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Abstract: The process of fully mechanized coal seam mining under aquifers and surface
water bodies has been a challenge in recent years for different countries. During the
evolution of subsidence and the overburdening of rock mass movement above the longwall
goaf, there is always a potential risk of connecting the water-conducting fracture zone
with aquifers. The water inflows in the coal mine’s roadways have a negative impact on
the productivity of the working faces and pose significant hazards to miners in the event
of water inrush. Therefore, the assessment of the height of the water-flowing fractured
zone has an important scientific and practical significance. The background of this study
is the Xinhu Coal Mine in Anhui Province, China. In the number 81 mining area of the
Xinhu Coal Mine during the mining of the number 815 longwall, a water inflow occurred
due to fractures in the sandstone in the overburden rock. The experience of the successful
implementation of the water inrush control method by horizontal regional grouting through
multiple directional wells is described in this paper. This study proposes an algorithm for
the assessment of the risk of water inrush from aquifers, based on an ANSYS 17.2 simulation
in the complex anticline coal seam bedding. It was found that the safety factors based on
the stress and strain parameters can be used as criteria for the risk of rock failure in the
aquifer zone. For the number 817 longwall panel of the Xinhu Coal Mine, the probability of
rock mass failure indicates a low risk of the occurrence of a water-flowing fractured zone.

Keywords: water inrush; aquifer; grouting through multiple wells; coal mining; water-
flowing fractured zone; water inflow; risk of rock failure

1. Introduction
Nowadays, coal provides about a quarter of the world’s energy generation. In the

near future, coal will remain an important source of energy.
The operation of coal mines inevitably leads to the interaction between the network of

mine roadways and aquifers, disrupting natural hydrological conditions. Mine water infil-
trates the underground roadways, necessitating continuous pumping to the surface. This
process is not only highly energy- and cost-intensive but also leads to the contamination of
surface and groundwater with highly mineralized water. Depending on mining-geological
and hydro-geological conditions, water inflows into mines vary, sometimes reaching be-
tween 30 and 300 m3 per hour.
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Water inrushes have not only a negative impact on technological processes but also
pose significant hazards to miners. According to statistics, between 2008 and 2023, China
alone recorded 1465 coal mine safety accidents, resulting in 5473 fatalities. Among these,
164 incidents were water-related, leading to 776 deaths, which accounted for 11.2% of all
accidents and 14.2% of total fatalities, respectively [1].

Liang et al. [2], based on the analysis of statistics, summarized that a total of 1196 ma-
jor water inrush accidents occurred in China in the past 20 years (Table 1), resulting in
4775 deaths and disappearances, and direct economic losses of more than tens of billions
of yuan.

Table 1. Summary of major water inrush incidents [2].

Coal Mine Name Sudden Water
Time

Maximum Surge
Capacity (m3/h) Hydrogeological Features Impact

Cuimu Mine 2013 1300
Water in the Yijun formation

sandstone and Luohe formation
sandstone aquifers

Discontinued

Guojiahe Coal Mine 2016 2300
Water in the Yijun formation

sandstone and Luohe formation
sandstone aquifers

Discontinued

Yuanzigou Coal
Mine 2019 570

Water in the Yijun formation
sandstone and Luohe formation

sandstone aquifers
Discontinued

Gaojiabao Coal Mine 2015 3000 Low river formation sandstone
aquifer Discontinued

Zhaojin Coal Mine 2013 2016 - Rock river formation sandstone
fissure aquifer 11 deaths

Yangliu Coal Mine 2017 - Water in the sandstone aquifer of
the stone box formation Potential threats

Fangezhuang Coal
Mine 2016 60 Hydraulic fracture zones, sandstone

fracture-bearing aquifers No impact

Daliu Coal Mine 2013 430 Water-conducting fracture
zones, geological for-mations Discontinued

Wanglou Coal Mine 2013 1345.7 Jurassic sand and conglomerate
fissure aquifer Discontinued

Lijialou Coal Mine 2016 3158 Water-conductive rift zone Discontinued

Shajihai Coal Mine 2016 -

Water from the Headunhe
formation aquifer, water from the

Xishangyao formation
medium-coarse sandstone aquifer

Discontinued

Shilawusu Coal Mine 2018 921.4 Cretaceous Luohe formation
sandstone aquifer Discontinued

Water inrushes in coal mines are associated both with mining operations conducted
beneath surface water bodies, which is characteristic of shallow mining depths, and with
mining conducted beneath aquifers. Water inrushes become possible when, as a result of
the failure of the overlying strata of the coal seam roof, the water-flowing fractured zone
reaches the aquifer. Thus, determining the height of the overlying strata separation zone in
the working face is a crucial task for assessing the risk of water inrush.

