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Aiming at the problem of poor control over coal wall spalling and roof instability
when large-mining-height working faces in deep mines pass through fault
fractured zones, this study takes the fault fractured zone in the 7,436 working
face of Kongzhuang Coal Mine as the engineering background. Through
experimental testing of different grouting materials for material optimization,
numerical simulation of grout diffusion laws in the fracture network of fault
zones, and industrial trials of advanced grouting reinforcement, the directional
regulation mechanism of grouting hole spatial layout parameters on grout
seepage in fault fractured zones is revealed. The results show that Jumina
ultra-fine cement achieves an optimal balance among rheological properties,
mechanical characteristics, and economic efficiency. When grouting holes are
vertically positioned within 1.0 m above the coal seam, bidirectional grout
diffusion into the coal seam and roof is realized, reducing the risk of grout
leakage in the fault zone. When grouting holes horizontally extend more than
2 m beyond the fault, the grout diffusion range expands, with the proportions
of grouting volume and seepage length in the fault zone decreasing to 34%
and 30%, respectively, achieving the best seepage effect. Orthogonal tests
identify a water-cement ratio of 0.6 and a grouting pressure of 15 MPa as the
optimal parameter combination. Industrial trials confirm that after implementing
the optimized grouting scheme, spalling and roof collapse phenomena are
significantly reduced, and the working face advancing rate is increased from
1 cycle every 2 days to 2-3 cycles per day, greatly improving working face
production efficiency.

deep mining, fault fracture zones, slurry seepage, diffusion control, surrounding rock
control

01 frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2025.1635731
https://crossmark.crossref.org/dialog/?doi=10.3389/feart.2025.1635731&domain=pdf&date_stamp=2025-08-07
mailto:ts22020007a31tm@cumt.edu.cn
mailto:ts22020007a31tm@cumt.edu.cn
https://doi.org/10.3389/feart.2025.1635731
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/feart.2025.1635731/full
https://www.frontiersin.org/articles/10.3389/feart.2025.1635731/full
https://www.frontiersin.org/articles/10.3389/feart.2025.1635731/full
https://www.frontiersin.org/articles/10.3389/feart.2025.1635731/full
https://www.frontiersin.org/articles/10.3389/feart.2025.1635731/full
https://www.frontiersin.org/articles/10.3389/feart.2025.1635731/full
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Weng et al.

1 Introduction

As coal mining gradually progresses to greater depths, the
complexity of geological conditions increases, such as a higher
density of working face faults. Coal wall spalling and roof
leakage in front of supports in large-mining-height longwall
working faces exhibit characteristics of high frequency and
strong suddenness, leading to reduced advancing -efficiency
of fully mechanized mining equipment and even production
interruptions (Guo et al., 2024; Wang et al., 2021b; Zhang J. et al.,
2023). In the research on surrounding rock stability control
methods (Kong et al.,, 2021; Liu et al., 2021; Xue et al., 2024),
grouting reinforcement technology has become a core means
for treating deep fractured zones due to its advantage in actively
regulating the mechanical properties of fractured coal-rock masses
(Cui et al., 2021; Pan et al., 2024).

Grouting modification and reinforcement of fractured
surrounding rock mainly involve research on grouting materials,
grout diffusion mechanisms, and grouting process optimization
(Hu et al., 2022). Grouting materials are primarily classified into
inorganic and organic types (Kang et al., 2024). For inorganic
grouting materials, scholars have improved their permeability
and compressive strength by optimizing particle size grading
and adding admixtures (such as accelerators and expanding
agents) (Li et al, 2023; Lu et al, 2022; Xiong et al., 2021). For
organic grouting materials, physical and chemical modifications
have been used to optimize limitations in strength, thermal
conductivity, and flame retardancy (Wang et al., 2023; Yu, 2023;
Zhang et al,, 2025). The study of grout diffusion laws mainly
focuses on two categories: diffusion in single fractures and fracture
networks. In theoretical research on grout diffusion in single
fractures,Hissler et al. (1992) derived grout flow and diffusion
equations considering fracture aperture and roughness. El Tani and
Stille, 2017 studied grouting processes under different conditions
by deriving flow formulas for Newtonian and non-Newtonian
fluids in one-dimensional and two-dimensional channels. In
numerical simulation research, Zhang H. et al. (2023) established a
coupled model for Bingham fluid diffusion-bonding-consolidation,
enabling numerical simulation of the full process of grout diffusion
and consolidation in single-fracture rock masses. For fracture-
network grout diffusion, Moon and Song, (1997) obtained flow
and diffusion laws of Bingham fluids in rock fracture networks
considering the time-varying viscosity of grout. Eriksson et al.
(2000) proposed that fracture apertures at intersection points of
fracture grids follow a logarithmic distribution, and grout does not
flow in contact areas between fracture surfaces. In experimental
studies, Liu et al. (2020a) investigated the effects of grouting
parameters on grout diffusion using a self-made multi-fracture
grouting model with spliced marble. Zou et al. (2020) designed
a fracture-network model to validate theoretical derivations for
the diffusion of power-law fluids in fracture grids. In numerical
simulations, Liu et al. (2020b) developed a grout diffusion program
for fracture networks to shorten the simulation time, while
Chen et al. (2024) established a 3D numerical model of fracture
networks to achieve quantitative simulation of grout diffusion
processes. In research on grouting process optimization, Zheng et al.
(2023) optimized grouting angles through numerical simulations of
advanced grouting in different directions for submarine tunnels

