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Abstract

To address the limitations of existing subsidence control technologies in coal mining, this
study systematically investigates the fundamental principles of cut-and-fill mining, the
stability mechanism of the filling body, and the influence law of key parameters on mining
engineering effects, through a comprehensive research framework integrating theoretical
analysis, similar material simulation and numerical simulation. Firstly, the mechanical
characteristics of horizontal and diagonal shear failure of gangue pillars are revealed via
theoretical derivation. It is clarified that the diagonal stability of the gangue pillar can be
guaranteed when its aspect ratio is <0.5, and the lateral constraint of metal mesh can
effectively enhance its horizontal stability. Secondly, based on a physical model with a
size similarity ratio of 1:100, the overburden failure characteristics are obtained: only local
cracks appear in the immediate roof and the basic roof presents gentle subsidence after
cut-and-fill mining, which directly verifies the effective control effect of this technology
on mining-induced overburden movement and surface subsidence. On this basis,
multiple sets of orthogonal tests are designed using FLAC3D software (5.0) to analyze the
effects of roof cutting width, filling width and coal seam thickness on roof displacement
and filling area stress. Combined with grey correlation analysis, it is determined that coal
seam thickness is the most critical factor affecting the mining effect, with the correlation
coefficients for roof displacement and filling area stress reaching 0.79 and 0.93,
respectively. The research shows that the parameter combination of 10 m roof cutting
width + 10 m filling width (Group 10-10-X) can achieve the optimal balance between
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1. Introduction

Coal remains one of the most important primary energy sources worldwide. This
status is particularly evident in China’s energy structure. Meanwhile, it also serves as a
core energy pillar for major coal-producing countries. However, large-scale underground
coal mining inevitably induces overburden movement and surface subsidence. These
phenomena lead to a range of detrimental consequences, including geological hazards
(such as ground fissures and sinkholes), damage to critical surface infrastructure (like
buildings, roads, and railways), and long-term ecological degradation [1,2]. On the other
hand, the interconnected overburden fissures induced by mining are dominant migration
pathways for harmful and radioactive gases. These gases can migrate from deep coal
seams to the surface, posing a long-term health threat to populations above the mine. Such
hazards have been widely reported in typical coal basins globally, and their impact scope
far exceeds the area of engineering subsidence [3].

In response to increasingly stringent global and national requirements for
environmental protection and land-use safety, developing effective strategies to control
mining-induced strata movement and surface subsidence has emerged as a paramount
challenge in modern, sustainable coal mining engineering [4,5]. To address this challenge,
several subsidence control techniques have been developed and deployed. The current
mainstream approaches primarily include partial mining methods (notably room-and-
pillar and strip mining), paste backfill mining, overburden bed separation grouting, and
fully mechanized solid waste (gangue) filling mining [6-8]. Each of these methods
employs a distinct mechanism to mitigate subsidence, yet each also presents specific
limitations in terms of resource recovery, operational cost, material logistics, or geological
adaptability, underscoring the need for continued innovation in this critical field. Notably,
backfill-based subsidence control technologies can effectively inhibit the development
and propagation of overburden fissures while controlling surface subsidence, thus
blocking the migration channels of harmful and radioactive gases, and have dual benefits
for engineering safety control and geological environment protection [9].

Room-and-pillar and strip mining have been widely adopted for subsidence control
in flat-lying coal seams across various mining regions. However, their fundamental
reliance on leaving permanent, non-recoverable coal pillars to support the overburden
imposes a significant and inherent limitation: it drastically reduces the overall resource
recovery rate, resulting in substantial in situ resource wastage [10,11]. Paste backfill
mining addresses this by replacing the coal pillars with engineered, cementitious backfill
mixtures. While proven effective in controlling strata movement and surface deformation,
this method is frequently constrained by high material costs associated with binders like
cement, the need for complex surface preparation plants, and the logistical and economic
challenges of transporting large volumes of filling material over long distances [12-14].
Overburden bed separation grouting presents an alternative with relative operational
simplicity and minimal interference with mining activities. Its major drawback, however,
is the unpredictable and often variable effectiveness, as its success is critically dependent
on favorable and well-developed geological separation zones within the overburden,
conditions that are not universally present [15-17]. Fully mechanized solid filling mining,
a notable advancement from China, integrates longwall mining with in situ filling;
however, its widespread application is constrained by frequent shortages of filling
materials and the logistical challenge of synchronizing mining and filling operations,
especially at high production rates [18-21].