For nearly a century, scientists from various countries have been studying the failure
law of the overlying strata of the coal seam roof. The current methods for investigating



Appl. Sci. 2025, 15, 4302 3 of 24

this process are divided into theoretical analysis, numerical simulation, physical similarity
simulation, and field observation. Initially, the “vertical line theory”, “arch theory”, and
“zoning theory” were proposed. These primitive structural models laid the foundation for
further research, leading to the development of more advanced theories. One example of
this was Stoker’s proposal of the cantilever beam theory to explain the phenomenon of
periodic pressure. In another example, La Paz introduced the “pre-fracture hypothesis”,
suggesting that the overlying strata would cease to collapse after mining [3]. Kuznetsov
formulated the hinged rock block hypothesis, categorizing the rock strata into the irregular
caving zone, regular caving zone, and regular moving zone [4]. Qian Minggao [5] advanced
the “masonry beam theory” based on classical overburden movement and failure hypothe-
ses, explaining the formation of “large structures” and “small structures” as well as the
occurrence of stope pressure in a fully mechanized longwall. Zhenqi Song [6] proposed the
“transfer rock beam theory”, which described the transmission path of stope overburden
pressure and the pressure distribution in high-stress areas.

The “masonry beam theory” served as the foundation for the “key layer theory of strata
control”. By integrating stope pressure, overburden migration law, and surface subsidence,
the key layer theory provides a more comprehensive explanation of the evolution of
fractures in overburden rock under mining influence [7]. Jianping et al. [8] proposed the
“hyperbolic model”, which posited that the focal point of the “hyperbolic” rock layer is
located at the position of the main key layer.

It is generally believed that overburden damage caused by mining is zoned and can be
divided into caving zones, fracture zones, and subsidence zones. Gao et al. [9] based their
theory on the “three-zone” model, subdividing a lower part of the subsidence zone into a
separate delamination zone and proposed the “four-zone” model. This model served as
the basis for the grouting construction design in the case of overburden delamination [10].
In addition, it was used to prevent and control water inrush hazards.

According to the “four-zone” theory, the subsidence zone is primarily influenced by
the movement and deformation of the nearest key layer at the bottom, and the subsidence
trajectory follows a paraboloid with an elliptical shape [11]. Sakhno et al. [12] applied
the “three-zone” model for a numerical simulation of surface subsidence and flooding. A
scheme illustrating the mechanism of water inrush is presented in Figure 1.
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Budryk and Knothe [13] proposed the subsidence theory for the Upper Silesia region
conditions. According to Budryk and Knothe [13], the maximum predicted subsidence is
equal to the thickness of excavating seam multiplied by exploitation parameter a (values
between 0 and 1). The maximum area of exploitation influences contains the mining area
and area in the influence range of exploitation. The depth of seam and the rock mass
parameter tan(β) (where β is the angle of main influences) should be known to compute
the range of exploitation. With known values of maximal subsidence and the range of
exploitation, one can compute the inclination in the distance from the edge of exploited
seam. For standard geological conditions of Upper Silesia Coal Basin, the assumption
of tan(β) = 2 is usually made [14]. The Budryk and Knothe [13] subsidence scheme is a
classical one. Similar subsidence schemes are used in different coal regions of the world. In
particular, they form the basis of current regulatory documents of Ukraine [15].

Based on the aforementioned hypotheses, many modern researchers study the mech-
anism of water inrush resulting from overburden fracture [16–18]. The primary re-
search method in these studies is one of numerical simulation or its combination with
other approaches.

Xiaowei Lu et al. [19] predicted the height of the water-conducting fracture zone using
empirical formulas, a BP neural network, and CDEM numerical simulation. The predicted
height of the two zones in the overlying strata of the working face was verified by the
underground water-conducting fracture zone height observation method and the borehole
peeping method. Donghai Jiang et al. [20] calculated the height of the water-conducting frac-
ture zone in the working face through theoretical analysis, FLAC3D numerical simulation,
and field measurements.

Feng Wu et al. [21] proposed a method for determining the height of the fracture
zone based on thin-plate theory, utilizing theoretical analysis, numerical simulation, and
field measurements. A mechanical model of the key layer as a thin plate was established.
Jianghui He et al. [22] proposed, applied, and validated a method for predicting the
height of the water-flowing fractured zone, explaining the reasons for differences between
coalfields in Northwest and East China. Discrete element software (3DEC) was used to
simulate the progressive failure and collapse of the overlying strata. Lulin Zheng et al. [23]
calculated the maximum height of the failure zone by assuming it to be equal to the height
of the plastic zone obtained from FLAC3D simulation. Additionally, they analyzed the
vertical displacement, vertical stress, and the evolution of the plastic zone in the overburden
rock under different working face advancing distances.

In the aforementioned studies, depending on geological conditions, the height of the
water-conducting fracture zone ranged from 22 to 84 m, once again confirming that the
parameters of the fractured zone depend on numerous factors. Moreover, the research
results were predominantly validated through field monitoring. Thus, there is currently no
unified methodology for predicting the height of the fracture zone and, consequently, for
assessing the water inrush hazard.

To control the water inrush in mining operations, both passive and active control
methods can be employed. Passive measures include water table reduction and dewatering,
whereas active strategies involve the construction of anti-filtration barriers. Unlike dewater-
ing techniques, anti-filtration barriers do not contribute to the generation of contaminated
wastewater or the depletion of groundwater resources. Furthermore, they prevent the
additional deformation of geological formations and surface subsidence.