Frontiers in Earth Science

02

10.3389/feart.2025.1635731

passing through fault fractured zones. Hua et al. (2023) studied
grouting reinforcement laws under different circumferential
and radial conditions to optimize processes suitable for high
groundwater environments. Wang et al. (2021a) clarified the
influence of water-cement ratios and reinforcement layer thickness
on surrounding rock deformation and adjacent tunnels, optimizing
grouting parameters. Zhang et al. (2020) investigated the variation
of grout penetration range in surrounding rock and roadway
deformation with grouting time to optimize the timing of grouting
reinforcement. Yan et al. (2022) optimized long-distance flexible
grouting reinforcement schemes by simulating flexible grouting at
different positions.

Existing studies on grout diffusion laws in grouting
reinforcement are mostly limited to idealized point-source
diffusion models, with significant discrepancies remaining between
theoretical models and engineering practices. The diffusion laws
of grout within the fracture networks of large-scale fault fractured
zones are still poorly understood. Based on the actual geological
structure of the 7,436 working face in Kongzhuang Coal Mine, this
study conducts research on grout diffusion laws under different
spatial relationships between large-scale fault fractured zones and
grouting holes through laboratory parameter testing of grouting
materials and numerical simulations. According to the research
results, an advanced grouting reinforcement control technology
scheme for working face fault fractured zones is designed, and
industrial trials are carried out.

2 Engineering background

The 7,436 working face in Kongzhuang Coal Mine is located
at an elevation of -964.3 to —844.5m, with an average burial
depth of 937 m, a strike length of 1,270 m, and a dip length of
229 m, as shown in Figure 1. The average coal seam thickness is
4.15m, with an average dip angle of 19°. The immediate roof
consists of silty mudstone (locally fine sandstone) with an average
thickness of 1.43 m; the main roof is medium-grained sandstone
with an average thickness of 9.59 m. The immediate floor is silty
mudstone with an average thickness of 4.15 m, and the main floor
is fine sandstone with an average thickness of 7.8 m. The working
face adopts the strike longwall full-seam mining method with full
roof caving.

The working face reveals 22 fault structures, with significantly
developed surrounding rock fractures in the structural area. The
steep dip angle occurrence conditions of the coal seam lead to
support skew and insufficient stability of the surrounding rock
structure. Water infiltration at locally developed structural positions
further weakens the load-bearing capacity of the roof. The coupling
of these multi-factors results in frequent coal wall spalling and roof
collapse-leakage in the working face. Additionally, the previously
conducted advanced grouting projects suffered from issues such as
blind design of grouting holes and unreasonable spatial positioning,
leading to ineffective grout diffusion and insufficient effective grout
injection in target areas. This caused severe grouting material
waste and poor treatment effects, failing to meet the required
reinforcement rates for roof strata and coal masses. Therefore, it is
necessary to redesign the advanced grouting scheme for deep fault
fractured zones and optimize the parameters.
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FIGURE 1
Geological structure map of the working face.

3 Materials and methods
3.1 Experimental materials and design

In response to the complex geological conditions and developed
faults in the Kongzhuang 7,436 working face, experimental studies
on rheological and mechanical properties were conducted to meet
the requirements for grouting material selection and parameter
determination, providing laboratory-measured parameters for
subsequent numerical simulations. The cementitious materials used
in this experiment were three types of grouting materials previously
applied for reinforcement at Kongzhuang Coal Mine: Jumina ultra-
fine cement (JMN), inorganic two-component material (IBC), and
organic two-component material (OBC). Portland cement PO42.5
(PC) was selected as the control group for comparative study.

