof cutting,
pressure relief, and energy-absorbing reinforcement to address mining-induced seismicity
and roof overhang issues resulting from the difficult caving of thick and hard roofs in
coal mines. They verified the effectiveness of this technology through field applications,
demonstrating its capability to reduce roof peak stress and floor deformation, thereby
offering a viable solution for similar engineering challenges. Meanwhile, Gao et al. [24]
investigated the mechanical behavior of roadways formed by roof cutting in fault zones
through field tests and numerical simulations. They developed corresponding support
techniques and validated their reliability, thus providing a theoretical basis for optimizing
non-pillar mining technology under complex geological conditions. Yang et al. [25] pro-
posed a new method for gob-side roadway retention based on the short cantilever beam
theory, achieving the stability control of the roadway surrounding rock through directional
blasting split roof technology, dynamic support system of yielding anchor cables, and
U-shaped steel gangue wall construction technology. Wang et al. [26] proposed a non-coal
pillar pressure relief mining technology, which integrates four core technologies including
liquid directional roof cutting and constant resistance anchor support, achieving the goal
of no advance roadway and coal pillar in field applications. Moreover, the dual advantages
of the proposed technology in improving the resource recovery rate and controlling the
stability of the surrounding rock were verified through monitoring. Meanwhile, in addition
to the blast-induced roof cutting method mentioned above, there is also the hydraulic
fracturing method. This technique enables the fracturing and cutting of hard rock without
the use of explosives, which is of great significance for environmental protection. However,
these technologies rely on multi-process collaboration for roadside support, which makes
construction difficult and has high requirements for construction quality. Moreover, insuffi-
cient strength of the roadside support can easily cause asymmetric subsidence of the roof,
threatening the long-term stability of the roadway.

In summary, there are limitations in single roadside filling, roof cutting, and pressure
relief technology. The former relies excessively on high-strength supports, especially
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under hard roof conditions, and cannot reduce the stress of the surrounding rock from the
source. Although the latter focuses on stress regulation, it has a weak support system and
involves complex processes. Therefore, there is an urgent need to explore a synergistic
control method that integrates the advantages of stress release and strong support. In this
study, a synergistic control technology for roadside filling and roof cutting and pressure
relief is proposed, which guides the transfer of mining stress to deep areas through roof
cutting and pressure relief, and achieves roadside support combined with the deformation
characteristics of the filling body, forming a “relief-support” dynamic balance system.
The synergistic control mechanism was systematically analyzed in this study by taking
the 90105 working face of Dongsheng Coal Mine as the engineering background, and
the control effects were compared and studied. Field tests were conducted to provide a
theoretical foundation and technical reference for the stability control of gob-side roadway
retention under high stress conditions.

2. Engineering Overview
2.1. Geological Conditions of the Engineering

The test coal mine is located in Changzhi City, Shanxi Province, China, and has an
annual production capacity of 900,000 tons. At present, No. 9 and 10 horizontal coal seams
are being mined with a burial depth of 510.56 m. The thickness of the coal seam was
2.00–4.03 m, with an average of 2.65 m. The mining method is a one-time full-height mining
method that uses an integrated mechanized mining method. The test working face was
the 90105 working face, located in the eastern wing mining area of this mine, adjacent to
the 90103 mining face on the west side and the 90106 mining face on the east side. The
mineable length of the test working face was 883 m, and the length of the working face
was 260 m. The false roof of the coal seam is a thin layer of mudstone with an average
thickness of 0.2 m, and the direct roof is dark gray K2 limestone with an average thickness
of 8.51 m. Rock is relatively hard and prone to collapse. The main roof was mudstone with
an average thickness of 12.31 m. The direct floor is mudstone with an average thickness of
9.46 m. The test roadway was a 90105 belt roadway, excavated along the coal seam floor.
The layout of the test working face is shown in Figure 1.

Figure 1. Working face overview and field failure condition.

2.2. Engineering Problems

The original height and width of the test working face roadway were 3 and 5 m,
respectively, and the gob-side roadway retaining through roadside filling technology was
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used for mining. The roadside was filled with concrete with a width of 1 m, and the
roadway height and width were maintained at 3 m and 3.7 m, respectively, to meet the
ventilation requirements. Only roadside concrete filling technology was used for the first
200 m. Owing to the hard limestone roof and mining conditions, the roadway retaining
the surrounding rock and floor is severely deformed, resulting in a large amount of floor
heave, affecting the production of the working face, and increasing the maintenance costs.
The lithological column and field failure conditions of the test working face are shown
in Figure 1.

3. Key Technology and Control Principle
3.1. Roadside Filling Technology

Roadside filling is a common technique used in the operation of gob-side roadway
retention during coal mining. After the working face is mined, a roadside filling wall
is constructed along the edge of the goaf to isolate the goaf, support roadway roof, and
control the roof subsidence [27,28]. Roadside filling technology controls the stability of the
surrounding rock through the synergistic effect of flexible formwork and filling materi-
als [29,30], which uses a flexible formwork of a three-dimensional textile fiber formwork to
construct a dynamic load-bearing system combined with an internal prestressed anchor
cable mesh. The flexible formwork adopts high-strength tear resistant composite materials,
and its axial tensile and radial deformation characteristics can adapt to the non-uniform
deformation caused by mining stress. A filling body connected to the roof and floor is
formed by pouring early strength and micro expansion concrete, and the deformation
energy absorption characteristics of the flexible formwork are utilized to buffer the sur-
rounding rock pressure, while maintaining the overall stability of the structure through
the anchor cable mesh truss effect. This technology combines the isolation and support
functions of traditional filling walls with the stress control capability of flexible structures,
which can block the intrusion of goaf gangue, adapt to roof subsidence and optimize the
load transmission path. The technical principles are illustrated in Figure 2.