The presence of water in coal deposits presents significant challenges for mining and
resource recovery. The average water inflow into mining faces typically does not exceed
4–5 m3 per hour. However, even such volumes lead to a decreased labor productivity,
compromised occupational safety, and reduced operational efficiency in coal extraction.
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Therefore, the identification of effective strategies for mitigating excessive water
inflows into mine roadways remains a critical research challenge. The implementation
of advanced technological solutions for preventing water inrush necessitates a precise
understanding of hazardous zones where preventive measures must be applied.

An analysis of recent studies has revealed that the variety of forms of folds and
overburden rock structures cannot be taken into account in theoretical calculation methods
of the height of the fractured zone, which is their significant weakness. At the same time,
numerical simulation allows to predict more accurately the fractured zone parameters
in a wide variety of conditions, for example, in the case of a non-monoclinal structure
and the complex lithology of overburden rock. Previous articles are mainly focused on
assessing the height of fractured zones in monocline without taking into account specific
geological conditions.

The main novelty of this paper is the development of the algorithm for assessing the
risk of water inrush from aquifers based on an ANSYS simulation in complex anticline coal
seam bedding. The proposed algorithm has been tested for the conditions of the number
817 longwall panel of the Xinhu Coal Mine. Based on the conducted research, the risk of
water inrush is evaluated. The water inrush control method by grouting through multiple
directional wells is described in this paper. The successful implementation of this method
is presented based on the experience of the Xinhu Coal Mine.

2. Engineering Background
Xinhu Coal Mine is located in Woyang County, Anhui Province, China, approximately

14 km from Woyang County (Figure 2a). The coal mine has a designed capacity of 3 million
tons per year and an expected service life of 63.4 years.

Mining area 81 is situated in the central-western part of Xinhu Coal Mine. This is the
first extraction panel in the mine. The designed length of the number 815 longwall panel is
1770 m (horizontal distance), with a longwall length (inclination distance) of 239 m. A fully
mechanized cave mining of the coal seam was used.

Based on drilling data and three-dimensional seismic exploration, 195 combined faults
have been identified in the mining area, including 3 faults with H ≥ 100 m, 3 faults with
50 m ≤ H < 100 m, 4 faults with 20 m ≤ H < 50 m, 21 faults with 10 m ≤ H < 20 m,
77 faults with 5 m ≤ H < 10 m, and 87 faults with H < 5 m. Among them, fault 815F16 is a
high-angled fault with a displacement of 7.5 m. It is activated by factors such as ground
stress, abutment pressure, overburden deformation, and resulted in active water inflow.

Through a statistical analysis of exploration well data in the number 81 mining area,
the predominant lithology has been identified as fine sand and clayey sand. Additionally,
the bottom layer contains gravel, clay, or loam.

The upper part of the number 81 mining area is weakly water-bearing (−450 m) and
consists of gray-green, brown-red, gray-white, clayey sandstones, and limestone clays, with
localized occurrences of marl. The thickness of the impermeable layer remains relatively
stable, which prevents surface water and atmospheric precipitation from establishing a
hydraulic connection with the 81 mining area and the coal-bearing underground water.

During the mining of the 815 longwall, a filtration window formed due to a fracture in
the sandstone in overburden rock. The longwall mining began in March 2023, and, when
314 m had been extracted, water inflow occurred (Figure 2b). At the time of the incident, the
volumetric water inflow rate was approximately 200 m3/h, reaching a peak of 300 m3/h.
The water contained a high concentration of sediment, which led to the blockage of the
water pumps.
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Figure 2b illustrates the layout of four longwall panels with the location of the water
window. In addition, Figure 2b shows the location of monitoring wells. A total of 11 wells
were drilled to identify aquifers and monitor water levels.
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The primary hazard is posed by the aquifer, as shown in Figure 3a. The aquifer water
inrushes in the underground mine roadways through a water-conducting fracture zone.
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Two-level horizontal anti-filtration barriers were constructed to control water inrush
in the mine. As part of the project, two groups of wells, D1 and D2, were drilled, with a
total length of 4447 m (Figure 3).

The concept of the water inrush control method was based on sealing the water inflow
channels [24]. This method involved constructing a double horizontal water-protection
barrier with two groups of multiple wells in a crosswise pattern. The creation of two
interstratal horizontal anti-filtration barriers was carried out by horizontal drilling.

A system of multiple injection wells was established and filled with a cementing
mixture. Initially, grouting was applied to seal exposed rock fractures to prevent the loss of
drilling fluid. Subsequently, large water-conducting channels were filled, followed by the
injection of cement under pressure to seal the remaining rock fractures.

Dense cement slurry with a density of 1.5 g/cm3 was used for water blocking. The
cement slurry consisted of cement and aggregates, including fine sand, coarse sand, and
granulated slag. In total, 20,926 tons of cement and 655 tons of aggregates were injected as
part of this project.

The principal scheme of the drilling of horizontal wells for the creation of anti-filtration
barriers is presented in Figure 3b. The barrier layers were located at 70 m and 100 m above
the roof of the 8 coal seam in 81 area. The wells were positioned 20–50 m apart.

As a result of segmented and sequential cementation, fractures were sealed, effectively
blocking the water channels through which water entered the mine roadways. This process
eliminates the issue of roof damage caused by water infiltration.