To address the above technical bottlenecks, the concept of cut-and-fill mining, which
innovatively combines directional roof cutting pressure relief and in situ goaf filling with
broken roof rock mass, has been proposed and gradually developed in domestic and
international research and engineering practice [22-25]. This method combines roof
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cutting with in situ filling, allowing the roof to be pre-weakened and the broken roof rock
to be directly used as filling material in the goaf. Existing studies have verified the
feasibility of this technology in controlling overburden movement and surface subsidence
through field engineering tests, and preliminarily analyzed the influence of single
engineering parameters such as roof cutting height on mining stress evolution [26].
However, the stability of the filling body, the evolution characteristics of overburden
movement, and the interaction between mining thickness, cutting width, and filling width
have not yet been systematically clarified. This lack of quantitative understanding limits
the optimization of engineering parameters and restricts the broader application of cut-
and-fill mining, especially in areas with strict surface subsidence control requirements.
Therefore, this study systematically investigates the principles and engineering effects of
cut-and-fill mining through an integrated approach combining theoretical analysis,
similar material simulation experiments, and numerical simulations. The research focuses
on the stability of the filling body, the movement law of the overburden, and the influence
mechanisms of key geometric parameters, including mining thickness, roof cutting width,
and filling width. The results reveal the parameter combinations that are most effective in
controlling roof displacement and enhancing filling support performance, and provide a
theoretical basis for engineering parameter optimization and surface subsidence control
in cut-and-fill mining.

2. Theoretical Analysis
2.1. Basic Principles of Cut-and-Fill Mining

To achieve self-sufficiency in filling materials, the cut-and-fill mining method
employs the resource processing section (cutting area) of the goaf roof as in situ (filling
area) filling materials. Based on factors such as the distribution of coal seams and the
properties of surrounding rocks, the cutting area, filling area location and size are
scientifically arranged. Relying on a complete set of independently developed integrated
coal mining equipment designed specifically for cutting and filling operations, partial
filling of the goaf is realized, thereby achieving the goal of controlling surface subsidence.

Figure 1 illustrates a three-dimensional schematic diagram of the cut-and-fill mining
working face. This working face comprises the coal mining face located in front of the
hydraulic support and the roof cutting-filling face situated behind the hydraulic support.
The rear roof cut-and-fill working face is divided into a roof cutting area and a filling area,
which are arranged in a sequential manner. The cutting device installed in the roof cutting
area cuts part of the immediate roof and conveys it to the adjacent filling area for
concentrated and dense filling.

Under the lateral restraint of the metal mesh, a load-bearing structure composed of
gangue pillars and the immediate roof is formed in the filling area. This structure fulfills
the function of partial filling and attains the effect of reducing surface subsidence. As
shown in Figure 1, the cut-and-fill mining process encompasses the coal mining process,
roof cutting process and filling process, forming a continuous workflow of mining, cutting
and filling. When underground coal gangue separation and filling are taken into
consideration, another operational mode of the coal mining—cutting—separation—filling
process can be established.
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Figure 1. Integrated schematic diagram of cut-and-fill mining.

2.2. Support Analysis of Cut-and-Fill Mining

In general, the cohesion between solid particles in gangue filling is much smaller than
the strength of the particles themselves. Under external loads, the primary form of
damage to gangue columns is shear and slip between the solid particles, rather than direct
compression of the particles themselves. The two most likely directions for shear failure
of gangue columns are horizontal and diagonal.

As shown in Figure 2, under the combined effects of the gravity of the overlying rock
strata and the lateral support of the metal mesh, the gangue columns in the filling area are
approximately in a state of lateral confinement with given deformation. Under the action
of lateral support from the metal mesh, as the gangue column expands horizontally, the
lateral pressure along the horizontal direction increases. Once the deformation stabilizes,
the horizontal lateral pressure remains basically unchanged but still maintains a tendency
to expand outward. At this point, the situation is similar to active earth pressure. The
horizontal lateral pressure can be calculated approximately [27,28]:

o, =0,tg°(45° - /2) 1)

where represents the horizontal lateral pressure, O, represents the vertical

pressure, and & represents the internal friction angle.

BRI

Figure 2. Horizontal shear failure stress analysis of the gangue pillar in cut-and-fill mining.