 

Figure 2. Roadside filling technology.

3.2. Roof Cutting and Pressure Relief Technology

To avoid damage to the integrity of the roadway roof and to cut off the connection
between the roadway roof and the goaf roof, Academician He Manchao proposed a bidi-
rectional energy gathering blasting technology based on the mechanical properties of rock
resistance to compression but not tension [31,32]. The core of this technology lies in the
application of a specific energy gathering device, which is designed as a tubular shape with
circular energy gathering holes symmetrically distributed on both sides. When explosives
are loaded and detonated, the blasting shock wave is guided through energy gathering
holes to generate a concentrated tensile stress field in the energy gathering direction. When
the tensile stress exceeds the tensile strength of the rock, cracks propagate along the design
direction and penetrate adjacent blast holes, forming a continuous pressure relief face. This
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face cuts off the continuity of the roof rock layer, causing the collapse of the goaf roof
along the pressure relief face, cutting the long cantilever beam into short beams, cutting
off the stress transmission path of mining, and achieving the goal of reducing the stress of
the roadway surrounding rock and protecting the roadway. The technical principles are
illustrated in Figure 3.

 

Figure 3. Roof cutting and pressure relief technology.

3.3. Synergistic Control Method and Principle

When the coal seam roof cannot collapse in time with the mining of the working face
because it is hard, the goaf forms a large area of overhanging roof, which can easily cause
the working face to be under high-intensity mining conditions, and the roadway is in a
high-stress environment. At this time, it is difficult to resist mining pressure by using only a
single roadside support to support the roof, which can easily cause large deformation of the
rock surrounding the roadway. Therefore, To control the deformation of the surrounding
rock of the gob-side roadway retaining under the hard roof condition and reduce the
damage of mining pressure to the surrounding rock of gob-side roadway retaining, the roof
cutting and pressure relief technology is designed based on the implementation of roadside
filling technology, and a new method of gob-side roadway retention through roadside
filling and roof cutting is proposed combined with the advantages of the two technologies.
The synergistic control method is shown in Figure 4.

Figure 4. Synergistic control method.

According to the theories of “voussoir beam” and “transfer rock beam”, after the
mining of the working face, one end of the main roof above the roadway will fracture inside
the coal body, and a rotary subsidence will occur around the fracture position, while the
other end will sink and gradually compact with the collapsed gangue, eventually forming
a balanced rock block structure with one end supported by solid coal and the other end
supported by gangue, making the roadway retained in a stable state. The direct roof of the
roadway can be regarded as a cantilever beam structure with one end stably connected
to the rock layer and the other end open, which maintains balance under the combined
action of coal support, roadway support, and overburden layer deformation. Through
simplification, the subsidence of the cantilever beam roof structure in the roadway can
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be solved as a plane strain problem in elastic mechanics. As the stiffness of the fractured
rock block in the main roof is much greater than that of the cantilever beam roof, the
rotary subsidence of the fractured rock block can be regarded as a given deformation
displacement condition applied to the upper boundary of the cantilever beam structure,
while the lower boundary is subject to the resistance of anchor support and filling support,
and corresponding stress boundary conditions can be given. The left boundary can be
regarded as a fixed boundary as it is connected to the deep stable rock mass. The right
boundary can be regarded as a free boundary as it is in an open state. Based on this, a
mechanical model of the cantilever beam roof structure for gob-side roadway retaining
through roadside filling and gob-side roadway retaining through roadside filling and roof
cutting is established, as shown in Figure 5.

(a) 

 
(b) 

 

a l
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θ1

pz pl
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Figure 5. Mechanical model of roof structure. (a) Gob-side roadway retaining through roadside
filling; (b) Gob-side roadway retaining through roadside filling and roof cutting. a: Retained roadway
width, m; b1,2: Roof stratum thickness, m; L1,2: Roof stratum length, m; l: Filling body width, m; θ1,2:
Rotation angle of fractured rock block, ◦; pz: Support intensity of anchor cables, MPa; pl: Support
intensity of filling body, MPa; l0: Overhanging length of roof in goaf, m.

According to the above model, the cantilever beam deformation problem can be
transformed into a plane strain problem in elastic mechanics. Because the model belongs to
the mixed boundary conditions of stress and deformation, the displacement variational
method was adopted for the solution [33].
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Firstly, the displacement component expression that satisfies the boundary conditions
is constructed:

u = Ax, v = −x tan θ + Bx(b − y) (1)

where u and v are the displacement coordinate functions in the x and y directions, respec-
tively, and A and B are two independent undetermined coefficients.