The project consists of two groups of wells with 11 branches, positioned across the
815F16 fault (339◦∠78◦, H = 7.5 m) and 815F15 fault (344◦∠40◦, H = 1.3 m). Well D1 is
located approximately 70 m above the roof of the number 8 coal seam, while well D2 is
positioned at a depth of 100 m above the roof of the number 8 coal seam.

Figure 4 presents the principal scheme of cementation through well D2-1, which was
the largest and reached 11,895 tons. This well primarily sealed the water inflow and 815F16
fault. After the preliminary filling of fractures, a large volume of cement slurry was used to
form the so-called “cap”, effectively sealing the aquifer.
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The water pathways were effectively sealed by creating a horizontal anti-filtration
barrier and cementing the water-conducting channels through which water enters the mine
roadway of the number 815 longwall panel. This significantly reduces the volume of water
inflow, achieving a 100% water-blocking effect.
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3. Materials and Methods
3.1. Geological and Engineering Conditions

Number 81 mining area is located on the eastern limb of the Xinhu syncline, south of
the number 14 exploration line. North of the 14 line, the structural orientation gradually
transitions into a monoclinal structure near NW40◦ and dips toward NE50◦. Most of the
coal seam dip angles vary from 10◦ to 25◦, with an average dip angle of 12◦.

The average coal seam thickness is 2.6 m. The fully mechanized caving mining of the
coal seam with shearer technology was adopted. The number 815 ventilation and conveyor
roadways had a rectangular cross-sectional shape, with arched roof profile. The length of
the number 815 longwall was 230 m.

This study examines an area of the mine field located near the 815 accident longwall
(Figure 5). As seen from the cross-section, which illustrates the situational overview
along with geological and mining-technical components, during the excavation of the
815 longwall panel, the distance to the aquifer is the shortest. Consequently, the risk of
establishing a hydraulic connection with the aquifer is maximal.
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The location of the stop mining line of the number 815 longwall allows to make an
assessment of the spatial relationship between the working face, fault, and aquifer at the
moment of water inrush and the identification of its primary causes. The first cause is that
the water-conducting fracture zone above the goaf reaches the aquifer. The second cause is
the influence of 815F16 fault (the predicted position of this fault is marked in red dashed
line in Figure 5). The steep inclination of the fault at 78 degrees and its large displacement
(7.5 m) leads to the formation of a downward water migration path, even in the absence of
hydraulic pressure. Practical evidence suggests that a synergistic effect of both causes was
likely present.
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Analysis of the geological cross-section indicates that the distance to the aquifer in the
unmined part of the field will gradually increase due to the coal seam’s dip angle. This
reduces the risk of water inflow from the aquifer through the water-conducting fracture
zone above the goaf. At the same time, an analysis of fault parameters suggests that, in
the unmined part of the mine field, the water inflow through faults is unlikely, since faults
with steep inclination and large displacement (like the 815F16 fault) are not detected by the
geological forecast.

Thus, during the extraction of future longwall panels, the highest risks of water inrush
are associated with extraction of the number 817 longwall. At the same time, the most
hazardous thing is inflow through the water-conducting fracture zone. This conclusion
is based on the geological assessment and the adoption of the mechanistic concept of
hazardous sections as a risk criterion. Consequently, the target-studied area of potential
hazards is shown in Figure 5. This area allows to define the model’s dimensions for the
numerical simulation. The study of the stress–strain state of the rock mass should be
conducted in the direction of the unmined area, which is located to the right of the stop
line of the number 815 longwall.

3.2. Numerical Model

Figure 6a shows a schematic representation of the geomechanical conditions after
the excavation of the 817 longwall. The numerical model, which was used in this study
(Figure 6b), was based on this scheme.

The coal-bearing strata are Permian multi-strength rock mass represented mainly by
sandstone, mudstones, and limestones. For the numerical simulation in this study, the
lithological column was simplified. The rock strata were combined into groups. Each rock
strata group had a thickness of 125 m. The choice of such thickness was determined by
the distance from the number 8 coal seam to the aquifer. The Cenozoic strata, which cover
the Permian, were also divided into 125 m groups. The rock properties in each group
were calculated as a weighted average and were specified during model calibration. The
calibration procedure is given below.

The aquifers are divided into the Quaternary loose-layer pore aquifer group, the
Permian main coal-bearing sandstone fracture aquifer sections, and the Taiyuan Group and
Ordovician limestone karst fracture aquifer sections [25]. Number 8 coal seam belongs to
the Permian coal-bearing strata. The Permian strata contain three groups of the fractured
sandstone aquifers. The main recharge water source for mine water is the Cenozoic bottom
aquifer, which covers the Permian coal-bearing strata. This aquifer directly overlays the
coal-bearing strata, with a thickness ranging from 0 to 20.65 m, averaging 6.53 m. The floor
depth ranges from 425.40 to 516.60 m, with an average of 487.57 m. The aquifer thickness
varies greatly and consists of silty yellow, deep yellow, and variegated fine to medium
sand, gravel, claystone, and silty gravel (Figure 6a).

The right boundary of the model was positioned at a distance exceeding 40% of the
length of the 817 longwall goaf along the dip direction. The lateral boundaries did not
affect the stress–strain state near the longwall panel. Thus, the boundary conditions in the
model were satisfied.