Based on the grout mix ratio applied in the early-stage
engineering of the 7,436 working face, the slurry was prepared for
this experiment. PC and JMN dry materials were uniformly mixed
with water at a water-cement ratio of 0.35 and fully stirred. For
IBC, the dry materials of Component A and Component B were
proportioned at a mass ratio of 1:1, uniformly mixed, then combined
with water at a water-cement ratio of 0.35 and fully stirred. For OBC,
the grouts of Component A and Component B were mixed at a
volume ratio of 1:1, rapidly and thoroughly stirred to ensure uniform
mixing, completing the slurry preparation. The fluid properties
of the prepared slurries were characterized through setting time,
bleeding rate, and fluidity tests.

Using a round-hole sieve at the 7,436 working face, coal particles
and roof rock particles with a particle size of 10-20 mm were
screened as preparation materials for the cemented specimens. The
four different slurries were uniformly mixed with coal particles
and rock particles in molds, respectively, to prepare 100 mm X
100 mm x 100 mm cemented specimens for uniaxial compression
tests and 40 mm x 40 mm x 160 mm cemented specimens for
flexural strength tests. (The average weight of coal in a single cube
mold was 1.00 kg, the average weight of rock was 2.10 kg; the average
weight of coal in a single prism mold was 0.25 kg, and the average
weight of rock was 0.55 kg) After demolding, the specimens were
cured in a YH-40B standard constant-temperature and humidity
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curing chamber at 20°C + 2°C and 95% humidity for 7 days, 14 days,
21 days, and 28 days. This compared the bonding performance of
different cementitious materials on the fractured coal-rock mass in
the Kongzhuang 7,436 working face and the mechanical properties
of the cemented bodies under the same curing environment
but different curing times. The main experimental procedures
are shown in Figure 2.

3.2 Numerical model construction and
simulation scheme

Following laboratory tests to select the most suitable grouting
material for Kongzhuang Coal Mine’s 7,436 working face, research
was conducted on the grout diffusion mechanism and optimization
of grouting process parameters for advanced grouting in the
working faces fault fractured zone. This study established a two-
dimensional numerical model using UDEC software based on the
discrete element method (DEM). DEM treats the whole medium
as a discontinuous system composed of independent sub-entities,
characterizing fractured rock masses as a combination of blocks and
joints. This approach best reflects the essence of grout fluid diffusion
in the fractured rock network space within actual engineering
scenarios, enabling intuitive and accurate simulation of macroscopic
diffusion paths and distribution differences of grout within the
complex fracture networks of fault fractured zones and intact
surrounding rock. The flow of mine grouting materials represented
by cement-based grouts in coal-rock fractured zones is typically
modeled as a non-Newtonian Bingham fluid, characterized by yield
shear strength and dynamic viscosity. The grout behaves as a rigid
body under low stress and a viscous fluid under high stress. The
fluid characteristics were simulated using UDEC software to realize
the initiation and flow processes of grout within the fractures. The
flow behavior follows a modified Bingham fluid model, with flow
rate calculations described by Equations 1, 2:
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FIGURE 2
Schematic of the experimental process. (a) Field sampling. (b) Grout mixing. (c) Parameter measurement. (d) Specimen casting. (e) Curing and

demolding. (f) Strength test.

Mudstone

FIGURE 3
Mechanical model of the working face.
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TABLE 1 Physico-mechanical parameters of coal-rock strata.
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Where
Jo=—2 and a=ay+u, (2)
a

Where a is the joint aperture, u, is the grout viscosity, ; is the
yield stress, 7, is the yield strength, u, is the normal displacement.

Based on the geological and mining conditions of the
7,436 working face, a two-dimensional numerical model of the
Kongzhuang 7,436 working face was established using UDEC
software. The model dimensions are 250 m x 55 m. To reduce model
complexity and computational scale, a single key fault (FB19; dip
angle 50°, H = 3.5 m) was simulated. Coal pillars of 50 m width
were reserved on both lateral boundaries to eliminate boundary
effects. To ensure the grout diffusion pattern realistically reflects the
discontinuous characteristics of fractured rock masses, the coal seam
and roof/floor were discretized using random polygonal meshes. The
upper boundary of the model was set as a stress boundary with a
vertical stress of 23.6 MPa and a lateral pressure coefficient of 1.5.
The bottom boundary was fixed with zero velocity in both the X and
Y directions, as shown in Figure 3. The Mohr-Coulomb criterion
was employed to simulate the failure process. Model parameters
were determined based on the grouting materials used and the
characteristics of the complex structural surrounding rock mass, as
listed in Table 1. These include a fracture permeability factor of 1
x 108, zero-stress fracture aperture of 0.1 mm (1 mm in the fault
zone), and residual fracture aperture of 0.02 mm (Wu et al., 2021).
This setup significantly highlights the fault fractured zone as the
core preferential seepage pathway for grout, enabling the study of its
dominant influence on grout diffusion.

