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Abstract

The intrusion of groundwater inevitably alters the environment within the caving zones
of mined-out areas and affects the mechanical properties of the surrounding rock mass,
thereby influencing surface deformation. To investigate the deformation mechanisms of
overburden and surface under the influence of groundwater in caving zones, as well as
the deformation patterns of abandoned mined-out areas under different geological and
mining conditions, this study takes a coal mine in Jiangsu Province, China, as a case study.
Based on FLAC3D (version 6.00) numerical simulations, the study analyzes the mecha-
nisms and main influencing factors of overburden and surface movement in abandoned
goafs under groundwater conditions. It further examines the deformation patterns under
groundwater intrusion and explores the effects of different mining thicknesses and weak-
ening of caving zone parameters on surface deformation. The results show that the weak-
ening of mechanical properties leads to subsidence of the overburden and surface, while
increased pore water pressure reduces effective stress, causing initial subsidence followed
by uplift. Moreover, under varying conditions of coal seam thickness and weakening in-
tensity of the caving zone, surface deformation in response to groundwater in abandoned
goafs exhibits distinct patterns. These findings provide a theoretical basis for scientifically
interpreting the propagation mechanisms and movement characteristics of surface defor-
mation in abandoned mines under hydro-rock interaction.

Keywords: groundwater influence; abandoned goafs; surface deformation patterns;
propagation mechanism

1. Introduction

Long-term intensive coal exploitation has resulted in the progressive depletion of
coal reserves and the consequent closure of a large number of coal mines. According to
successive Annual Reports on the Development of the Coal Industry, the number of coal mines
in China has continuously declined. In 2013, the total number of coal mines was approxi-
mately 12,000, whereas by the end of 2025, it had decreased to fewer than 4200, represent-
ing a reduction exceeding 60%.
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Following mine closure, pumping and drainage operations are terminated, leading
to a progressive rise and redistribution of groundwater levels. Under such hydrogeologi-
cal conditions, abandoned mines are highly susceptible to groundwater accumulation and
waterlogging in goaf areas, thereby increasing the risk of secondary geological hazards.
Previous studies indicate that the extraction of every 10,000 tons of coal induces approxi-
mately 0.2-0.33 hm? of surface subsidence [1]. Based on the Annual Reports on the Develop-
ment of the Coal Industry and relevant datasets [2], the cumulative coal production in China
from 1949 to 2025 is estimated to be approximately 113.79 billion tons. Using a conserva-
tive mean subsidence coefficient of 0.265 hm? per 10,000 tons, the cumulative subsidence-
affected area by 2025 is estimated to reach approximately 3.016 million hm?.

Furthermore, assuming a constant annual coal production of 4.5 billion tons, the
newly induced subsidence area is estimated to be approximately 119,000 hm? per year,
indicating that coal mining-related land subsidence remains a non-negligible and contin-
uously accumulating environmental impact.

Groundwater acting within goaf areas reduces the strength of fractured rock masses.
This weakening may destabilize fractured rock blocks within the fractured zone, causing
them to slip or collapse due to changes in the void space beneath, thereby inducing defor-
mation of the overlying strata [3]. Groundwater not only affects the mechanical properties
and structural characteristics of the overburden in goaf areas, but also alters the internal
stress state of the rock mass through pore water pressure acting on the solid skeleton,
thereby influencing overburden stability. Under groundwater action, surface deformation
may occur in abandoned goafs. This type of deformation, not directly induced by mining
activities, is referred to as secondary subsidence and includes both surface subsidence and
uplift phenomena [4-6]. The deformation associated with secondary subsidence in aban-
doned goafs is characterized by long-term evolution and complexity, typically involving
both subsidence and uplift processes [7,8].

In recent years, scholars have conducted studies on residual deformation character-
istics of goaf areas under groundwater influence. These studies have primarily focused on
the degradation of mechanical properties of fragmented rock masses due to groundwater.
Such degradation accelerates pore compaction, leading to increased surface subsidence.
Most research has analyzed the effects of groundwater presence and groundwater level
on surface deformation in goaf areas. Liu Zhanxin et al. [9] performed numerical simula-
tions considering water filling conditions and building loads as variables, and obtained
surface movement and deformation patterns under different scenarios. Bai Yun et al. [10]
investigated overburden deformation characteristics under varying groundwater levels
using FLAC3D. Hailong et al. [11] employed similar-material physical modeling experi-
ments and conducted long-term monitoring of overburden movement after groundwater
infiltration into goaf areas, revealing displacement behavior and its residual deformation
effects on the surface. Zhu Kun et al. [12] also used similar-material simulation experi-
ments to study displacement characteristics and mechanical behavior of overburden after
goaf water filling. Their results indicate that after water filling, groundwater gradually
rises, and rock masses within the water-conducting fracture zone undergo softening due
to water action, leading to further pore compaction, continuous increase in rock mass
stress, and greater subsidence.