Elastic body strain energy U:

U =
E(1 − µ)2

2(1 − µ2)(1 − 2µ)

x

D

[(
∂u
∂x

)2
+

(
∂v
∂y

)2
+

2µ

1 − µ

(
∂u∂v
∂x∂y

)
+

1
2(1 − µ)

(
∂u
∂x

+
∂v
∂y

)2
]

dxdy (2)

where E is the modulus of elasticity of the rock mass, MPa; µ is Poisson’s ratio of the rock
mass; D is the integral region.

The displacement variational equation was established for coefficients A and B using
the Rayleigh-Ritz method: 

∂U
∂A

=
s

D fxudxdy +
∫

S fxuds
∂U
∂B

=
s

D fyvdxdy +
∫

S fyvds
(3)

where fx and fy are the physical force components in the x and y directions of the elastic
body; respectively fx and fy are the surface force components in the x and y directions on
the boundary; S is the integral boundary.

The mechanical model parameters and boundary conditions of two different gob-side
roadway retaining methods are substituted into, respectively (1), (2), and (3) to obtain the
general calculation formula for the final subsidence of the roadway roof:

v = −x tan θi +
1 − µ

µ

[
− 1

4 ρgLi
2b + 1

2 a2 pz +
(2al+l2)pl

2

]
M + 3(1 − 2µ)Liµb tan θi

(4 − 8µ + µ2)Li
3 + 2(1 − 2µ)(1 − µ)Lib2

x(b − y) (4)

where M = 12 µ(1 + µ)(1 − 2 µ)/E; Li = L1 or L2; θi = θ1 or θ2.
Based on the above theoretical calculation results, the calculation formulas for the roof

subsidence of the two gob-side roadway retaining methods have a high degree of unity.
Although there are many factors affecting the roof subsidence, the main influencing factors
that cause the difference in roof subsidence between the two gob-side roadway retention
methods can be attributed to the: rotation angle θ; roof length L; roof thickness b. However,
it is often difficult to take the values of these factors in practical engineering, making it
impossible to solve the problem of roof subsidence. To address this problem, the concept of
sensitivity is introduced, that is, the sensitivity coefficient is used to represent the ability of
various influencing factors to change the roof subsidence, so as to carry out a qualitative
comparison of the roof subsidence for different gob-side roadway retaining methods based
on changes in the main influence factors.

The sensitivity coefficient of factors affecting roof subsidence is defined as follows:

Si = (∆v/vi)/(∆ f / fi) (5)

where Si is the sensitivity coefficient, ∆v/vi is the rate of change in roof subsidence ∆ f / fi

is the rate of change in each influencing factor.
If Si is positive, it indicates a positive correlation between its influencing factors and

roof subsidence, and vice versa. |Si| is its degree of sensitivity, and the values of the
influencing factors are also related to their sensitivity coefficient; Therefore, the sensitivity
coefficient of the influencing factors is within a certain range of change. Table 1 shows the
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sensitivity coefficients of the main influencing factors of roof subsidence determined based
on the geological conditions of the 90105 working face in the Dongsheng Coal Mine.

Table 1. Roof subsidence sensitivity factors.

Parameter Values Sensitivity Coefficient

Rotation angle θ θ = 1.5◦~5.0◦ 5.689~9.887
Roof length L L = 4.7~7.5 m 38.659~12.563

Roof thickness b b = 10~14 m 1.589~2.697

As shown in Figure 6a, owing to the relatively small roof collapse height for the gob-
side roadway retaining through roadside filling, the fragmented and expanded gangue in
the goaf cannot effectively fill the goaf, which results in weak support for the goaf roof, This
leads to an increase in the rotation angle θ1 of the fractured rock block, a decrease in the
thickness b1 of the roadway roof, and the cut off of the roadway in the goaf. Therefore, the
roof length L1 = a + l + l0. As shown in Figure 6b, the gob-side roadway retaining through
roadside filling and roof cutting technology increases the roof collapse height through roof
cutting, so that the fragmented and expanded gangue can fill the roadside goaf, which
provides effective support for the goaf roof, leading to a decrease in the rotation angle θ2

of the fractured rock block, an increase in the thickness b2 of the roadway roof, the cutoff
of roadway roof by directional roadside blasting, and formation of a short beam structure
with a roof length L2 = a + l. Therefore, the relationship between the rotation angles of
the fractured rock blocks in the two gob-side roadway retaining techniques is: θ1 > θ2; the
relationship between the roof thickness is: b1 < b2; and the relationship between the roof
length is L1 > L2.

 
(a) 

(b) 

Figure 6. Overburden strata movement model. (a) Gob-side roadway retaining through roadside
filling; (b) Gob-side roadway retaining through roadside filling and roof cutting.

The greater the subsidence of the roof, the greater the stress on the filling and the
greater the stress on the surrounding rock of the roadway. The relationship between the
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factors affecting the roof subsidence under two the gob-side roadway retaining methods is
as follows: rotation angle θ1 > θ2, roof length L1 > L2, and roof thickness b1 < b2. However,
as indicated in Table 1, the sensitivity coefficients of the roof length and rotation angle are
significantly greater than those of the roof thickness, so compared to the roof length and
rotation angle, the roof thickness has little effect on the roof subsidence. According to the
comparative analysis, compared to the gob-side roadway retaining through roadside filling
without roof cutting technology, the gob-side roadway retaining through roadside filling
and roof cutting technology can significantly reduce the roadway roof subsidence, reducing
the stress on the filling body and achieving the goal of optimizing the stress environment
of the roadway surrounding rock.