The internal friction angle of the filling gangue can be assumed to be 30°. Upon
substitution into the formula, it is found that the lateral stress applied to the filling gangue
is one-third of the vertical stress.

The shear strength of the filling gangue, equal to the sum of cohesion and internal
friction, is expressed by the following equation:

T, = Nf +cS 2)

https://doi.org/10.3390/app16052391



Appl. Sci. 2026, 16, 2391

5 of 18

where N represents the vertical force, f denotes cohesion, is the coefficient of internal
friction, equal to the tangent of the internal friction angle, € signifies the unit vertical
stress,and S is the shear area.
The corresponding shear strength calculation formula is:
np

Ty = S =o,lga+c (3

Generally, filling gangue is considered to be non-cohesive granular material, hence
€ =0. However, in reality, due to compaction during the filling of the gangue column,
and the presence of a significant amount of fine particles and adhesive materials in the
filling gangue, it does possess some cohesion. Comparing the horizontal stress on the
gangue column with the shear force it needs to overcome during horizontal movement, it
is easy to see that the horizontal shear strength exceeds the horizontal stress, ensuring the
stability of the gangue column. With the consideration of the lateral support of the metal
mesh, the stability of the gangue column is further guaranteed.

As shown in Figure 3, under the combined effects of the gravity of the overlying rock
strata and the lateral support of the metal mesh, shear failure of the gangue column along
the diagonal occurs in the filling area. The geometric condition that needs to be satisfied
for this shear failure is:

o =45 +& (4)

where % is the limiting angle of shear failure along the diagonal.

The maximum angle @ of shear failure along the diagonal of the gangue column
can be calculated using the following formula:

o, = arctagﬂ ()

pillar

h
where %2 is the maximum angle along the diagonal of the gangue column, ~ 7" is the

height of the gangue column, and l’””‘” is the width of the gangue column.

Figure 3. Diagonal shear failure stress analysis of the gangue pillar in cut-and-fill mining.

To ensure the stability of the gangue column, its dimensions, especially the height-
to-width ratio, are subject to certain limitations. It is initially set that the height-to-width
ratio should not exceed 0.5. At this point, the maximum angle of shear failure along the
diagonal is 27°, which is far from the limiting angle when shear failure occurs along the
diagonal of the gangue column. Therefore, the stability of the gangue column along the
diagonal can be guaranteed.
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3. Similarity Simulation
3.1. Engineering Background

The study area is in Tongchuan Town, Dongsheng District, Ordos City, Inner
Mongolia. The target coal seam has a strike length of 1629.5 m, dip length of 4132.3 m,
average thickness of ~4 m, and average burial depth of ~100 m. Its dip angle ranges from
to 5°, averaging 3°, with a simple structure, no water inrush or gas risks, and stable mining
conditions. The coal mine location and working face layout are shown in Figure 4.
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Figure 4. Coal mine location and working face layout.

The working face uses comprehensive mechanized full-height mining via inclined
longwall retreating, with roof managed by full caving. Geological exploration shows roof
and floor lithology as fine-grained sandstone and sandy mudstone. Physical and
mechanical parameters from coring data were compiled and analyzed. Mine formation
details are shown in Table 1.

Table 1. Formation parameters of the study area.

Thickness Body Elastic = Compressive Tensile Angleof Force of
Numbering Lithology m Force Modulus Strength Strength Internal Cohesion/

/kN.m3 /GPa /MPa /MPa  Friction/° MPa
R8 Conglomerate 44 22 1.30 11.90 1.13 31 1.11
R7 Sandy mudstone 12 22 1.67 16.23 1.31 28 1.24
Rg ~ Medium-grained ), 24 2.83 21.23 1.90 33 1.93

sandstone

R5 Sandy mudstone 5 20 1.67 16.23 1.33 28 1.21
R4 Sandstone 8 26 3.35 28.43 2.10 33 2.14
R3 Sandstone 9 26 3.35 28.43 2.14 33 2.12
R2 Sandy mudstone 5 22 1.67 16.23 1.61 28 1.23
R1 Sandy mudstone 9 22 1.67 16.23 1.63 28 1.24
C 2-2 Upper coal 4 14 1.44 10.21 1.21 30 1.02
F sandstone 14 26 3.35 28.43 2.14 33 2.12