The finite element method in the Ansys Mechanical 17.2 software for three-dimensional
solid modeling was used for numerical simulation. The numerical model’s dimensions
were set to 1000 m in width, 814 m in height, and 200 m in length (Figure 6b). The model
width was pre-optimized by testing the sensitivity of the model by the stress factor.

The horizontal displacements of the lateral boundaries of the model were constrained
in a normal direction, while the bottom boundary was fixed vertically. The upper boundary
of the model was not fixed. Vertical gravity was the only applied force in the model.



Appl. Sci. 2025, 15, 4302 11 of 24Appl. Sci. 2025, 15, x FOR PEER REVIEW 11 of 25 
 

(a) 

 
(b) 

Figure 6. Principal scheme of the model after the excavation of 817 longwall (a), numerical model 

in Ansys software (b). 

The finite element method in the Ansys Mechanical 17.2 software for three-dimen-

sional solid modeling was used for numerical simulation. The numerical model’s dimen-

sions were set to 1000 m in width, 814 m in height, and 200 m in length (Figure 6b). The 

model width was pre-optimized by testing the sensitivity of the model by the stress factor. 

Figure 6. Principal scheme of the model after the excavation of 817 longwall (a), numerical model in
Ansys software (b).

A meshing of the prismatic elements was used in the model. The numerical model
was automatically divided into finite elements by the built-in meshing module. The op-
timal shape and size of the finite elements were selected based on its geometry. After
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mesh generation, the model was checked for geometric errors (such as zero-length ele-
ments, degenerate elements, and duplicate node numbers). Subsequently, a manual mesh
optimization was performed.

An orthotropic model was used to simulate the behavior of the rock mass. The
behavior of anisotropic material, such as sedimentary rocks, is accurately simulated by this
model [26–28]. The variation in the physical and mechanical properties of rock mass along
and across the bedding planes was determined by the calibration of the numerical model,
as described in the study of [29].

Since the model represented a scenario after excavation of the number 815 longwall
and the number 817 longwall, a fractured zone and caved zone were simulated in goaf,
according to three-zone theory [9–12]. The height of caved zone was equivalent to eight
coal seam thicknesses, and the height of fractured zone was equivalent to twenty seam
thicknesses. The basis for such an assumption was the research of Borisov S.S., Kuznetsov
G. N., and Ogloblin D. M. In addition, such a model was validated with the results of field
measurements, which was shown in previous studies [12,30].

The properties of the rock mass are presented in Table 2. The directions of E1, E2, and
E3 in the anisotropic model corresponded to the direction of the axes OX (horizontal), OY
(vertical), and OZ (horizontal). To simulate the behavior of rock mass in caved zone and in
fractured zone, a pseudo-elastic model was applied, with a Poisson’s ratio of 0.45 and a
deformation modulus of 0.6 GPa in caved zone and 0.9 GPa in fractured zone.

Table 2. Rock mass properties for numerical simulation.

E1,
(GPa)

E2,
(GPa)

E3,
(GPa) ν12 ν23 ν31

G12,
(GPa)

G23,
(GPa)

G31,
(GPa)

Density,
kg/m3

Quaternary sediments

1.4 6.3 1.4 0.27 0.1 0.25 0.55 2.86 0.56 2000

Rock strata group #1

2.1 19.2 2.1 0.23 0.12 0.22 0.85 8.57 0.86 2350

Rock strata group #2

2.9 24 2.9 0.23 0.12 0.22 1.18 10.71 1.19 2550

Rock strata group #3

2.45 19.2 2.45 0.23 0.12 0.22 1.00 8.57 1.00 2450

Rock strata group #4

2.6 22.8 2.6 0.23 0.12 0.22 1.06 10.18 1.07 2500

Rock strata group #5

2.1 19.2 2.1 0.23 0.12 0.22 0.85 8.57 0.86 2350

Rock strata group #6

2.45 19.2 2.45 0.23 0.12 0.22 1.00 8.57 1.00 2450

The modeling was carried out step-by-step. The geometry and the finite element mesh
were not changed, which excluded the accumulation of errors in the solving process.

3.3. Simulation Results

The evolution of vertical displacements and vertical stresses in the model during
step-by-step simulation is shown in Figure 7 and Figure 8, respectively. The vertical
displacement (subsidence) scale is 1:10.
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Step 1: Loading the model with gravity, followed by writing the values of stresses and
displacements at all nodes of the model into a file using the “Inistate” command in the
ADPL programming language (Figure 7a).

Step 2: Reading the created file with stored values and recalculating the numerical
model to reset displacements. This step establishes the initial stress–strain state of the rock
mass (Figures 7b and 8a).

Step 3: Simulating coal extraction with the formation of the fractured zone and caved
zone (Figures 7c and 8b).
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Before coal seam excavation, the stress field in the model (as well as in situ) corre-
sponds to the gravitational stress component and can be calculated by multiplying the rock
mass density by its depth. Thus, in Figure 8a, the uniform increase in stress with depth
can be observed. This stress pattern characterizes the natural stress–strain state of the rock
mass before mining. The corresponding vertical displacement distribution is shown in
Figure 7b, where displacements are zero, indicating the undisturbed state of the rock mass.
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As a result of coal seam extraction in the number 815 and 817 longwalls (left part of
the model), a fractured zone and a caved zone formed in the goaf. The roof strata sag,
failure, and fall filled the void that was left after coal extraction. During this process, the
rock mass expanded and provided support to the overlying strata. This led to the rock
mass movement and surface subsidence.