Gao Xin [13] established an experimental platform to investigate internal groundwa-
ter-level variation characteristics and influencing factors during the goaf water-filling pro-
cess. The results show that this process can be divided into an initial water spreading stage
and a subsequent filling stage. Yang Zhiqiang [14] simulated the water-filling process of
coal seams using similar-material models and studied the deformation characteristics of
overburden after water filling; however, the analysis was limited to experimental phe-
nomena without addressing the underlying mechanisms. Chen Shaojie et al. [15]
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conducted physical simulation experiments to replicate a large goaf environment under
water-filled conditions, in order to analyze the flow behavior of backfilling grout slurry.
Notably, the similar-material simulation method has inherent limitations in representing
groundwater effects, as the mechanical properties of rock strata after water filling cannot
satisfy similarity ratio requirements.

Hu Weiyue et al. [16,17] suggested that groundwater rise reduces the effective stress
of fractured rock masses induced by mining, thereby causing surface subsidence. Zheng
Meinan et al. [18] proposed that surface uplift occurs because groundwater rebound in-
creases pore water pressure in rock strata, reduces effective stress, and consequently in-
duces uplift. Zheng Meinan et al. [19], through time-series deformation analysis, found
that the surface secondary subsidence patterns of closed mines in the Huainan mining
area are similar to those observed in the Xuzhou mining area. Dudek [20] argued that
rising groundwater generates buoyancy, reducing the stress of overlying strata, and ana-
lyzed surface subsidence and uplift during different mining stages. Luo Jin [21] used
FLAC3D numerical simulations to analyze the transmission process of surface uplift after
groundwater level rebound, and examined the effects of mining height and groundwater
level on surface uplift.

From the above, it can be concluded that current studies have extensively investi-
gated the mechanisms of overburden deformation and surface subsidence in goaf areas
under groundwater influence, whereas research on uplift mechanisms remains relatively
limited. Moreover, there is a lack of systematic investigation into surface movement and
deformation laws of goaf areas under varying geological and mining conditions. Surface
deformation in abandoned goafs under groundwater action is mainly associated with the
influence of groundwater on the caving zone, which weakens the rock mass and generates
pore water pressure, thereby inducing deformation of both overburden and the ground
surface. This deformation transfer process is a coupled rock—fluid interaction process,
which is difficult to monitor through field measurements alone. Numerical simulation,
however, provides an effective means to model internal deformation of rock masses and
is one of the primary research approaches in geotechnical engineering. Therefore, this
study adopts numerical simulation methods, building upon previous research on ground-
water effects on goaf overburden, to further investigate the influence and response mech-
anisms of groundwater on overburden movement and deformation, as well as the effects
of different geological and mining conditions on surface deformation in abandoned goafs.

2. Mechanism of Surface Deformation Under Groundwater Action

Various explanations have been proposed for the mechanisms of subsidence and up-
lift in abandoned goafs under groundwater influence. Surface subsidence is mainly at-
tributed to the reduction in strength of rock masses within the caving zone. In contrast,
for surface uplift, some scholars attribute it to buoyancy effects, while others suggest that
pore water pressure reduces effective stress, leading to volumetric rebound of the caving
zone rock mass. The following provides a brief description based on the mechanism pro-
posed in Ref. [18].

2.1. Subsidence Mechanism

The deformation induced by groundwater can be calculated using the Salamon
model. Based on rock and soil mechanics theory, the Salamon model treats the caving
zone rock mass as a granular material. By considering factors such as porosity, compres-
sive stress, and the bulking factor of rock blocks, it provides a stress—strain relationship
for rock blocks in the caving zone of goafs [22,23]:
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where the initial deformation modulus is calculated as follows [24]:
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where % is the uniaxial compressive strength of the rock mass (MPa), which can be de-
termined based on geological conditions and mining data of the study area, or estimated
using empirical values.

During groundwater infiltration, the pore water pressure is relatively small and can
be neglected. Therefore, the stress—strain relationship can be calculated using the follow-
ing equation [18]:
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2.2. Uplift Mechanisms

When pore water pressure reaches a certain level, it can no longer be neglected. The
reduction in effective stress leads to the expansion of fragmented rock masses in the goaf,
thereby inducing rebound phenomena. The strain increment can be expressed as follows
[18]:

N
" Ee,+(o-u) Eue, +0’ ©®)

Here, the deformation modulus after being affected by groundwater, EW, can be calcu-

lated from the relationship between the reference deformation modulus Ey and the at-
tenuation coefficient of the deformation modulus of the fragmented rock mass under
groundwater action. An increase in the groundwater level leads to elevated pore water
pressure, which consequently induces volumetric expansion of the rock mass.