The No. 22 mining area is mined via the 2-2 upper coal seam roadway. The working
face groove is vertically arranged with the roadway, and the cut hole is parallel to it. Six
fully mechanized mining faces are arranged in the area, with 25 m coal pillars left between
two faces. Each face has two grooves: belt transport and auxiliary transport, both driven
along the coal seam floor. The belt transport groove crosses the 2-2 upper coal seam
auxiliary, connects with the return air roadway, and links to the belt transport roadway
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through the coal chute, mainly for coal transportation and return air. The auxiliary
transport groove directly connects with the auxiliary transport roadway, mainly for
material transportation and air intake. To identify the key bearing stratum of the overlying
rock layers, the interlayer load of each rock layer in the study area was calculated and
analyzed. The results show that the R6 medium-grained sandstone is the main key
stratum controlling the movement of the entire overlying rock layers and the load transfer
[29-31].

3.2. Experimental Design

In this simulation experiment using similar materials, in accordance with the similar
material theory and similarity criteria, similar materials were adopted to construct a
physical model consistent with the on-site engineering conditions. The dimension
similarity ratio is 1:100, the unit weight similarity ratio is 1:1.5, and the strength similarity
ratio is 1:150. As presented in Figure 5, the model has geometric dimensions of 190 cm in
length, 22 cm in width, and 134 cm in height. Corresponding similar material ratio
schemes were selected based on the compressive strength parameters of each stratum [32—
34]. Latitude and longitude grids with a size of 10 cm x 10 cm were marked on the front
of the model using ink lines, and drawing pins were fixed at the grid intersections to serve
as displacement observation points. Displacement monitoring was conducted by means
of a total station. The broken rock samples used in the test were collected from the goaf
parting and roof caving rock blocks, with sandstone as the lithology.

Asillustrated in Figure 5, to facilitate the simulation of roof cutting, roof cutting wood
boards were pre-embedded at the bottom of the R1 sandy mudstone stratum to simulate
the roof cutting layer. The roof cutting wood boards have dimensions of 22 cm x 10 cm x
3 cm, corresponding to the simulation of an on-site roof cutting range with a thickness of
3 m and a width of 10 m. Taking into account material consistency and size similarity ratio
(the coal fragmentation by the shearer is generally concentrated between approximately
0.2 and 0.5 m, which is similar to that of cut-and-fill mining), the filling material selected
was sand particles with a particle size of 2-5 mm. These sand particles were placed into
paper boxes of 22 cm x 10 cm x 4 cm to make filling strips, which were used to simulate
the on-site filling strips with a height of 4 m and a width of 10 m. The mining range
designed in the experiment is 150 m, and a total of 8 roof cutting wood boards were pre-
embedded. After the completion of roof cutting, the cutting wood boards were taken out
and did not participate in the bearing of the stope; therefore, only the geometric dimension
similarity was considered, and the mechanical properties of the material were not taken
into account.

Grid line 10 cm*10 cm

o) P

5mm 2 mm illing mater Wood board
Mesh size 2-5 mm of sand Mesh size

R1 strata

oy B are e
m“—‘{

T S S S A I A A [ B
T T T
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(a) Mining 40 m

Figure 5. Similar simulation experiment scheme of cut-and-fill mining.

3.3. Experimental Results

It can be seen from Figure 6 that when cut-and-fill mining advances to 60 m, except
for the separation phenomenon of the immediate roof above the filling strip, the overlying
strata have no obvious deformation and no periodic fracture cracks. After the completion
of cut-and-fill mining operations, obvious cracks only appear in the immediate roof
stratum of the roof cutting area. No cracks are generated in other strata, but the basic roof
stratum close to the goaf undergoes gentle subsidence.

It can be seen from Figure 7 that after the completion of cut-and-fill mining, due to
the filling effect, no deformation occurs in the 110 m, 70 m, and 40 m monitoring lines
close to the surface. The strata close to the goaf in the vertical direction show slight
deformation. For the monitoring line 10 m away from the coal seam, the maximum vertical
displacement is 0.15 m; for the monitoring line 20 m away from the coal seam, the
maximum vertical displacement is 0.08 m. The vertical displacement curve roughly
presents a symmetrical dish shape. Due to the effect of the filling strip, the 10 cm
monitoring line shows fluctuation, while the 20 cm monitoring line has almost no
fluctuation.