The basic assumptions for grout diffusion in the model
are as follows:

(1) Joints are in a dry state, with impermeable strata above the
joints and impermeable boundaries at the model edges.

(2) Grout is treated as an incompressible Bingham fluid diffusing
along the fracture network.

(3) Grout pressure affects fracture width during simulation,
and fracture deformation reciprocally influences grout
diffusion.

(4) Thermal effects from grout hydration reactions are
neglected.

The spatial positioning of grouting holes exerts a significant
controlling effect on the reinforcement efficiency of fractured
surrounding rock. Two critical dimensions include the strike-space
relationship between the final hole position and the fault zone,
as well as the vertical space relationship between the hole layout
layer and the coal-rock strata. In this study, quantitative analysis
was conducted by constructing different numerical models, as listed
in Table 2 and shown in Figure 4. All simulation schemes adopted
identical and constant grouting pressure, water-cement ratio, and
contact parameters. Specifically, the horizontal height and length of
grouting holes were unified in the model group with different final
hole positions, while the length of grouting holes was unified in the
model group with different hole layout layers. Based on laboratory
measurements and the actual grouting engineering in the 7,436
working face of Kongzhuang Coal Mine, the grouting pressure was
set at 12 MPa, the water-cement ratio of Jumina grout was 0.35:1,
and the density was 2000 kg/m>.
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TABLE 2 Numerical model scheme table.

10.3389/feart.2025.1635731

Model Group Simulation Scheme Scheme Description
Scheme C Tip of grouting borehole placed within the coal seam
Scheme I Tip of grouting borehole coincides with the coal-rock interface
Model Group for Different Borehole Placement Horizons Scheme R1 The termination of the grouting borehole is arranged in the rock

stratum 1 m above the coal seam

Scheme R2 The termination of the grouting borehole is arranged in the rock
stratum 2 m above the coal seam

Scheme L2 Tip of grouting borehole located 2 m away from the lower plate
boundary of the fault zone

Scheme L1 Tip of grouting borehole located 1 m away from the lower plate
boundary of the fault zone

Scheme CO Tip of grouting borehole positioned at the central point of the fault
zone

Model Group for Different Final Borehole Positions

Scheme Ul Tip of grouting borehole penetrates the fault zone and extends 1 m
into the upper plate

Scheme U2 Tip of grouting borehole penetrates the fault zone and extends 2 m
into the upper plate

Scheme U3 Tip of grouting borehole penetrates the fault zone and extends 3 m
into the upper plate

To optimize the grouting parameters in the advanced grouting
reinforcement scheme for the 7,436 working face of Kongzhuang
Coal Mine, an orthogonal test was conducted using the numerical
simulation results of different schemes to select the most ideal
grout diffusion scheme. The orthogonal test was introduced to
investigate grout diffusion under different water-cement ratios and
grouting pressures, without considering the interactions between
factor levels. Representative parameters were selected as the values
for each level, and the final orthogonal test design table is
presented in Table 3.

In this study, the total grout seepage length (L), relative
grouting volume (Q,), and relative unit grouting efficiency (#,)
were monitored to quantify the influence of grouting hole positions
on grouting performance. To intuitively compare differences in
grouting volume and unit grouting efficiency among schemes,
relative grouting volume and relative unit grouting efficiency were
used for result characterization and analysis. The total grout seepage
length is defined as the sum of the lengths of each joint through
which the grout flows. The calculation of relative grouting volume
is shown in Equation 3, and the calculation of relative unit grouting
efficiency is shown in Equation 4:

Q
= 3
Qf Qmin ( )
__Q
= L. Nimin @

Where Q is the actual grouting volume, Q,,;, is the minimum

min
grouting volume across all schemes, is the minimum unit

grouting efficiency across all schemes.