3. Model and Scheme Design
3.1. Numerical Simulation Method for Abandoned Goafs Under Groundwater Influence

Numerical simulation is an essential research approach in engineering geology and
mining engineering, capable of describing the processes of strata movement, failure, and
stress evolution induced by underground mining activities. Compared with similar-ma-
terial physical simulation, the latter cannot effectively account for hydraulic pressure ef-
fects. Moreover, when materials are exposed to water, their similarity ratios may no longer
remain valid. In contrast, numerical simulation exhibits significant advantages in study-
ing hydro-mechanical coupling processes, as it can accurately represent the influence of
water pressure on rock mass deformation, thereby compensating for the limitations of
similar-material simulation experiments.
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The geological conditions encountered in mining engineering are highly complex
and variable, making it difficult for theoretical models to fully represent real-world sce-
narios. Consequently, numerical simulation has certain limitations in providing precise
quantitative results. However, through extensive research accumulation and validation in
engineering practice, its reliability in qualitative analysis has been well established. There-
fore, this study employs the FLAC3D v6.00 numerical simulation method to investigate
the general laws governing overburden and surface movement in goaf areas under
groundwater influence.

During the process in which abandoned goafs are affected by groundwater, ground-
water infiltration not only significantly alters the physical and mechanical properties of
the overburden but also generates pore water pressure. These changes lead to the redis-
tribution of the stress field, which in turn induces new deformation and movement,
thereby affecting the stability of both the overburden and the ground surface.

The primary process of groundwater infiltration into a goaf is as follows: groundwa-
ter flows from the fractured zone into the caving zone. The region influenced by ground-
water expands progressively with the rise in groundwater level until the caving zone is
completely saturated. In FLAC v6.00 numerical simulations, the main approaches for
modeling groundwater effects include fully coupled methods, partially coupled methods,
the equivalent density method, and the effective stress method.

According to relevant studies [25], comparative simulations using these methods in-
dicate that the equivalent density method and the effective stress method offer higher
computational efficiency, while yielding results consistent with those of fully coupled ap-
proaches. Their validity has also been verified through analytical solutions. In addition,
the feasibility of using the Mohr-Coulomb constitutive model to simulate groundwater
effects has been confirmed.

Given that groundwater infiltration into a goaf is a long-term process and that fluid
flow itself is not the primary focus of this study, the effective stress method —character-
ized by higher computational efficiency —is adopted for the simulation. In this approach,
a rising groundwater level is initialized within the model domain. The effective stress
method is primarily implemented through the influence of pore water pressure, based on
Terzaghi’s effective stress principle, thereby capturing the mechanical effects of ground-
water on the goaf. Test results indicate that the influence range parameters of groundwa-
ter in the coal wall region at the edge of the goaf have a negligible effect on overall defor-
mation; therefore, these parameters are directly assigned using weakened values under
saturated conditions.

This model adopts a gridpoint-based initialization approach for pore water pressure.
The FLAC3D command zone gridpoint initialize pore-pressure is employed to impose an
initial pore-pressure field within the designated domain. The pore pressure is assumed to
follow a hydrostatic distribution in the vertical direction. The vertical gradient is specified
as -1 x 10* Pa/m, which is approximately equivalent to the product of the unit weight of
water and gravitational acceleration. This initialization scheme is numerically equivalent
to a hydrostatic pore-pressure field defined under a prescribed initial hydraulic head con-
dition. It represents one of the commonly used and stable approaches for pore-pressure
initialization in FLAC3D. On this basis, a reference pore water pressure is additionally
imposed, resulting in a uniform upward shift in the pore-pressure field. This procedure
enables the numerical simulation of groundwater-level-rise scenarios.

Based on the aforementioned groundwater infiltration process, a dynamic parameter
assignment method is introduced to describe the temporal evolution of rock mass physical
properties and environmental conditions induced by groundwater rise. This approach en-
ables a more realistic simulation of the changes in physical-mechanical properties and
stress conditions caused by groundwater infiltration, thereby facilitating analysis of their
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effects on overburden and surface stability. For clearer analysis of deformation induced
by changes in groundwater level, the groundwater level at the goaf floor is set to 0 m as a
reference. The detailed procedure is illustrated in Figure 1.

Collect the mining-
related geological and

surveying data for the Construct the model.

test area and obtain the
initial parameters.

Simulate coal seam
extraction until the end Reset displacement and

of mining, and then
restore equilibrium.

Raise the groundwater
level

Define the boundary
conditions and initial
stress field.

Select an appropriate
constitutive model.

Establish a parameter-
assignment function for
the caving zone that
varies with groundwater
level.

Has the groundwater
Eesemparamstes level reached End of computation.
R the preset value?

Figure 1. Flowchart of numerical simulation method for goaf under the influence of groundwater.

The specific procedure is as follows:
(1) Initial Model Setup

1.

Geological and mining data of the target area are collected to determine the ini-
tial mechanical parameters of the rock strata as well as the parameters under
saturated conditions.