Owing to the friction and obstruction effect of the filling strip on the horizontal
movement of the overlying strata, the horizontal displacement is small, showing a
distribution where positive and negative horizontal displacements alternate. In addition,
due to the edge effect, the horizontal displacement of the observation points close to the
coal pillar is relatively large. The absolute value of the maximum horizontal displacement
of the 10 cm monitoring line is 0.08 m, and that of the 20 cm monitoring line is 0.06 m. The
horizontal displacement curves of the two monitoring lines show obvious consistency.

(c) Mining 60 m

(d) Finish mining

Figure 6. Overlying strata failure characteristics of cut-and-fill mining.
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Figure 7. Displacement after completion of cut-and-fill mining. (a) Vertical displacement and (b)

horizontal displacement.

4. Numerical Simulation
4.1. Simulation Scheme

In order to analyze the influence of different mining parameters, including filling
thickness, filling width, and roof cutting width, on the effect of cut-and-fill mining,
numerical simulation of multiple sets of variable parameters was carried out. FLAC3D
(5.0) has the advantages of simple operation and high efficiency in simulating the effect of
cut-and-fill mining, so FLAC3D (5.0) is selected to simulate the trend of displacement and
stress when the relevant size changes.

There are cutting areas and filling areas in cut-and-fill mining. The width and height
of cutting areas, the width and height of filling areas affect the performance of cut-and-fill
mining. Considering the field operation, two gradients are set for the width of cut-and-fill
mining, 5 m and 10 m, and the thickness of the coal seam is 1 m, 2 m, 3 m, and 4 m,
respectively. Following the principle of equal volume of cutting and filling and filling the
roof, and without considering the filling gangue for coal gangue separation, the
corresponding roof thickness can be calculated, and the relevant size design is shown in
Table 2.

For analyzing the influence of different parameter combinations on simulation
results, a multi-factor orthogonal test design was employed to systematically evaluate the
interactive effects of filling thickness, width, and roof cutting width on displacement and
stress distribution.

Table 2. Design of numerical simulation parameters for cut-and-fill mining.

Width of
Cutting Area/m

Fill Area
Width/m

Thickness of
Cutting
Area/m

Thickness of
Cutting
Area/m

Thickness of
Coal Seam/m

Fill Area
Width/m

Thickness of
Coal Seam/m

Top Notch
Width/m

1 1

10 10

2
3
4

10

0.5
1
1.5
2

10 5

Bl s wo|—
w oo |wro
Blw(N e wo| -~
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The symbolic notation “X-X-X" succinctly encodes three critical parameter sets. Each
X’ corresponds to specific numerical values for three key parameters, namely cutting top
width (in meters), filling width (in meters), and thickness of the coal seam (in meters). The
character ‘X’ signifies an unknown value for each parameter. The value ranges for each
parameter are defined as follows: the first ‘X’ (cutting top width) can only take a value of
either 5 or 10; the second ‘X’ (filling width) can also only take a value of either 5 or 10; and
the third ‘X’ (thickness of the coal seam) has a value range of 1 to 4. This parameter-
encoding method can generate 16 unique parameter combination schemes and provides
a framework for representing all possible configurations of these key parameters.

4.2. Model Construction

During the actual process of establishing the model, to enhance computational
feasibility and accuracy, the simulated rock strata undergo simplification by reducing
minor geological variations and are reasonably assigned based on empirical data and
standardized criteria, as detailed in Table 3.

Table 3. Mechanical parameters of rock formation.

Bulk Shear Density Angle of Force of Tensile

Lithology Modulus Modulus kgm? Internal Cohesion  Strength
/GPa /GPa ) Friction/° /MPa /MPa
Conglomerate 0.80 0.64 2400 31 1.10 1.10
Sandstone 227 2.05 2760 33 2.10 2.10
Medium grained sandstone 2.10 1.96 2680 32 1.90 1.90
Sandy mudstone 2.06 1.86 2000 28 1.20 1.54
2-2 coal seam 0.60 0.54 1400 30 0.50 0.50
Crushing gangue 0.02 0.01 1280 30 0.10 0.05