4. Control Effects
To clarify the technical principle of gob-side roadway retention through roadside filling

and roof cutting methods, comparative research on numerical simulation was carried out
to further clarify the control effects and key design parameters of this method, providing
scientific guidance for verifying its effectiveness and conducting field tests.

4.1. Model Established

In order to comparatively study the control effects of gob-side roadway retaining
through roadside filling and gob-side roadway retaining through roadside filling and roof
cutting, a numerical model was established using FLAC3D V4.0 numerical simulation
software based on the geological conditions of Dongsheng Coal Mine, as shown in Figure 7.
The model had a length of 520 m, width of 400 m, and height of 100 m. The length of
the 90105 working face was 260 m and the width of the 90106 working face was 174 m.
A vertical stress of 11 MPa was applied at the upper boundary of the model. The lower
boundary was vertically fixed. The front, back, left, and right boundaries were horizontally
fixed. A trapezoidal distributed load is applied horizontally. All entries were designed to
be 5 m (width) × 3 m (height). The rock mechanics parameters were obtained based on the
drilling data and indoor rock mechanics tests of the 90105 working face of the Dongsheng
Coal Mine, as shown in Table 2. The simulation involved first excavating two roadways
in the 90105 working face, followed by a step-by-step excavation of the working face. As
the working face is excavated, filling bodies are constructed in the goaf while directional
blasting is performed. A comparative analysis was conducted on the stress, displacement,
and plastic zone characteristics of the rock surrounding the roadway when the working
face was mined to a depth of 200 m.

 
Figure 7. Numerical simulation model.
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Table 2. Mechanical parameters of rock block.

Lithology Density
(kg/m3)

Bulk Modulus
/GPa

Shear Modulus
/GPa

Cohesion
/MPa

Tensile Strength
/MPa

Friction Angle
/(◦)

Overlying rock strata 2500 12.9 9.6 1.5 1.41 30
Fine-grained sandstone 2560 7.4 5.4 1.8 0.79 30

Limestone 2360 10.2 3.9 1.5 1.41 30
Siltstone 1890 5.2 4.2 1.5 0.89 24

Coal 2430 5.04 4.1 2.3 0.4 26
Roadside filling 2300 10.5 6.2 3.2 1.5 34

4.2. Effect Analysis
4.2.1. Analysis of Surrounding Rock Stress

A comparative analysis was conducted on the stress of the rock surrounding the
roadway when the working face was mined to a depth of 200 m. The surrounding rock
stress of the gob-side roadway retained through roadside filling is shown in Figure 8a,
indicating that there is a large-scale stress concentration on the solid coal side, with a
peak stress concentration of 34.2 MPa, and the peak is relatively close to the coal side
position, only 4.2 m. When the gob-side roadway retaining through roadside filling and
the roof cutting method is used, as shown in Figure 8b, it can be seen that the range of the
stress concentration zone on the solid coal side has significantly decreased, with the peak
stress concentration reduced to 30.6 MPa, and the peak location was further away from
the roadway to 7.4 m. Compared with the gob-side roadway retaining through roadside
filling without roof cutting technology, the peak stress was reduced by 10.5%, and the peak
distance increased by 76.1%, indicating that the roof cutting technology successfully cut the
long cantilever beam into short beams, blocked the stress transmission path, transferred
the stress concentration zone away from the roadway, optimized the stress environment of
the roadway surrounding rock, and ensured the stability of the roadway surrounding rock.

  
(a) (b) 

Figure 8. Distribution of stresses in the roadway influence zone. (a) Roadside filling; (b) Roadside
filling and roof cutting.

4.2.2. Analysis of Surrounding Rock Deformation

A comparative analysis was conducted on the deformation of the rock surrounding
the roadway when the working face was mined to a depth of 200 m. The surrounding
rock deformation of the gob-side roadway retaining through roadside filling is shown in
Figure 9a, indicating that: the deformation mainly occurs on the floor, with a maximum
deformation of 502 mm for the floor and 90 mm for the roof, which indicates that the
filling support is very effective in controlling the roof deformation, However, owing to the
inability to release stress, it ultimately manifests in the form of floor deformation. When the
gob-side roadway retaining through roadside filling and roof cutting method is used, as
shown in Figure 9b, it can be observed that the deformation still mainly occurs on the floor,
with the maximum deformation of the floor reduced to 252 mm, and the deformation of
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the roof was slightly reduced, with a maximum deformation of 63 mm. Compared with the
gob-side roadway retaining through roadside filling without roof cutting technology, the
maximum deformation of the floor and roof was reduced by 50.2% and 30%, respectively,
indicating that the roof cutting technology successfully released the stress of the roadway
surrounding rock, reducing the deformation of the roadway floor and roof. Therefore,
the new method effectively controls the surrounding rock deformation, maintaining the
roadway surrounding rock deformation within the requirements of roadway retention
for reuse.