A suitable numerical mesh is constructed based on the actual conditions of the
study area, ensuring that the model accurately reflects regional characteristics
while satisfying computational requirements.

An appropriate constitutive model is selected, and initial parameters are as-
signed to represent in situ conditions.

Boundary conditions required for the calculation are defined, and the initial
stress field is applied to complete model initialization.

Numerical computation is carried out until the model reaches an initial equilib-
rium state, after which the displacements and failures generated during the ini-
tialization process are removed.

(2) Groundwater Infiltration Process

As the groundwater level gradually rises, the height of rock strata affected by

groundwater within the goaf correspondingly increases. To improve simulation accuracy,
the increment of groundwater level should be reasonably defined according to the vertical
extent of the rock strata in the model. Meanwhile, the physical parameters within the
groundwater-affected zone are dynamically updated to reflect changes induced by the

rising groundwater level.

3.2. Model Construction and Boundary Conditions

This study is based on the geological conditions of a coal mine in Xuzhou, Jiangsu
Province, China. A numerical model is established to investigate the movement and fail-
ure characteristics of overburden strata above a water-filled goaf. The burial depth of the
simulated coal seam is set to 667 m, with a seam thickness of 3 m. According to the
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stratigraphic column of the mining area, the rock strata mainly consist of sandstone, shale,
and sandy shale. The simplified and merged stratigraphic sequence is presented in Table
1.

Table 1. Design table of stratum thickness of numerical model after stratum merging.

No. Stratigraphic Lithology Thickness (m) Cumulative Thickness (m)

1 Topsoil 81 81

2 Sandy shale 14 95

3 Fine-grained sandstone 5 100
4 Sandy shale 55 155
5 Fine-grained sandstone 7 162
6 Sandy shale 50 212
7 Fine-grained sandstone 32 244
8 Shale 19 263
9 Fine-grained sandstone 17 280
10 Sandy shale 35 315
11 Fine-grained sandstone 28 343
12 Shale 27 370
13 Sandy shale 29 399
14 Fine-grained sandstone 6 405
15 Shale 29 434
16 Fine-grained sandstone 7 441
17 Shale 15 456
18 Sandy shale 85 541
19 Shale 29 570
20 Sandy shale 32 602
21 Shale 7 609
22 Sandy shale 22 631
23 Fine-grained sandstone 4 635
24 Sandy shale 18 653
25 Fine-grained sandstone 5 658
26 Sandy shale 6 664
27 Coal seam 3 667
28 Sandy shale 2 669
29 Fine-grained sandstone 3 672
30 No. 2 coal seam 1 673
31 Fine-grained sandstone 7 680
32 Sandy shale 14 694
33 Shale 15 709

The model extends from the coal seam to the ground surface, with refinement applied
to the overburden strata above the coal seam to accommodate simulation requirements
under varying groundwater levels. The model dimensions are 3000 m in length, 2400 m
in width, and 709 m in height. The coal seam is assumed to be horizontal. The simulated
working face has an advancing length of 1000 m and a width of 600 m.

The bottom boundary is fixed, while the two lateral boundaries in the x-direction are
constrained in the x-axis, and the two lateral boundaries in the y-direction are constrained
in the y-axis. The model configuration is illustrated in Figure 2.

The model is composed of hexahedral elements, with grid sizes ranging from 1 m to
50 m in the vertical direction and 50 m in the horizontal direction. In total, the model
consists of 128,527 nodes and 120,960 elements. Numerical calculations are performed af-
ter model construction.

https://doi.org/10.3390/app16146955
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Stratigraphic Legend
Coal
Topsoil
Shale
Sandy Shale
Fine-grained Sandstone

Figure 2. The established FLAC3D numerical model.

3.3. Calibration of Mechanical Parameters of the Numerical Stratigraphic Model

During model calibration, a complete stratigraphic model is first established. Subse-
quently, the mechanical parameters of each rock layer are assigned based on the geotech-
nical properties of the study mining area. Coal seam excavation is then simulated, and
surface subsidence data under near full-extraction conditions are extracted to calculate the
corresponding subsidence coefficient.

The simulated subsidence coefficient is compared with the empirical value adopted
in the mining area. When the two values are in close agreement, the model parameters are
considered to be properly calibrated. Otherwise, the parameters of the rock strata are ap-
propriately adjusted, and the above procedure is repeated until satisfactory agreement is
achieved [26].

The subsidence coefficient of the study mining area is 0.72. Based on numerical exca-
vation simulations, the Mohr-Coulomb constitutive model is adopted to represent the
mechanical behavior of the rock mass. The model parameters are determined when the
simulated subsidence coefficient is approximately 0.67. Considering that the numerical
model does not explicitly account for joints and faults, and is also affected by mesh size,
some discrepancies between the simulated and actual values are inevitable. Nevertheless,
the established model is considered to meet the required accuracy for this study. The spe-
cific parameters are listed in Table 2.