As illustrated in Figure 8a, the three-dimensional computational model constructed
for the present simulation is characterized by dimensions of 190 m in length, 22 m in width,
and 134 m in height, which is in line with the scale range adopted in analogous
simulations for such geotechnical investigations. The lateral boundaries of the model are
restricted from horizontal displacement, which simulates the conditions of fixed sidewalls.
The basal boundary is fully restrained against vertical displacement, representing a fixed
foundation. Conversely, the upper boundary remains entirely unconstrained,
representing the ground surface. Findings derived from analogous simulation tests of cut-
and-fill mining indicate that upon completion of mining operations, significant rock
stratum displacement is confined within a vertical zone extending 40 m above the mined
coal seam. Consequently, to accurately capture this critical behavior within the numerical
simulation, a vertical displacement monitoring line spanning this 40 m zone directly
above the coal seam is established. Additionally, a vertical stress monitoring line is
positioned within the floor strata at a depth of Z =11 m below the coal seam datum. This
configuration yields a total of three distinct measurement lines. To ensure consistency and
facilitate analysis of a representative cross-section, all measurement lines are positioned
along the Y = 11 m plane. Measurement points along these lines are spaced at regular 10
m intervals to ensure adequate spatial resolution of the monitored parameters.

Taking a mining thickness of 4 m as a specific case study, the panel configuration
along the working face tendency is detailed in Figure 8b. Along this orientation, eight
distinct cutting areas and seven intervening filling areas are configured. Each designated
roof cutting section features a standardized width of 10 m and a cutting height equivalent
to the mining thickness of 4 m. Similarly, each filling area is designed with a width of 10
m and a filling height precisely set to 4 m to ensure complete volume backfilling. The
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specific dimensions governing the final (remaining) cutting area and the precise sizing for
all filling areas are rigorously defined according to the specifications provided in Table 3.

Zone
Colorby: Group ~ Any

10liyan
1xilishayan
2coal
3shazhiniyanbelow
4shazhiniyanabove
5xilishayanbelow

6xilishayanabove

7shazhiniyan
8zhonglishayan

134m
190 illing area
Y22m X " ining thi Filll::wgidth 10m
(@) (b)
Figure 8. The numerical simulation model. (a) Schematic diagram of 3D model; (b) Working face
tends towards details.
4.3. Results and Analysis
After completing the corresponding numerical simulation according to the
parameters listed in Table 3, the vertical displacement extreme value of the 40 m
monitoring line above the coal seam and the stress extreme value of the filling area after
the stable mining of different simulation groups are counted, as shown in Table 4. The
corresponding displacement and stress monitoring results are obtained according to
different simulation groups. The mining thickness effect of cut-and-fill mining effect and
the width effect of cutting area and filling area are analyzed using the control variable
method.
Table 4. Statistics of displacement and stress in cut-and-fill mining numerical simulations.
Simulation Cutting Area Filling Area Simulation Cutting Area Filling Area
Grouping  Displacement/m Stress/MPa Grouping  Displacement/m Stress/MPa

5-5-1 -0.11 -2.19 5-10-1 -0.09 -2.53

5-5-2 -0.21 -1.12 5-10-2 -0.15 -1.81

5-5-3 -0.37 -0.66 5-10-3 -0.22 -1.37

5-5-4 -0.38 -0.55 5-10-4 -0.28 -1.11

10-5-1 -0.14 -2.51 10-10-1 -0.11 -3.01

10-5-2 -0.24 -1.25 10-10-2 -0.18 -2.17

10-5-3 -0.56 -0.69 10-10-3 -0.25 -1.55

10-5-4 -0.95 -0.52 10-10-4 —0.30 -1.45

Increasing mining thickness significantly increases both the vertical displacement of
the cutting area and the filling area stress. Conversely, increasing the width of the cutting
and filling areas results in an increase in the displacement of the cutting area but a
reduction in the filling area stress, indicating a trade-off between surface subsidence
control and the load-bearing performance of the filling body under different mining
parameters.
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4.3.1. Thickness Effect on Cut-and-Fill Mining Performance

As shown in Figure 9a—d, under the condition that the remaining dimensions are
equal, the extreme value of the displacement of the entire cutting area in different groups
increases with the increase in mining thickness, and the filling area stress decreases with
the increase in mining thickness. The greater the mining thickness in cut-and-fill mining.
the more pronounced the surface subsidence, the smaller the stress recovery in the filling
area, and the weaker the filling effect. In theory, the smaller the thickness of coal seam,
the better the effect of cut-and-fill mining.
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Figure 9. Effect of mining thickness of cut-and-fill mining. (a) Thickness effect of the 5-5-X group;
(b) thickness effect of the 5-10-X group; (c) thickness effect of the 10-5-X group, and (d) thickness
effect of the 10-10-X group.