(a) (b) 

Figure 9. Spatial distribution of deformation processes in the roadway area. (a) Roadside filling;
(b) Roadside filling and roof cutting.

4.2.3. Analysis of the Surrounding Rock Plastic Zone

A comparative analysis was conducted on the plastic zone of the rock surrounding
the roadway when the working face was mined to a depth of 200 m. The surrounding
rock plastic zone of the gob-side roadway retaining through roadside filling is shown in
Figure 10a, indicating that: the filling body is basically in a plastic state, and the surrounding
rock plastic zone around the roadway is relatively large, with the maximum plastic zone
on the solid coal side and roof side of 8.5 m and 7.4 m, respectively. When the gob-side
roadway retaining through roadside filling and roof cutting method is used, as shown
in Figure 10b, it can be seen that: only 40% of the filling body is in a plastic state, and
the surrounding rock plastic zone around the roadway is significantly reduced, with the
maximum plastic zone on the solid coal side and roof side reduced to 6.5 m and 5.4 m,
respectively. The plastic zone range of the filling body decreased by nearly 50%, and
the maximum plastic zone range of the solid coal side and roof side decreased by 23.5%
and 27%, respectively, This indicates that the roof cutting technology has cut off the long
cantilever beam, reducing the stress on the filling body, improving the stress state of the
roadway surrounding rock, further decreasing the roadway surrounding rock plastic zone,
and achieving effective control of the surrounding rock deformation.

(a) (b) 

Figure 10. Surrounding rock plastic zone comparison. (a) Roadside filling; (b) Roadside filling and
roof cutting.
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4.3. Analysis of Key Parameters
4.3.1. Analysis of Filling Body Parameters

The size of the roadside filling body is crucial for controlling the roadway surrounding
rock deformation, and the height of the filling body should be consistent with the height of
the roadway. Comparative research has been conducted on its width. Four comparative
studies were conducted while controlling the fixed roof cutting parameters, with widths of
(a) 0.4 m, (b) 0.6 m, (c) 0.8 m, and (d) 1.0 m, respectively. Figure 11a,b reveals the distribution
law and degree of damage and failure of the vertical stress field inside the roadside filling
body with different widths. It can be seen that the vertical stress curve exhibits a typical
unimodal distribution, and its peak characteristics show a nonlinear evolution law: During
the increase in the width of the filling body from 0.4 m to 1.0 m, the stress peak exhibits
a three-stage evolution characteristic of increase—decrease—re-increase. Among them,
the degree of stress concentration is the lowest at a width of 0.4 m, but the degree of
damage reveals that the reason for the low peak is that the filling body was completely
damaged, and the load-bearing capacity decreased. When it reaches 0.6 m, as the width of
the filling body increases, the peak stress gradually decreases and the load-bearing capacity
becomes more uniform. The degree of damage showed a gradual decreasing trend with an
increase in the width of the filling body. When the width of the filling body is 0.4 m and
0.6 m, it exhibits a penetrating shear failure mode as a whole; when the width increases to
0.8 m, the damage rate decreases by 22.3%, but there is failure in the middle of the filling
body. When the width increases to 1.0 m, the failure rate decreases by 59.3% compared
to the widths of 0.4 and 0.6 m, and there is a relatively intact zone in the middle of the
section. According to the stress field distribution characteristics and the evolution law
of failure modes, a filling body with a width of 1.0 m not only achieves low peak stress
but also forms a stable distribution pattern with the goaf side as the stress core, while the
roadway roof area is always in a low stress state. Although there was local plastic shear
failure, no penetrating failure channel was formed. Therefore, based on a comprehensive
consideration of the construction cost, the optimal structural parameter for the roadside
filling body is determined to be 1.0 m, which can achieve an optimal balance between
mechanical performance and economy.

  
(a) (b) 

Figure 11. Comparative analysis of filling bodies with different widths. (a) Filling body stress
distribution; (b) Peak stress and damage rate of filling body.

4.3.2. Analysis of Roof Cutting Parameters

To verify the effectiveness of the synergistic effect between roof cutting and roadside
filling, the stress distribution characteristics of no roof cutting, 8 m roof cutting, and 13.5 m
roof cutting were analyzed. The stress image is shown in Figure 12a. In addition, the
stress distribution on the solid coal side of the roadway is shown in Figure 12b. The
comprehensive analysis reveals that: under the conditions of no roof cutting, the stress
concentration on the solid coal side reaches a peak of 34.2 MPa, and the peak area is only