Table 2. Initial mechanical parameters of the strata in the experimental area.

Bulk Modulus Shear Modulus Cohesion Tensile Strength Internal Friction  Density

Lithology (MPa) (MPa) (MPa) (MPa) Angle () (kg/m3)
Topsoil 191 0.953 0.302 0.142 20 1750
Sandy shale 4400 2200 3.55 2.27 26 2110
Shale 3340 1550 2.13 1.56 23 2008
Fine-grained 5230 2430 2.72 2.09 29 2200
sandstone
Coal 2690 1150 142 0.142 21 1350

The surface subsidence contour map at the completion of working face extraction is
shown in Figure 3.
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Figure 3. Contour map of surface deformation stability at the end of simulation mining for each

workface (m).

4. Influence of Groundwater on Goaf and Its Transmission Mechanism
4.1. Scheme Design

The influence of groundwater on goaf areas differs significantly from that under dry
conditions, primarily in terms of changes in pore water pressure within the overburden
and alterations in its mechanical properties. To investigate the effects of groundwater on
the movement and failure behavior of overlying strata in abandoned goafs, as well as the
mechanisms governing overburden deformation under groundwater conditions, a coal
mine in Jiangsu Province was selected as the study area. A numerical model was estab-
lished to evaluate the impacts of four scenarios on overburden movement above the goaf:
(1) no groundwater effect, (2) water—rock softening effect, (3) pore water pressure effect,
and (4) the combined effect of pore water pressure and water-rock softening.

Considering the geological and hydrogeological conditions of the study area, a
groundwater inundation simulation of the goaf was conducted. Based on the established
numerical model, key controlling factors, including the mechanical properties of the over-
burden and pore water pressure, were systematically varied and analyzed. The effects of
groundwater inundation on the movement, deformation, and failure of the overburden
above the goaf were thereby clarified, together with the corresponding mechanisms of
deformation transmission and failure propagation.

In this study, the numerical model is constructed based on the evolutionary charac-
teristics of water-filled goaf areas. Pore water pressure is assigned according to the
groundwater level. Studies have shown that [27-31] the mechanical parameters of rock,
such as compressive strength, elastic modulus, and tensile strength, decrease with increas-
ing water content. A substantial number of studies [32-44] indicate that the weakening
coefficient generally ranges from 0.3 to 0.9. For the sake of simplifying the numerical sim-
ulation, the reduction coefficient of the mechanical parameters of the caved zone rock
mass is uniformly set to 0.4 in this model. According to the experimental results of Ma
Zhanguo [45], the hydraulic conductivity of fractured sandstone, mudstone, shale, and
coal ranges from 107 to 10-® cm/s in magnitude. In this study, a representative value of 4.7
x 108 cm/s was adopted. In FLAC3D simulations, the permeability parameters need to be
converted [46]. Accordingly, the transformation relationship is given as ki=k x 1.02 x 107,
where k is in cm/s. Therefore, the equivalent permeability is calculated as 4.8 x 104
m?/(Pa-s). The height of the caving zone is calculated using empirical formulas [47,48].
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To analyze the influencing factors of strata movement, a comparative study is con-
ducted using the following four simulation schemes:

1. Conventional mining: Simulates the traditional mining condition without ground-
water influence. After coal seam extraction, the model is directly computed until
equilibrium is reached.

2. Water-rock softening effect: After excavation reaches equilibrium, the physical and
mechanical parameters of fractured rock masses in the caving zone are dynamically
reassigned using the FISH language within the region corresponding to the ground-
water level. The model is then computed until a new equilibrium is achieved.

3. Pore water pressure effect: After excavation equilibrium, pore water pressure is as-
signed according to the groundwater level to simulate its influence on the caving
zone, and the model is computed to equilibrium.

4. Combined pore water pressure and water—-rock softening effect: After excavation
equilibrium, groundwater is introduced based on the groundwater level, and dy-
namically varying rock mass parameters are assigned using the FISH language. The
model is then computed until equilibrium is reached.

4.2. Distribution of Surface Deformation in the Goaf

Based on the above simulation schemes, during groundwater infiltration into the
goaf, deformation of the overburden propagates upward and ultimately forms a defor-
mation zone at the ground surface. Representative cases are selected to analyze surface
movement and deformation, as shown in the contour plots in Figure 4.
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Figure 4. Distribution characteristics of vertical surface movement deformation (m).

Taking the contour of zero surface deformation (0 mm) as the boundary of influence,
the simulation results indicate that the initial subsidence influence area after mining is
3,852,203.00 m2. When the groundwater level rises to 50 m, the affected area increases to
4,090,381.46 m?, and at a groundwater level of 300 m, it becomes 4,064,764.39 m2. During
groundwater rise, the surface influence range initially expands and then slightly contracts
relative to the original subsidence area, although the overall variation is not significant.