ﬂmin
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4 Results and discussion

4.1 Results of fluid-solid property
experiments and material selection

4.1.1 Rheological properties

The comparison results of setting time, bleeding rate, and fluidity
for cementitious materials are shown in Figure 5. Due to its ultra-
fine particle size and high specific surface area, JMN exhibits
significantly enhanced hydration reactions, with initial and final
setting times shortened to 141 min and 175 min-18.0% and 26.2%
lower than those of PC, respectively. Two-component materials
show extremely short setting times due to chemical catalysis: the
initial setting times of IBC and OBC are 2.3 minand 1.7 min,
respectively, but their fluidity decreases, indicating that rapid curing
sacrifices grout diffusivity. JMN has a slightly higher bleeding rate
than PC due to particle packing effects, while the bleeding rates of
IBC and OBC are reduced to 0.21% and 0, respectively, significantly
inhibiting grout stratification. Additionally, JMN achieves a fluidity
of 264.9 mm, which is 168.1%, 43.5%, and 10.5% higher than that
of PC, IBC, and OBGC, respectively. Fluidity tests further validate its
engineering applicability, indicating both long-distance conveying
capacity and high filling efficiency in fractures.

4.1.2 Mechanical properties

After uniaxial compression and flexural tests on fractured coal-
rock cemented specimens cured for different days, the results
are shown in Figure 6. Here, “-R” denotes fractured rock cemented
bodies, and “-C” denotes fractured coal cemented bodies. A
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simulation schemes for different final hole positions.

Schematic of advanced grouting numerical simulation schemes. (A) Schematic of simulation schemes for different hole layout layers; (B) Schematic of

Drill
site

Coal seam

Drill
site

TABLE 3 Orthogonal experimental design matrix.

Experiment Grouting Water-Cement
Number Pressure (MPa) Ratio
1 10 0.3
2 10 0.6
3 10 0.9
4 15 0.3
5 15 0.6
6 15 0.9
7 20 0.3
8 20 0.6
9 20 0.9

comparison of the reinforcement performance of four cementitious
materials for fractured coal-rock masses reveals that the mechanical
strengths of all cemented bodies exceed 70% of their 28-day
strengths after 14 days of curing. JMN exhibits better performance
than PC in both uniaxial compressive strength and flexural strength:
the 14-day uniaxial compressive strengths of JMN-R and JMN-C are
12% and 24% higher than those of PC-R and PC-C, respectively,
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with flexural strengths 8% and 0% higher, respectively. The 21-day
uniaxial flexural strength of IBC-R and IBC-C are 58% and 12%
lower than those of JMN-R and JMN-C, respectively. Although
IBC has high compressive strength, its low flexural strength and
excessively high compressive-to-flexural strength ratio indicate high
brittleness, which may lead to brittle failure under bending stress
and affect reinforcement effectiveness. OBC-R and OBC-C show
excellent compressive and flexural strengths, but their huge grout
consumption for reinforcing fault fractured zones poses serious
environmental and economic issues.

4.1.3 Material selection

In summary, JMN achieves a better balance between
compressive and flexural properties while offering better economy
and environmental friendliness, making it the optimal choice for
advanced grouting reinforcement in Kongzhuang Coal Mine’s 7,436
working face.

4.2 Directional control mechanisms of
grout diffusion by spatial positioning of
grouting holes

4.2.1 Constraint effect of hole layout layers on
seepage paths

Numerical simulation results indicate that the hole layout layers
of grouting holes significantly control grout diffusion paths and

frontiersin.org
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reinforcement ranges, as shown in Figure 7. When the final hole
is located 2 m above the coal seam in the rock stratum (Scheme
R2), grout preferentially diffuses along the fracture network of the
roof rock mass, leaving un-reinforced blind zones in the coal wall
and lower part of the fault fractured zone. Although this scheme
forms a strengthened zone in the roof, it provides only very limited
reinforcement in the upper coal seam, failing to effectively reinforce
the coal mass. When the final hole penetrates into the coal seam
(Scheme C), grout tends to flow into the underlying floor due to
gravity and borehole inclination, resulting in effective reinforcement
of the coal wall but no effective reinforcement of the roof. When
the final hole is located at the coal-rock interface (Scheme I) or 1 m
above the coal seam in the rock stratum (Scheme R1), the pressure
field distributes uniformly on both sides of the coal-rock interface,
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and grout exhibits bidirectional diffusion: upward diffusion along
rock fractures reaches 1.5-2.0 m, while downward diffusion forms
a reinforcement circle with a radius of 1.0-1.5 m in the coal mass.
Schemes I and RI show significantly better prevention of roof
fracturing than Scheme C and better coal wall reinforcement than
Scheme R2, achieving collaborative reinforcement of the upper coal
wall and lower roof rock to effectively compensate for the continuous
failure of the fault fractured zone.