According to the simulation results, the surface subsidence above the goaf of the 815
and 817 longwalls is equal to 1.81 m. Increased stresses were formed over the edge of the
number 817 longwall. The vertical stress concentration factor is as follows:

Stress concentration =
σmax

σ0
=

63.7
16.8

= 3.79, (1)

where σmax—maximum vertical stress, MPa; σ0—lithological stress, MPa.
A zone of reduced stress occurred above the 817 longwall, while, above the 815 long-

wall, after the compression of rocks in the goaf, stress gradually recovered. This stress
distribution aligns with the modern understanding of the geomechanical processes that
occur above the longwall goaf.

The adequacy of numerical models was evaluated by the deviation value of the
simulation results from actual field-measured parameters. Since in situ subsidence mon-
itoring was not conducted within this study, the model validation and calibration were
performed using predicted subsidence values, as calculated according to the regulation
MFEU 101.00159226.001-2003 [31]. Table 3 presents the calculated results of the subsidence
trough according to the regulation MFEU [31].

Table 3. Results of the calculation of semi-trough parameters [31].

Length of the Semi-Trough, m Subsidence, m

0.00 −1.80524

62.00 −1.78719

124.00 −1.71498

186.00 −1.55251

248.00 −1.28172

310.00 −0.90262

372.00 −0.52352

434.00 −0.25273

496.00 −0.09026

558.00 −0.01805

620.00 0

The surface subsidence graphs, used in this study as a criterion for validation of
numerical model, are presented in Figure 9.

The accuracy of the numerical model was assessed based on the percentage error
calculation. The percentage error for subsidence was calculated as follows:

µs =
Smon − Ssim

Smon 100% (2)

where Smon–Subsidence according to MFEU, mm; Ssim–Subsidence based on numerical
simulation results, mm.
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Figure 9. Surface subsidence calculated according to MFEU 101.00159226.001-2003 [31] and the finite
element method.

To assess the error across the entire subsidence curve, the cumulative error was used.
For the calculation of this error, the subsidence data were read from graphs along the length
of the subsidence trough with a 50 m step. The scheme explaining this process is presented
in Figure 10.
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The uniform step of data reading from graphs aided to eliminate an error accumulation.
The results of the analysis are presented in Table 4. This table also includes the step-by-step
calculation of percentage error.

The percentage error calculated according to (2):

µs =
18948 − 20046.1

18948
100% = −5.79% (3)

The cumulative error is 5.79%, a result that indicates sufficient model accuracy. Based
on this, it can be concluded that the numerical model is adequate and can be used in
this study.
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Table 4. Results of percentage error calculation.

Length of the
Semi-Trough, m

Subsidence According to
Absolute
Error, mm

Percentage
Error, %MFEU, mm FEM (Finite Element

Method), mm

0 1800 1810 −10 −0.5556

50 1800 1810 −10 −0.5556

100 1792.5 1810 −17.5 −0.9763

150 1772.5 1810 −37.5 −2.1157

200 1742.2 1810 −67.8 −3.8916

250 1699 1797.5 −98.5 −5.7975

300 1639.2 1755.7 −116.5 −7.1071

350 1557.6 1671.5 −113.9 −7.3125

400 1443.8 1523.6 −79.8 −5.5271

450 1280 1280 0 0.0000

500 991.9 1066 −74.1 −7.4705

550 665.8 809.1 −143.3 −21.5230

600 403.5 532.5 −129 −31.9703

650 218.4 305.3 −86.9 −39.7894

700 98.6 158.9 −60.3 −61.1562

750 36.6 69.9 −33.3 −90.9836

800 6.7 26.1 −19.4 −289.5522

Total 18,948.3 20,046.1 −1097.8

Three horizontal monitoring lines were used for the stress–strain analysis of the rock
mass above the goaf, the edge of the 817 longwall, and the coal seam (Figure 11).

Monitoring line 1 was located along the lower boundary of the aquifer (elevation mark
−487.0 m).
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Monitoring line 2 was located along the lower boundary of the fractured zone (upper
boundary of the caved zone), which is also at the most hazardous intersection (where the
seam depth is minimal, at the crest of the anticline) (elevation mark −587.0 m).

Monitoring line 3 was located between two previous lines along the upper boundary
of the fractured zone at the most hazardous intersection (elevation mark −557.0 m).

The distribution of vertical and horizontal displacements along the monitoring lines
is shown in Figure 12. These graphs indicate that, within the goaf, across the fractured
zone and caved zone, irregular vertical displacements are observed. The maximum vertical
displacements occurred in the goaf of the number 817 longwall panel (Figure 12a). Above
the ventilation roadway of the number 817 longwall, vertical displacements decreased.
After that, they increased again in the goaf of the number 815 longwall. The maximum
inflection of the vertical displacements curve was observed along monitoring line 2. Along
monitoring line 3, the inflection of the vertical displacement curve decreased, reflecting a
general stabilization trend. At the aquifer level (monitoring line 1), vertical displacements
stabilized, and no inflection of the curve was observed.
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Above the goaf of the 817 longwall panel, horizontal displacements reached their
maximum values (Figure 12b). Horizontal displacements represent tensile deformations,
as they have a positive sign. The maximum horizontal displacement reaches 16 cm along
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the monitoring line 2. Along the monitoring line 3, horizontal displacements decrease, and,
at the aquifer level, they stabilize, aligning in magnitude with the horizontal displacements
over the coal seam near the edge of the 817 longwall.