From the perspective of maximum vertical surface displacement, the deformation is
—0.0471 m at a groundwater level of 50 m and 0.0823 m at 300 m. This indicates that vertical
deformation first intensifies subsidence and subsequently transitions to uplift as the
groundwater level increases.

Considering individual effects, the water—rock softening effect alone results in a ver-
tical surface displacement of -0.0358 m. Under the sole influence of pore water pressure,
the vertical displacement is -0.0026 m at a groundwater level of 50 m and 0.0823 m at 300
m. This suggests that pore water pressure alone initially enhances subsidence and then
induces uplift as pressure increases.

At relatively low pore water pressure, surface subsidence is slightly intensified, pri-
marily because groundwater action enhances compaction within the affected zone. How-
ever, as pore water pressure increases, the effective stress in the affected region decreases,
leading to expansion (rebound) of the rock mass and consequently inducing surface uplift.

It can therefore be concluded that the increase in subsidence in goaf areas under
groundwater influence is mainly governed by the water-rock softening effect. Low pore
water pressure slightly aggravates subsidence and has a relatively minor impact, whereas
higher pore water pressure produces a pronounced uplift effect on the ground surface.

The comparison results indicate that, compared with mining conditions without
groundwater influence, the increased subsidence of the goaf is primarily attributed to the
softening of the rock mass within the caving zone under groundwater action. Pore water
pressure is closely related to the groundwater level, and its effects vary with different
groundwater heights. Variations in pore water pressure can induce either subsidence or
uplift of the ground surface. When pore water pressure is relatively low, its impact re-
mains limited; however, once it exceeds a certain threshold, surface deformation may
manifest as uplift.

In summary, the softening effect of groundwater reduces the strength of the rock
mass in the caving zone, which is the principal cause of intensified surface subsidence and
has a significant influence on subsidence depth. Low pore water pressure exacerbates sub-
sidence, whereas high pore water pressure can induce surface uplift. When pore water
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pressure interacts with the softening of the overburden, their coupled effect leads to a
sequential response in which surface subsidence occurs first, followed by uplift.

To further evaluate the stability of the surface deformation magnitude and the critical
groundwater-level response, a sensitivity analysis was conducted by perturbing several
key parameters, including the rock mass bulk modulus, internal friction angle and cohe-
sion, by #10% relative to their baseline values. The results indicate that although the max-
imum surface settlement and the extent of the affected area exhibit certain quantitative
variations, their overall evolutionary trends remain essentially unchanged. Moreover, the
critical transition from surface subsidence to uplift induced by increasing groundwater
levels is consistently observed, with only a slight shift in the location of the critical transi-
tion point. These findings demonstrate that the deformation evolution pattern proposed
in this study possesses good stability and robustness. They also suggest that the surface
deformation behavior of mining goafs under groundwater influence is relatively insensi-
tive to moderate variations in key geotechnical parameters.

4.3. Vertical Deformation Distribution of Overburden in the Goaf

Based on the aforementioned simulation scheme, the deformation of the overburden
under the coupled effects of softening and pore water pressure is analyzed. The defor-
mation of the overburden and ground surface at a groundwater level of 50 m is selected
for detailed examination. The deformation curve along the strike principal section is
shown in Figure 5.

04
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&
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N
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—+—400m
—-50 —v—200m
60 , N
-1000 0 1000 2000
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Figure 5. Overburden and vertical surface movement deformation curves at 200, 400, and 600 m

above the coal seam floor under a 50 m groundwater-level elevation.

The numerical simulation results indicate that, when the rock mass in the caving zone
is subjected to softening and relatively low water pressure, subsidence occurs in rock
strata at all elevations. The lower strata show more pronounced subsidence, which is ad-
ditionally affected by the void space within the goaf during the subsidence process. Mean-
while, the subsidence on both sides compresses toward the center, causing the central
zone to exhibit a lower displacement than the two sides. At a groundwater level of 300 m,
the deformation curve of the strike principal section is shown in Figure 6.
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Figure 6. Overburden and vertical surface movement deformation curves at 200, 400, and 600 m

above the coal seam floor under a 300 m groundwater-level elevation.

The numerical simulation results indicate that, when the rock mass in the caving zone
is affected by both softening and relatively high water pressure, uplift occurs in the over-
burden from the lower to the upper strata, and this uplift gradually diminishes with in-
creasing elevation. This is mainly because the increase in pore water pressure reduces the
effective stress, thereby causing volumetric recovery in the lower rock strata. The resulting
deformation is then transmitted upward from the bottom, and after being attenuated by
the buffering effect of the overlying strata, it eventually reaches the ground surface.