The grout diffusion curves for different hole layout layers
are shown in Figure 8. In terms of total seepage length, Scheme
R2 has the highest value, Scheme I the lowest, with Schemes R1
and C in between, indicating that seepage ranges for holes ending
in rock strata (Scheme R1, Scheme R2) are generally better than
those ending in coal seams or at the interface. When holes are
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FIGURE 7
Pressure distribution of grout in different borehole layer positions.

arranged at the coal-rock interface (Scheme I), both the proportion
of seepage length and grouting volume in the fault zone are the
highest among the four Schemes, indicating that grout easily diffuses
rapidly into the fault zone along primary fractures at the interface,
leading to more obvious ineffective diffusion and a higher risk of
grout leakage into the fractured zone. Scheme R1 has the lowest
proportions of seepage length and grouting volume in the fault
zone, with a slightly higher relative grouting volume than Schemes
C and I. This indicates that Scheme R1 can effectively avoid grout
leakage into the fault fractured zone while better reinforcing the
coal wall and roof. In summary, vertical positioning of the final
hole within 1.0 m above the coal-rock interface achieves balanced
collaborative reinforcement of coal and roof, improves effective
grouting efficiency, and reduces the risk of grout leakage into fault
fractured zones.

4.2.2 Influence of final hole position on seepage
channels

As shown in Figure 9, grout diffusion patterns under different
final hole positions exhibit significant differential characteristics.
When the final hole is located outside the boundary of the fault
footwall (Schemes L1-L2), grout diffuses radially only within the
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rock mass and fails to penetrate into the fault fractured zone,
indicating that effective reinforcement of the fractured zone is
difficult to achieve when the final hole does not traverse the fault
zone. Scheme L2 demonstrates that insufficient sealing segment
length leads to grout leakage along mining-induced fractures around
the drilling field, reducing grouting efficiency. In Scheme C0, where
the final hole is positioned at the center of the fault fractured zone,
grout diffuses bidirectionally with the fault zone as the axis, forming
a symmetrical reinforcement pattern. However, influenced by the
permeable heterogeneity of the fractured zone rock mass, diffusion
efficiency toward the hanging wall and footwall is constrained,
resulting in significant grout loss. When the final hole penetrates
the fault zone and extends to the outside of the hanging wall
(Schemes U1-U3), grout forms composite diffusion channels within
the fault fractured zone and in the hanging wall/footwall areas,
with the diffusion pattern transforming into a radiation-ribbon
distribution. Notably, when the final hole extends beyond the critical
distance outside the hanging wall (e.g., Schemes U2-U3), part of the
grouting pressure gradient transfers to the coal-rock mass outside
the hanging wall. This not only forms a composite reinforcement
structure in the working face crossing the fault zone—combining
a circular diffusion domain (covering both the hanging wall and
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FIGURE 9
Pressure distribution of grout in different final hole positions.

footwall) and a ribbon-shaped reinforcement zone (penetrating
the fractured zone)—but also reduces grout loss intensity in
the fault area.

Figure 10 illustrates the regular variation of grout diffusion
parameters with different final hole positions. Figure 10A shows that
the grouting volume per unit length in Scheme L2 is significantly
higher than in Scheme LI, due to insufficient sealing segment
length in Scheme L2 causing grout to preferentially leak along low-
resistance mining-induced fractures, forming abnormally extended
seepage paths under the same grouting volume. The grouting
volume in Scheme CO reaches 163.4% of that in Scheme LI,
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reflecting grout loss induced by the highly permeable fractured
rock in the fault zone. When the final hole penetrates the fault
zone and extends to the hanging wall (Schemes U1-U3), grout
preferentially diffuses through the main fracture network of the fault
zone toward high-permeability areas, forming dominant seepage
channels. Data in Figure 10B show that when the final hole extends
1 m outside the hanging wall (Scheme Ul), the proportions of
grouting volume and seepage length in the fault fractured zone
reach peak values (35.7%, 33.0%), indicating residual grout loss
risk in the fault zone. In Scheme U2, with only a 3.5% reduction
in grouting volume, the total seepage length remains at 686 m,
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TABLE 4 Orthogonal test result table.