Appl. Sci. 2025, 15, 10119 13 of 22

4.2 m away from the coal side. The stress showed a trend of rapidly increasing and then
gradually decreasing, eventually reaching a stable state. In contrast, under roof cutting
conditions, the range of the stress concentration zone decreases and moves away from
the roadway. When the roof cutting height was 8 m, the peak stress drops to 30.6 MPa,
and the peak area was 7.4 m away from the solid coal wall and 6.2 m above the roadway.
When the roof cutting height increases to 13.5 m, the peak stress continued to decrease to
29.2 MPa, and the peak area was 9.1 m away from the solid coal wall and 8.2 m above the
roadway. After roof cutting, the stress shows a slow increase process, and is far from the
stress peak, indicating that the stress of the solid coal support is reduced after roof cutting,
causing stress redistribution. With an increase in the roof cutting depth, the roadway stress
environment can be further optimized, and the stress concentration zone can be transferred
to the deep coal body. Figure 12c shows the stress of the roadside filling body at different
roof cutting heights. When the roof is not cut, the filling body is subjected to a large force,
with a maximum peak value of 26.6 MPa. After roof cutting, the stress peak at a depth
of 8 m and 13.5 m decreases to 17.8 MPa and 16.3 MPa, respectively, with a decrease of
33.1% and 38.7%, respectively, indicating that the long cantilever beam is cut during roof
cutting, which can effectively reduce the stress borne by the filling body, reducing the stress
transmitted to the floor and reducing the amount of roadway floor heave.

 
(a) 

  
(b) (c) 

Figure 12. Comparative analysis of roof cutting depth effects. (a) Stress image for various roof cutting
heights; (b) Stress evolution in solid coal; (c) Stress distribution within filling body.

It can be seen from the above analysis that the greater the roof cutting depth, the better
the pressure relief effect; however, as the depth increased, the pressure relief efficiency
gradually decreased. Therefore, it is necessary to determine the roof cutting depth based
on actual conditions, construction volume, and cost.

5. Engineering Application
5.1. Scheme Design
5.1.1. Roof Cutting Design

The collapsed rock layers within the roof cutting height can fill the entire goaf by
determining a reasonable roof cutting depth and cutting length for the roof cantilever
beam, thereby providing better support for the higher rock layers, optimizing the roadway
retaining roof structure, minimizing the disturbance caused by the rotary subsidence
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of the roof rock layers, improving the surrounding rock stress of the gob-side roadway
retention, and enhancing its stability. The depth of the roof cutting boreholes is related
to the mining height, roof subsidence, and floor heave, and is mainly determined by the
following calculation methods:

H f = (M − ∆H1 − ∆H2)/(k − 1) (6)

where M is the mining height, m; ∆H1 is the roof subsidence, m; ∆H2 is the floor heave, m;
k is the coefficient of fragmentation and expansion, 1.2~1.5.

Based on the lithology of the roof, the conservative value of k = 1.2 is taken. Without
considering the floor heave and roof subsidence, the average mining height of the working
face was taken as 2.6 m, obtaining a vertical roof cutting height of 13 m. As the blast hole
needs to be inclined towards the goaf by 15◦, the depth of the directional blast hole is
designed to be 13.5 m, which is consistent with the key parameter research results of the
numerical simulation. In order to ensure the formation of penetrating cracks after blasting,
the spacing between the roof cutting holes is determined to be 0.6 m based on theoretical
calculations and peeping results after field tests. The final key roof cutting parameters were
designed as follows: the diameter of the blast hole was 52 mm; the spacing was 0.6 m; the
angle with the vertical direction was 15◦; and the depth was 13.5 m.

The explosive loading parameters of the blast hole are designed to be 9 m for explosive
loading and 4.5 m for hole sealing. Three bidirectional energy gathering tubes with a
diameter of 42 mm and length of 3 m were placed in each blast hole. The explosive
used is a Grade III emulsion explosive for coal mines, with a charge specification of
φ35 mm × 300 mm/roll. A blast hole was drilled using a rig. Two lead wires were installed
inside each blast hole and connected in series. Two energy gathering tubes were connected
by specialized connectors to guarantee a consistent direction of the energy gathering
holes inside the tubes, ensuring the consistency of the direction of pre-splitting blasting.
Additionally, the blast hole is filled with stemming to seal the hole, prevent the energy
gathering tube from slipping out, and ensure the quality of the blasting. The scheme design
and explosive loading structure are shown in Figure 13.

 

Figure 13. Roof cutting design diagram.
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5.1.2. Support Design

Based on the original composition, the roadway surrounding rock support was
equipped with two rows of reinforced anchor cables (with a diameter of 21.6 mm and a
length of 7300 mm) vertically arranged on the roadway roof. The first row was arranged
700 mm away from the mining side, and the second row was arranged at the center of
the roadway with a spacing of 1800 × 3000 mm. A row of fiberglass reinforced anchor
cables with a spacing of 3000 mm and length of 5500 mm were arranged in the middle of
the non-mining side. The pre-tightening force of the roof anchor cable should be ≥180 kN,
and the exposed area should be controlled within the range of 150–250 mm. The roadway
support design mainly includes filling support design and temporary support design, as
shown in Figure 14. Filling support design: After mining the working face, a flexible
formwork concrete wall is poured on the roadway goaf side following the support of the
working face to suppress roof subsidence and gangue outburst. The width of the concrete
wall was 1000 mm with a filling length of 3 m each, and the concrete strength was C30.
Anchor bolts were pre-installed in the concrete wall, with a specification and model of
Φ22 × 1200 mm thread steel. The spacing between the split bolts is 1000 × 800 mm, and the
thread length at both ends was 100 mm. The size of the support plate is 150 × 150 × 10 mm.
Double support plates and nuts were used. The pre-tightening torque of the anchor bolt is
150 N·m. Temporary support design: this part adopts a segmented support and is divided
into three zones. Among them, the 50 m range of the advanced working face (Zone I) is the
advanced stress influence zone, which is mainly affected by advanced mining stress; it is
supported by single hydraulic supports with π-shaped beams, with 3 single supports per
row, a spacing of 2000 mm × 1000 mm between rows, and a length of the π-shaped beam
of 4500 mm; the 200 m range of the lagging working face (Zone II) is the dynamic pressure
influence zone, which is mainly affected by the dynamic pressure of the collapsed gangue
in the goaf, and supported by single hydraulic supports with π-shaped beams, with 3 single
supports per row, a spacing of 1500 mm × 1000 mm between rows, and the length of the
π-shaped beam of 3500 mm; and the zone beyond 200 m of the lagging working face (Zone
III) is a stable mining pressure zone, where the goaf tends to stabilize and the roadway is
less affected by mining. Based on the mining pressure monitoring results, single pillars
and π-shaped beams could be gradually removed.