In summary, the deformation of the overburden and the ground surface results from
the coupled effects of groundwater-induced softening and pore water pressure. Under
their combined action, overburden deformation becomes more complex, and the vertical
deformation curves exhibit different patterns. The main reasons are as follows: relatively
low pore water pressure slightly intensifies subsidence, whereas relatively high pore wa-
ter pressure can, to some extent, induce uplift of the overburden. At the same time,
groundwater softening of the rock mass further aggravates subsidence. When these two
factors act together, uplift of the overburden occurs only when the groundwater level ex-
ceeds a certain threshold, at which point the uplifting effect of pore water pressure be-
comes greater than the subsidence-enhancing effect caused by groundwater softening.

4.4. Analysis of the Transmission Mechanism of Overburden and Surface Deformation Under
Groundwater Action

Combined with the summary and analysis of the deformation mechanism of aban-
doned goafs under groundwater influence presented in the previous section, it can be
concluded that, as the groundwater level rises, the initial response is the softening of the
rock mass in the caving zone, which plays a dominant role and consequently intensifies
the subsidence of the overburden and ground surface. As shown on the left side of Figure
7, during the early stage of groundwater level rise, water infiltration reduces the strength
of the rock mass in the caving zone. Under the action of water, the rock mass undergoes
softening and compression, which causes subsidence of the overlying strata and the
ground surface.
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Figure 7. Schematic of the mechanism of deformation transmission from overlying strata to the sur-

face under the action of groundwater.

However, as the groundwater level continues to rise, pore water pressure gradually
increases as well. Once it reaches a certain level, the pore water pressure reduces the ef-
fective stress of the rock mass, causing volumetric rebound in the caving zone, which is
then transmitted upward after attenuation through the overlying strata. As shown on the
right side of Figure 7, with the further rise in the groundwater level, the rock mass in the
caving zone gradually recovers, resulting in a relative uplift of the overlying strata and
the ground surface.

Regardless of whether the process manifests as intensified subsidence or uplift, de-
formation is consistently transmitted from the caving zone to the overlying strata and ul-
timately to the ground surface. Specifically, as the groundwater level changes, its effect on
the rock mass within the caving zone is first reflected in softening-induced compression
and volumetric rebound, which initially leads to aggravated settlement. With the further
increase in pore water pressure, volumetric rebound of the rock mass becomes more pro-
nounced, thereby inducing uplift of the overlying strata and the ground surface. Through-
out this process, the influence generated by groundwater-level variation is progressively
transmitted upward from the caving zone to the overburden and finally to the surface.

4.5. Analysis of Differences in the Deformation Response of Overburden and Ground Surface
Under Groundwater Action

The above analysis indicates that there are clear differences between the deformation
responses of the overburden and the ground surface. A rise in groundwater level causes
softening of the rock mass in the caving zone, which promotes compaction in this zone.
At the same time, it increases pore water pressure and reduces effective stress, thereby
inducing rebound of the overburden. At the initial stage, the softening effect is dominant.
However, when the groundwater level rises to a certain elevation, the latter effect gradu-
ally exceeds the former, resulting in surface uplift. The rebound of the deeper overburden
is greater than that observed at the ground surface, indicating that surface uplift exhibits
a certain degree of hysteresis. A schematic illustration of this transmission effect is shown
in Figure 8.
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Figure 8. Schematic of the impact and differences of groundwater level on overburden and surface

deformation transmission.

The mechanisms and differences in the effects of groundwater level on the subsid-
ence and uplift of the overburden and ground surface above the goaf can be explained
through the following stages:

Stage I: Before the groundwater level reaches /1, the strata within the goaf undergo
aggravated subsidence due to the coupled effects of groundwater infiltration-induced sof-
tening and hydraulic pressure. This is mainly because groundwater alters the properties
of the rocks in the caving zone, leading to rock softening, which intensifies the collapse or
settlement of the roof strata above the goaf. At the same time, the residual deformation
space is further compacted.

Stage II: When the groundwater level exceeds /i but has not yet reached h, the hy-
draulic pressure within the goaf continues to increase. At this stage, the effect of pore
water pressure on the strata above the goaf becomes significantly stronger, causing local-
ized uplift of the overburden within the goaf. This uplift occurs because the increase in
groundwater raises the pore water pressure in the rock mass, thereby inducing rebound
deformation. However, although rebound occurs within a certain range of the overburden
above the goaf, the ground surface still remains in a subsiding state. This is because the
overlying strata provide a buffering effect, preventing the rebound response of the over-
burden from being fully transmitted to the surface.

Stage III: When the groundwater level exceeds 12 but remains below hs, the rebound
effect is transmitted to the ground surface. Both the overburden and the ground surface
exhibit rebound deformation; however, relative to the initial state, the ground surface has
not yet shown obvious uplift.