Thus, the vertical and horizontal displacement analysis highlights two potentially
hazardous zones:

- The center of the goaf of the 817 longwall panel, where maximum vertical and hori-
zontal displacements are observed;

- The edge of the 817 longwall panel, where significant horizontal deformations occur.

However, the analysis also indicates that, at the aquifer level, vertical and horizontal
deformations vary smoothly and without any abrupt changes.

The stress distribution analysis along the monitoring lines is shown in Figure 13. At the
conveyor roadway level, the vertical stresses in the rock mass are equal to the lithological
ones (Figure 13a). To the right of the conveyor roadway (toward the seam), vertical stresses
increase within the abutment pressure zone and stabilize at a distance of 150–200 m.
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The maximum vertical stress concentration factor was observed along monitoring line
2, with a peak stress value of 24.3 MPa.

The maximum stress zone was shifted toward the coal seam. Vertical stresses at the
aquifer level reached 18.6 MPa. The safety factor (SF) by stress at the aquifer level is

Safety Factor(Stress) =
[σ]

σmax
=

21.5
18.6

= 1.15 (4)

where σmax—Maximum stress, MPa; [σ]—Uniaxial Compressive Strength (UCS) of rock
mass, MPa.

The safety factor 1.15, based on the stress parameter, indicates a conditionally stable
state (SF = 1.1–1.3) of rock mass near the aquifer zone, according to Hubble [32].

In the goaf of the 817 longwall panel, a stress relief zone was observed, with a minimum
stress of −10 MPa. Stresses stabilized in the goaf of the 815 longwall panel as a result of
compaction.

Horizontal stresses are maximal along monitoring line 3 (Figure 13b). In the goaf of
the 817 longwall panel, the same stress variation pattern was observed as in the case of
vertical stress distribution. However, at the aquifer level (monitoring line 1), horizontal
stress fluctuations are insignificant, unlike the vertical stress fluctuations.

From a risk assessment perspective, the most hazardous zone is in the surrounding
rock of the conveyor roadway of the 817 longwall panel at the coal seam side, where the
stress peak was observed.

The distribution of strain along the monitoring lines is shown in Figure 14.
According to the results of testing soft rock samples in a volumetric field [33,34] and

under uniaxial compression [35,36] it was found that, for mudstone, siltstone, argillite,
shale, and sandstone with a strength of 25–40 MPa, the failure limit for strain is about
0.02–0.03. At the same time, for most soft mudstone, siltstone, and argillite, the limit for
strain is about 0.02.

Vertical strains (Figure 14a) at the aquifer level are two orders of magnitude less than
the peak strains for sedimentary rocks. In the fractured zone, vertical strains exceed peak
values, but this zone does not extend to the aquifer.

Horizontal strain (Figure 14b) at the aquifer level reached maximum positive value
(tensile strain) above the conveyor roadway of the 817 longwall panel, i.e., at the edge of
the 817 longwall. The magnitude of this strain is 0.0003.

The safety factor by strain at the aquifer level is as follows:

Safety Factor(Strain) =
[ε]

εmax
=

0.02
0.0003

= 666.7 (5)

where εmax—Maximum strain; [ε]—Peak strain.
Thus, the risk of rock mass failure near the aquifer zone based on the safety factor by

strain is extremely low. According to Hubble [32], the rock mass situated near the aquifer
zone is normally found to be in a stable state.

The horizontal strains above the goaf were maximal along monitoring line 2. These
strains are associated with the bending zone of the rock mass in the “intact rock—goaf”
conversion area.
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4. Discussion
The result of numerical simulation indicates that the risk of aquifer rock failure, based

on the safety factor by strain, is extremely low. The most hazardous zone, according to
the simulation results, is the longwall edge zone (to the right of the number 817 conveyor
roadway). At the same time, the safety factor by stress indicates conditionally a stable state
(SF = 1.1–1.3) [32] of the rock mass near the aquifer area.

Unfortunately, at this present moment in time, there are no generally accepted laws
linking safety factors and probabilities of rock mass failure. Figure 15 shows the relationship
between safety factors and probabilities of rock failure based on some current geotechnical
engineering studies. Although it is accepted that they may only be applied within the
constraints of the studies undertaken, it is proposed to use their results to assess the
probability of failure in this study.

The probabilities of rock failure near the aquifer were assessed in accordance with the
graphs shown in Figure 15. The safety factor of 1.15 corresponds to probabilities of failure
of 0.12–0.25 according to the studies of Lambe et al. and Gover [32]. Thus, it is proposed to
use probability of rock failure based on safety factors as criteria for the risk of water inrush.
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Based on statistical data, Sakhno et al. [37] proposed to implement a four-score system
to estimate inrush risk in terms of the levels: “low” level (16.0–36.9); “average” level
(37.0–57.9); “high” level (58.0–78.9); and “critical” one (79.0–100.0) (Table 5). According to
this classification, the risk of water inrush in the number 817 longwall panel is assessed as
being “low” (16.0–36.9).