Experiment Number ’ L/(m) ’ Qr nr
1 429 1.00 100.0%
2 583 130 104.5%
3 744 164 105.7%
4 532 120 103.3%
5 745 1.65 105.2%
6 936 2.05 106.4%
7 638 1.40 106.2%
8 860 1.89 106.1%
9 1,001 2.14 108.9%

while the proportions of grouting volume and seepage length in
the fault fractured zone decrease. This demonstrates that Scheme
U2 effectively reinforces the fault zone while promoting grout
diffusion into surrounding rock to form a wide-area reinforcement
network, achieving an optimal balance between grouting efficiency
and reinforcement range.

4.2.3 Analysis of influences of grouting
parameters on grout diffusion efficiency

Based on the above analysis, when the final hole position of
grouting holes extends 2 m beyond the fault zone and is located
within 1 m above the coal-rock interface, the optimal diffusion
effect can be achieved. Therefore, Scheme U2 was selected for
numerical simulation analysis to obtain the total seepage length (L),
relative grouting volume (Qr), and relative unit grouting efficiency
(nr) under different water-cement ratios and grouting pressures,
as shown in Table 4.

Experimental results show that as grouting pressure increases
or the water-cement ratio increases, both the total seepage length
and relative grouting volume exhibit a monotonically increasing
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Layout plan for boreholes in the advanced treatment drilling station at
the 7,436 working face.
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FIGURE 13
Grouting treatment effect diagram. (A) Borehole view after grouting; (B) Coa
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trend. For the index of total seepage length, the range of the water-
cement ratio (AL = 360 m) is 45.6% higher than that of grouting
pressure (AL = 247 m), indicating that the water-cement ratio is
the dominant sensitive factor. When grouting pressure increases
from 10 MPa to 20 MPa, increasing the water-cement ratio from
0.3 to 0.9 leads to diffusion range increases of 73.43%, 75.94%, and
56.90% respectively, showing a trend of first increasing and then
decreasing. When grouting pressure rises from 10 MPa to 15 MPa,
the diffusion increment per unit pressure increase is the largest.

Frontiers in Earth Science 12

At a grouting pressure of 20 MPa, pressure begins to dominate
diffusion, causing grout to easily flow away along a single channel
and form ineffective diffusion. A grouting pressure of 15 MPa
achieves the optimal balance for the diffusion range, avoiding
grout retention at low pressure or excessive fracturing at high
pressure.

For the relative unit grouting efficiency index, the trend is
first an increase followed by stabilization. At a grouting pressure
of 10 MPa, increasing the water-cement ratio from 0.3 to 0.9
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only improves unit grouting efficiency by 5.7%, indicating limited
gains in grouting efficiency from increasing the water-cement
ratio under low pressure. When pressure increases to 15 MPa,
the unit grouting efficiency reaches 1.052 at a water-cement ratio
of 0.6, achieving a better balance between diffusion range and
grouting volume compared to ratios of 0.3 and 0.9 under the same
pressure. Further increasing pressure to 20 MPa slightly improves
unit grouting efficiency, but excessively high pressure in practical
engineering may risk fracturing the surrounding rock. Considering
both diffusion effect and grouting efficiency comprehensively, the
optimal parameter combination is a water-cement ratio of 0.6 and
a grouting pressure of 15 MPa.

4.3 Variation characteristics of coal wall
stability before and after grouting

Based on the mechanical properties of Jumina-cemented
modified
implemented for the fault fractured zone. A comparative study was

fractured coal-rock masses, reinforcement  was
conducted by simulating two coal seam excavation scenarios—with
and without reinforcement—to investigate the positive impacts of
reinforcement on coal mining. When the working face advanced
to the critical area 10 m from the fault fractured zone, three
indicators were monitored within the 5m range ahead of the
coal wall: the number of shear cracks, the number of tensile
cracks, and the maximum horizontal displacement of the coal wall.
Comparative analyses were performed before and after grouting
reinforcement, as shown in Figure 11. The research results show
that in terms of the number of shear fractures, 39 shear fractures
developed in this range without grouting reinforcement measures;
after grouting reinforcement, the number of shear fractures was
reduced to 23, a decrease of 41.0% compared with that before
reinforcement. In terms of the number of tensile fractures, after
grouting reinforcement, the number of tensile fractures was
reduced from 70 to 33, a decrease of 52.9%. In terms of the
maximum horizontal displacement of the coal wall, after grouting
reinforcement, the maximum horizontal displacement was reduced
from 63 cm to 35 cm, a decrease of 44.4% compared with that before
reinforcement. Therefore, the grouting reinforcement technology
for the fault fractured zone significantly reduced the complexity
of the crack network ahead of the coal wall and the horizontal
displacement of the coal wall by improving the integrity of the
fault fractured zone, thus effectively enhancing the load-bearing
performance of the coal wall and reducing geological hazards such
as coal wall spalling and roof collapse.