4.3.2. Width Effect of Cut-and-Fill Mining Effect

As shown in Figure 10a—d, under the condition of equal mining thickness, when the
filling width is 10 m, both the 5-10-X group and the 10-10-X group exhibit small roof
displacement and high filling area stress. Compared with the 5-10-X and 10-10-X groups,
the roof displacement of the 5-10-X group is relatively small, but the filling area stress is
relatively small. The roof displacement of the 10-10-X group is relatively large, but the
filling area stress is closer to the original rock stress. Under the condition of equal mining
thickness, when the filling width is 5 m, the roof displacement of the 5-5-X group is small,
but the filling area stress is also small. In 10-5-X group, the roof displacement is the largest,
and the stress recovery of floor filling area is small, which is the most unfavorable
situation. This situation should be avoided in practical production.
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Figure 10. Effect of mining width of cut-and-fill mining. (a) Effect of width on the X-X-1 group, (b)
Width effect of X-X-2 group, (c) Width effect of X-X-3 group, (d) Width effect of X-X-4 group.

In summary, in order to control surface subsidence, enhance the filling effect, and
take into account the difficulty of the roof cutting operation, the author recommends the
10-10-X group. If the surface subsidence control requirements are relatively high, the 5-
10-X group can be considered as increasing the cutting height and reducing the cutting
width. Alternatively, implement underground coal gangue separation, increase the
source of filling gangue, and increase the plane filling rate without increasing the volume
of roof cutting.

4.3.3. Grey Correlation Degree of Different Mining Sizes

From the analysis of the above simulation results, it can be seen that the effect of cut-
and-fill mining is related to many factors, such as the width of cutting area, the width of
the filling area, the thickness of coal seam, and so on. The correlation between these
influencing factors and the effects of cut-and-fill mining is uncertain. In this section,
through the grey correlation method, the width of the cutting area, the width of the filling
area and the thickness of the coal seam are determined as three influencing factors (the
thickness of the roof cutting can be calculated according to the other three parameters).
The roof displacement and the filling area stress in the cut-and-fill mining are analyzed.

The sign of the correlation degree indicates the correlation between the reference
sequence (roof displacement and filling area stress) and the comparison sequence (width
of cutting area, width of filling area, and coal seam thickness). A positive correlation
degree denotes a positive correlation: an increase or decrease in the comparison sequence
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directly causes a corresponding increase or decrease in the reference sequence. A negative
correlation degree represents a negative correlation: an increase or decrease in the
comparison sequence results in an opposite change in the reference sequence.

In this paper, according to the improved correlation analysis method [35], the
correlation degree between the width of the cutting area, the width of the filling area, the
thickness of the coal seam, and the displacement of the goaf and the filling area stress is
obtained by MATLAB (R2022b). The calculation results are shown in Table 5.

Table 5. Grey correlation analysis results.

Influencing Factor

Width of Cutting Area Width of Filling Area Coal Seam Thickness

Displacement correlation degree 0.50 0.49 0.79
Stress correlation degree 0.65 0.65 0.93

From the correlation analysis results between different influencing factors and roof
displacement, it can be seen that all three factors have a positive correlation with roof
displacement. Among them, the correlation degrees of cutting area width (0.50) and filling
area width (0.49) are relatively small and close to each other, while the correlation degree
of coal seam thickness (0.79) is significantly higher. The order of correlation degree with
roof displacement is coal seam thickness > cutting area width > filling area width.

For the correlation with filling area stress, the correlation degrees of cutting area
width and filling area width are both 0.65, while the correlation degree of coal seam
thickness reaches 0.93, showing the strongest positive correlation. Sensitivity analysis
confirms that these correlation values are robust, with a variation of less than 5% when
input parameters are perturbed within a reasonable range, which validates the reliability
of the quantitative interpretation.

Based on the above analysis, the correlation between coal seam thickness and both
roof displacement and filling area stress is the largest, indicating that coal seam thickness
has the most significant influence on the mining effect of cut-and-fill mining.

5. Discussion
5.1. Advantages and Technical Positioning

The proposed cut-and-fill mining method represents a significant advancement by
synergistically integrating roof cutting and in situ backfilling. This integrated approach
provides distinct advantages over conventional subsidence control techniques. Unlike
pillar-based methods (e.g., room-and-pillar mining), this technique replaces permanent
coal pillars with an engineered “gangue pillar + immediate roof” support structure [36—
38]. This shift significantly enhances resource recovery while providing effective
overburden control. Compared to external filling methods (e.g., paste backfilling), its
primary innovation lies in achieving material self-sufficiency by utilizing fractured
immediate roof strata as the filling material, thereby eliminating dependence on complex
surface infrastructure and external material supply chains.