Table 5. Qualification of the inrush risk levels.

Inrush Risk
Level

Probability of
Failure, %

Probability of
Failure Level

Accident Risk Caused by
Rock Failure

Low 16.0–36.9 Very low Acceptable

Average 37.0–57.9 Possible
Acceptable in case of

supervision and repetitive
monitoring

High 58.0–78.9 Expectable Nonacceptable without
regular control measures

Critical 79.0–100.0 Very expectable Nonacceptable

The integration of simulation results with the geological condition analysis indicates
that the flooding incident in the 815 longwall occurred within the influence zone of the
815F16 geological fault, with a steep inclination (78 degrees) and a large displacement
(7.5 m). This geological fault led to the rock failure, creating a water migration channel
from the aquifer.

Thus, the highest risk of future water inrush from the aquifer can be expected in zones
influenced by faults with steep dip angles. Specifically, in the 817 longwall panel, two faults
have been identified, with inclinations of less than 50 degrees and displacement of about
one meter. Therefore, available geological data do not allow to predict the occurrence of
any additional risk of water inrush in the 817 longwall panel.

Based on the conducted research, the following algorithm for determining the risk of
any water inflow from aquifer is proposed:

1. Construction of a numerical model based on geological exploration data.
2. Calibration of the model and verification of its adequacy.
3. Calculation of the stress–strain state of the rock mass.



Appl. Sci. 2025, 15, 4302 22 of 24

4. Analysis of the stresses and strains at the lower boundary of the aquifer.
5. Calculation of safety factor (Stress) and safety factor (Strain) by mathematical expres-

sions (4), (5).
6. Determination of the probabilities of rock mass failure (Figure 15).
7. Estimating inrush risk (Table 4).
8. Additional assessment of the influence of faults with steep dip angles and large

displacement.

The proposed algorithm has been tested for the conditions of the 817 and 815 longwall
panel of the Xinhu Coal Mine. Fulfillment of 1–7 points of the proposed algorithm does not
show the risk of water breakthrough over the 815 longwall panel. However, such a risk can
be predicted based on point 8. The lack of a reliable forecast of the spatial orientation of the
fault does not allow to enter it into the model for a more accurate analysis. The geometry
of the model can be adjusted when spatial orientation of the fault is known.

As a preventive measure against water inrushes in fault-influenced zones, it is rec-
ommended to preemptively create local anti-filtration barriers from underground mine
roadways by the application of grouting. This method helps to prevent water inflows by
the grouting of fractured rocks in fault zones. Additionally, the total drilling costs would
be significantly lower than those associated with the surface-based method, which was
implemented at the Xinhu Coal Mine to control the flooding incident.

For real-time monitoring and timely decision making, it is recommended to estab-
lish a water inflow monitoring system (monitoring wells) in potentially high-risk zones,
particularly those near the faults.

Alongside the water monitoring system, an emergency response protocol for increased
water inflows should be incorporated into the mine’s emergency response plan. This pro-
tocol should include rapid-response measures, such as the mobile injection of fast-setting
cement mixtures into potential water inrush hazardous zones within the mine. The com-
prehensive implementation of these measures will enhance the safety of mining operations.

5. Conclusions
This study was focused on the challenge of coal mining under aquifers. In this paper,

we have described a water inrush control method by grouting through multiple directional
wells, which was implemented in the Xinhu Coal Mine. The numerical simulation by
ANSYS software was used to analyze the stress–strain state of surrounding rock near the
aquifer. As a result, the locations of maximum stress and strain zones in surrounding rock
near aquifer over the goaf of the longwall panel were found. Based on this analysis, an
algorithm for determining the risk of water inrush from aquifer was proposed, and its
testing for the conditions of the 817 longwall panel was conducted. Based on the results of
this investigation, the following conclusions can be drawn:

(1) The stress–strain analysis highlights where two potentially hazardous zones of rock
mass failure near the aquifer may be found:

- Above the goaf of the longwall panel, where maximum vertical and horizontal
displacements and strain are observed;

- Above the edge of the longwall panel, where maximum vertical stress occurs.

At the same time, concentrations of compressive stresses in the abutment zone above
the edge of the longwall panel are the most likely cause of rock failure.

(2) Safety factors, based on the stress and strain parameters, can be used as criteria
for the risk of rock failure in the aquifer zone. The result of numerical simulation
indicates that the risk of failure of surrounding rock near the aquifer based on the
calculation of the strain safety factor is extremely low. The safety factor by stress
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indicates a conditionally stable state of rock mass near the aquifer zone. Based on
current geotechnical engineering studies, it is possible to recalculate safety factors to
probabilities of rock failure. For example, for the edge of the 817 longwall panel, a
safety factor of 1.15 corresponds to probabilities of rock failure of 0.12–0.25.

(3) The algorithm for determining the risk of water inflow from aquifer is proposed. The
proposed algorithm has been tested for the conditions of 817 longwall panel of the
Xinhu Coal Mine.
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