 

Figure 14. Support design scheme.
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5.2. Analysis of Application Effects
5.2.1. Monitoring Scheme

In the field tests, the normal section uses gob-side roadway retention through roadside
filling, while the test section uses gob-side roadway retention through roadside filling and
roof cutting. To verify the effectiveness of gob-side roadway retention through roadside
filling and roof cutting technology, a comparative analysis was conducted on the applica-
tion effects of gob-side roadway retention through roadside filling technology and gob-side
roadway retaining through roadside filling and roof cutting technology. Comparative
monitoring was conducted on the stress of hydraulic prop in the advanced stress influence
zone, the stress of the filling body in the dynamic pressure influence zone, and the defor-
mation of the surrounding rock in the roadway retained in the normal and test sections.
The monitoring scheme and station layout are shown in Figure 15.

 

Figure 15. Monitoring scheme design.

5.2.2. Hydraulic Prop Stress

As core equipment for underground support in coal mines, hydraulic props can
effectively support roadway roofs. Monitoring the pressure changes in single pillars can
truly reflect the subsidence of the overburden layer in the retained roadway, thereby
evaluating the roadway retaining effects. The monitoring data of N2 monitoring station in
the normal section and T2 monitoring station in the test section in Figure 15 were selected
for comparative analysis. When the working face advanced from the 55 m position in front
of the monitoring station, the measuring unit recorded the pressure change in the hydraulic
props separately, as shown in Figure 16. As shown in the figure in the normal section, when
the working face was 40 m away from the monitoring station, the pressure of the hydraulic
prop began to significantly increase. In the test section, when the working face was 26 m
away from the monitoring station, the pressure of the hydraulic prop began to significantly
increase. Compared with the normal section, the pressure increase position of the test
section is closer to the monitoring station, and the peak pressure value has decreased from
30.8 MPa in the normal section to 28.2 MPa, with a decrease of 8.5%. Thus, roof cutting
and pressure relief can reduce the influence range of advanced mining pressure on the
working face, and the stress on the roadway roof, thereby protecting the stability of the
roadway roof.
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Figure 16. Hydraulic prop pressure monitoring.

5.2.3. Filling Body Stress

In the entire roadway retaining process, the filling body is crucial for the stability
of the roadway, as it can suppress roof subsidence and prevent the influx of gangue into
the roadway. Monitoring the pressure of the filling body can effectively reflect the roof
pressure and verify the pressure relief effect of roof cutting. The monitoring data of N2
monitoring station in the normal section and T2 monitoring station in the test section
within 150 m of the lagging working face shown in Figure 15 were selected. The monitoring
curves are shown in Figure 17. It can be seen from the figure that in the normal section,
when the lagging working face is 21 m, the pressure rapidly increases to 23.5 MPa and
then remains relatively unchanged. When the lagging working face reached 45 m, the
pressure continued to increase rapidly, and tended to stabilize until the lagging working
face reached 120 m. In the test section, when the lagging working face was 12 m, the
pressure rapidly increases to 13.6 MPa and then remained relatively constant. When the
lagging working face was 35 m, the pressure continued to slowly increase, and tended to
stabilize until the lagging working face reached 90 m. It can be seen that the adoption of
the gob-side roadway retaining through roadside filling and roof cutting reduces the range
of the dynamic pressure influence zone of the lagging working face, and the amplitude of
pressure fluctuations, and weakens the influence of the dynamic pressure of the goaf on
the retained roadway. In addition, the peak pressure of the filling body in the test section
decreases significantly, from 36.2 MPa in the normal section to 19.5 MPa, with a decrease
of 46.1%, which is mainly because the directional blasting cuts off the cantilever beam,
causing sufficient collapse of the goaf, and supporting the overburden layers. Therefore,
the monitoring data indicate that the roof cutting and pressure relief effects are significant
in optimizing the stress environment of the roadway.



Appl. Sci. 2025, 15, 10119 18 of 22

 
Figure 17. Filling body pressure monitoring.