Numerical simulations and physical model tests consistently confirm that the
systematic optimization of the core geometric parameter set—mining height, roof-cutting
width, and filling width—serves as the principal control mechanism. This optimization
directly governs the deformation characteristics of the key stratum and, consequently,
enables precise, predictable control over the resultant surface subsidence. It represents a
shift from passive mitigation to active, design-based control. However, translating this
theoretical precision into reliable field implementation presents significant engineering
challenges. It fundamentally depends on two critical prerequisites: the deployment of
highly precise and controllable roof-cutting technology to create the designed geometry,
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and the provision of robust initial support (e.g., rapid temporary reinforcement systems)
to ensure the stability of the unconsolidated filling body before it gains inherent strength
through compaction [39,40].

5.2. Applicability and Prospects

The successful implementation of the cut-and-fill mining method requires specific
geological and technical conditions. Geologically, optimal application occurs in gently
dipping seams (<15°) with a low-to-medium strength immediate roof (e.g., sandy
mudstone or siltstone) capable of forming competent granular fill upon fracturing. While
our model uses a ~100 m burial depth, deeper high-stress environments necessitate further
study of the fill's long-term rheological behavior under three-dimensional confinement.
Technically, deployment requires high-precision roof-cutting equipment, efficient
filling/compaction machinery, and capacity for rapid temporary support at the working
face to ensure fill stability prior to compaction.

Future development prospects are significant. The method can integrate with
intelligent mining systems through real-time microseismic and stress monitoring,
enabling adaptive parameter control. Synergy with underground waste processing (e.g.,
the “mining-cutting-separation-filling” mode) could enhance filling rates and subsidence
control while advancing toward near-zero waste emissions. Furthermore, the core
principle of constructing artificial support using in situ materials shows transfer potential
to non-coal sectors such as potash or gypsum mining, offering a versatile technical
pathway for sustainable goaf management across the extractive industries.

This study systematically reveals the overburden control mechanism of cut-and-fill
mining and optimizes key engineering parameters through theoretical analysis, similar
material experiments, and numerical simulations. However, this study has limitations
that should be addressed in future research. First, the numerical and physical models do
not consider the influence of mining advance rate on the dynamic evolution of overburden
stress and subsidence. The mining rate affects the loading rate on the gangue pillar and
filling body, influencing the support system’s deformation and failure characteristics,
which will be explored in follow-up dynamic simulation research. Second, this study does
not include the hydrogeological conditions of the mining area, such as aquifer distribution,
groundwater seepage, and the water-induced weakening effect on the mechanical
strength of the gangue filling body and surrounding rock. Water-rock interaction alters
the filling body’s stability and overburden fracture development, a non-negligible factor
for engineering applications in water-rich mining areas. These key parameters will be
systematically investigated in follow-up work to improve the engineering applicability
of the research results.

6. Conclusions

(1) The similar simulation results show that cut-and-fill mining technology effectively
controls the deformation and fracture of overlying strata, with limited vertical and
horizontal displacements, and no obvious periodic fractures in the basic roof,
demonstrating good strata control and engineering effects.

(2) By means of numerical simulation of variable parameters, the mining thickness effect
on the cut-and-fill mining effect was obtained: the greater the mining thickness, the
larger the roof displacement, and the smaller the stress in the filling area. With regard
to the width effect of the cutting area and filling area, when the mining thickness is
equal to the filling width, the smaller the roof cutting width, the smaller the roof
displacement and the lower the stress in the filling area. The correlation degree of
each influencing factor with roof displacement and filling area stress is as follows:
coal seam thickness > cutting area width = filling area width.
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(3) To control surface subsidence, improve the filling effect, and take into account the
difficulty of roof cutting operation, the author proposes the 10-10-X group as the
recommended scheme. If the surface subsidence control requirements are relatively
high, the 5-10-X group can be considered to increase the cutting height and reduce
the cutting width. In the 10-5-X group, the roof displacement is the largest, and the
filling area stress is small. This is the most unfavorable situation, which should be
avoided in practical production.
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