5 Industrial application and validation
5.1 Surrounding rock control scheme

Based on experimental and simulation studies, the optimized
grouting reinforcement scheme includes: using Jumina cementitious
material to enhance long-distance conveying capacity, fracture
filling efficiency, and cementation strength; extending the final
hole 2 m beyond the fault zone in the strike direction to reduce
grout leakage rate and expand grout diffusion; positioning the
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final hole vertically within 1 m above the coal-rock interface to
achieve bidirectional grout diffusion in coal and rock, cover the
working face crossing the fault zone, and reduce floor seepage;
adopting graded pressure design with a water-cement ratio not
exceeding 0.6, increasing grouting pressure from 12 MPa to 15 MPa
during the high-pressure diffusion stage to improve unit grouting
efficiency; and extending the sealing segment of grouting holes to
reduce grout loss and pressure dissipation along mining-induced
fractures.

Considering the geological conditions and on-site construction
environment, the advanced grouting drill field for the 7,436 working
face is determined to be 37.4m ahead of Point S13 in the
material roadway. Grouting holes are arranged in a fan shape
toward the open-off cut, with a total of 22 drill holes, including
13 reserved holes. Long and short holes form a group, with the
long hole approximately 15m longer than the short hole and
the same azimuth. Borehole angles range from 9° to 16°, hole
depths from 110m to 170 m, final hole positions within 1 m
above the coal-rock interface, and hole spacing no greater than
15 m. The grouting material is Jumina ultra-fine high-permeability
single-component grouting reinforcement material, with a grouting
pressure of 12-16 MPa. Curtain grouting is applied to the coal wall
in the material roadway to prevent grout loss. Within the structural
fractured zone, the hole spacing is reduced from 15 m to 10 m for
key grouting, as shown in Figure 12.

5.2 On-site implementation effect

Six inspection holes were arranged within 30 m ahead of
the working face in the 7,436 material roadway to evaluate
the grouting effect. The boreholes have a depth of 10 m, with
final hole positions within 2 m above the roof. Solidified grout
filling was found in most fractures of the fractured rock and
coal seam regions, as shown in Figure 13A. After implementing
the surrounding rock control scheme, the integrity of the
coal wall was significantly improved. The control effects are
demonstrated in Figures 13B,C, with fracture reinforcement effects
meeting
expectations.

Figure 14 shows the statistical results of coal wall spalling
areas in the working face. It can be observed that after treatment,
the occurrence range of coal wall spalling has decreased from
the original 20#-120# support interval to 42#-78#, transitioning
from long-distance continuous spalling to short-distance sporadic
spalling. The quantity and scope of coal wall spalling have
significantly reduced, enhancing the supporting effect on the roof
and nearly eliminating roof leakage. The face advancing rate has
increased from 1 cycle every 2 days to 2-3 cycles per day, forming
a virtuous cycle.

6 Conclusion
(1) Compared with PC, IBC, and OBC, JMN shortens initial/final
setting times while maintaining high fluidity. Its fractured coal-

rock cemented bodies exhibit higher flexural strength while
ensuring adequate compressive strength. JMN is suitable as
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an efficient grouting reinforcement material for deep fault

fractured zones.
(2) The optimal seepage effect occurs when grouting holes
are vertically positioned within 1.0 m above the coal-rock
interface. Grout achieves bidirectional diffusion into the upper
coal seam and roof, minimizing the proportion of ineffective
seepage in the fault zone and reducing the risk of grout leakage
to the greatest extent.
(3) The best seepage performance is achieved when grouting holes
horizontally extend 2 m through the fault fractured zone. The
grout seepage pattern transforms into a composite structure of
radial and strip reinforcement, increasing the seepage length
per unit grouting volume and minimizing the risk of grout
leakage to the maximum degree.
(4) Orthogonal tests indicate that a water-cement ratio of 0.6
combined with a grouting pressure of 15MPa represents
the most reasonable parameter combination, significantly
reducing the number of coal wall fractures after reinforcement.
Industrial trials of the optimized grouting scheme show
notable reductions in coal wall spalling and roof fracturing,
with the working face advancing rate increased to 2-3 cycles

per day, demonstrating remarkable governance achievements.
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