5.2.4. Roadway Surrounding Rock Deformation

The convergence of the roadway section is a direct reflection of the surrounding
rock stress, which can objectively evaluate the roadway retaining effects and reflect the
effectiveness of the gob-side roadway retaining technology. A comparative analysis was
conducted on the convergence of the roof and floor with the surrounding rock of the two
sides at N1 monitoring station in the normal section and T1 monitoring station in the
test section, as shown in Figure 18. After the working face was mined, the cross point
method was used to record the displacement of the roadway section. In the normal section,
the convergence deformation rate of the surrounding rock is relatively high, with a peak
convergence of 830 mm for the roof and floor, and 659 mm for both sides. In addition, field
observations showed that the surrounding rock deformation in certain areas is particularly
severe, and the filling body is tilted or even damaged. In the test section, the convergence
deformation rate of the surrounding rock significantly decreased, with a peak convergence
of 286 mm for the roof and floor (a decrease of 65.4% compared to the normal section) and
220 mm for both sides (a decrease of 66.6% compared to the normal section). In addition,
the convergence of the roadway surrounding rock in the normal section gradually tends
to stabilize 130 m away from the lagging working face, while that in the test section tends
to stabilize 100 m away from the lagging working face. Therefore, the dynamic pressure
influenced the distance of the roadway decreased from 130 m in the normal section to 100 m
in the test section, with a decrease of 16.6%. The roadway surrounding rock deformation
monitoring data indicate that compared with the gob-side roadway retaining through
roadside filling technology, the gob-side roadway retaining through gob-side filling and
roof cutting technology significantly reduces the roadway surrounding rock deformation
and the dynamic pressure influence zone, achieving a good roadway retaining effect.
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(a) 

 
(b) 

Figure 18. Roadway surrounding rock deformation monitoring. (a) Convergence of roof-to-floor;
(b) Convergence of two ribs.

6. Discussion
This chapter systematically analyzes the control effect and key parameters of the

gob-side roadway retention through roadside filling and roof cutting technology through
a combination of numerical simulations and field tests. The study demonstrates that this
method effectively blocks the stress transfer path from the goaf by cutting off the long
cantilever roof structure, significantly reduces stress concentration in the surrounding rock,
and improves the distribution of deformation and plastic zones. Numerical simulation
results indicate that the cut-off technique reduces the peak stress on the solid coal side
by 10.5%, shifts the peak stress location outward by 76.1%, decreases floor deformation
by 50.2%, reduces roof deformation by 30%, and markedly shrinks the plastic zone of the
surrounding rock. Field tests further confirm the practical effectiveness of the technology:
the peak pressure on hydraulic supports decreases by 8.5%, the peak stress on the backfill
body drops by 46.1%, the convergence of the surrounding rock is reduced by over 65%,
and the influence range of dynamic pressure is narrowed by 16.6%. Overall, the gob-side
roadway retention through roadside filling and roof cutting technology demonstrates signif-
icant technical advantages and application potential under complex geological conditions.
Future research may focus on further optimizing the synergistic design of roof cutting and
backfill, as well as extending its applicability to a wider range of geological conditions.
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7. Conclusions
In this study, to realize non-coal pillar mining under deep high-stress environment and

hard roof conditions, a new method of gob-side roadway retention through roadside filling
and roof cutting is proposed, which consists of two key technologies: flexible formwork
filling, and roof cutting and pressure relief. The former mainly plays the role of strong
support, whereas the latter plays the role of stress release. By combining the advantages
of the two technologies, a pressure relief-support dynamic balance system is formed,
achieving the goal of gob-side roadway retention under complex high-stress conditions.

To further explore the effectiveness of gob-side roadway retaining through roadside
filling and roof cutting methods, numerical simulation models were established for gob-
side roadway retention through roadside filling, and gob-side roadway retention through
roadside filling and roof cutting, and a comparative analysis was conducted on the roadway
retention effects of the two methods. The research results show that the gob-side roadway
retention through roadside filling and roof cutting technology significantly reduces the
surrounding rock stress, optimizes the roadway stress environment, and reduces the
surrounding rock deformation. In addition, numerical simulation models were established
with different key parameters, and the optimal key parameters of the filling body were
obtained through comparative analysis as follows: when the width was 1 m, C30 concrete
was filled. Combined with field mining conditions and construction costs, the optimal key
parameters for roof cutting and pressure relief are designed as follows: drilling depth of
13.5 m, and angle of 15◦ from the vertical direction.

Based on the above research, a scheme was designed for gob-side roadway retention
through roadside filling and roof cutting method and applied to field projects. The field
monitoring results show that the new methods controls the roof deformation under the
strong support of the filling body, and cuts off the cantilever beam and stress transmission
path using roof cutting and pressure relief technology, which reducing the stress and
displacement of the roadway surrounding rock under the synergistic effect of strong
support and stress release, realizing good roadway retaining effects, and achieving non-
coal pillar mining under complex high-stress conditions. Furthermore, this method can
be extended to complex conditions such as high mining height, rapid extraction, complex
tectonic stresses, and high ground stress at great depths. It contributes to the efficient
conservation of coal resources under such challenging conditions while ensuring safe and
highly productive mining operations. As the technology continues to be adopted in the
future, further research will be needed in two key areas: non-blast roof cutting techniques
and cost control for gate road retention.
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