Stage I'V: When the groundwater level exceeds /3 but has not yet reached h4, the effect
of pore water pressure becomes more pronounced, resulting in evident uplift of the over-
burden above the goaf. Compared with the condition at the onset of groundwater infiltra-
tion, the vertical displacement becomes positive, indicating that uplift of the overburden
has occurred.

Stage V: When the groundwater level reaches 4, the uplift effect is transmitted to the
ground surface, and surface uplift becomes apparent.

Stage VI: After the groundwater level stabilizes, deformation of both the overburden
and the ground surface gradually tends toward stability.

In summary, before the groundwater level reaches /3, an increase in groundwater
level first causes subsidence of the overburden. As the groundwater level continues to
rise, the overburden gradually rebounds. Once a critical threshold, /3, is exceeded, uplift
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of the overburden occurs. Similarly, ground-surface deformation is characterized by sub-
sidence before the groundwater level reaches h2, whereas uplift occurs after h2. Compared
with the overburden, the surface response shows a certain lag, which is mainly attributa-
ble to the buffering effect of the overlying strata.

5. Study on the Law of Residual Surface Deformation Induced by
Groundwater Action

5.1. Analysis of the Influence of Groundwater Level on Surface Movement and Deformation
Above the Goaf

Based on the above model parameters, this study investigates surface deformation
caused by fractured rock masses in the caving zone of the goaf under different ground-
water levels. Numerical simulations were carried out for a series of groundwater levels.
The water table elevations relative to the coal seam floor were set at 6, 8, 15, 25, 50, 75, 100,
125, 150, 200, 250, and 300 m. The corresponding patterns of surface deformation induced
by groundwater-level rise were then analyzed. The origin of the horizontal axis was de-
fined at the goaf boundary, and the positive direction was taken toward the goaf.

5.1.1. Analysis of the Influence of Groundwater Level on Surface Movement Above
the Goaf

The vertical surface movement and deformation under different groundwater levels
are shown in Figure 9, which is used to analyze the influence of groundwater-level varia-
tion on vertical surface movement and deformation.
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Figure 9. Vertical movement deformation curves of surface main profile in the strike direction in-

duced by different groundwater-level elevations.

It can be seen from the figure that the vertical surface movement curve is basically
symmetric about the center of the goaf. As the groundwater level rises from 25 m to 300
m, the maximum vertical surface displacement gradually changes from 47.97 mm of sub-
sidence to 82.32 mm of uplift. When the groundwater level increases to between 125 m
and 150 m, the maximum vertical displacement progressively decreases to zero, after
which surface uplift begins to occur. At the initial stage of groundwater-level rise, water-
level variation aggravates surface subsidence. With the continued rise in groundwater
level, surface subsidence gradually diminishes and is progressively replaced by uplift. In
other words, the vertical surface response evolves from intensified subsidence to gradual
uplift. When the groundwater level is relatively low, the surface remains in a subsiding
state, with the largest variation occurring near the center of the goaf. Once the
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groundwater level reaches a certain elevation, surface uplift occurs, and the affected range
expands with further increases in groundwater level. This indicates that groundwater-
level variation directly influences the stability of the ground surface above the goaf.

The curves of surface tilt, curvature, horizontal displacement, and horizontal strain
under different groundwater levels are shown in Figures 10-13.

0.2+

Tilt(mm/m)

X(m)

Figure 10. Inclined deformation curves of the surface main profile in the strike direction induced by
different groundwater-level elevations.

The numerical simulation results indicate that the surface tilt exhibits both positive
and negative zones under different groundwater levels and is symmetrically distributed
about the center of the goaf. Under relatively low and relatively high groundwater levels,
the tilt direction at the same location is reversed. As the groundwater level rises, the tilt
on one side of the goaf gradually decreases in its original direction and then progressively
increases in the opposite direction. Under different groundwater-level conditions, the ex-
treme values of surface tilt occur near the goaf boundary. When the groundwater level
ranges from 125 m to 150 m, the overall curve tends toward zero. Before the groundwater
level reaches 125 m, the maximum tilt deformation gradually decreases. Once the ground-

water level exceeds 150 m, the tilt direction changes and the magnitude of tilt progres-
sively increases.
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Figure 11. Curvature deformation curves of surface main profile in the strike direction induced by
different groundwater-level elevations.
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The numerical simulation results indicate that the surface curvature deformation ex-
hibits distinctly different patterns under different groundwater levels. It can be divided
into three main parts: the central region of the goaf and the regions on both sides of the
goaf, with an overall distribution symmetric about the center of the goaf. The curvature
curves differ significantly under relatively low and relatively high groundwater levels.
When the groundwater level is between 125 m and 150 m, the overall curve tends toward
zero. Under relatively low groundwater levels, the central region shows positive curva-
ture, whereas both side regions show negative curvature. In contrast, under relatively
high groundwater levels, the central region exhibits negative curvature, while the two
side regions become positive.
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Figure 12. Horizontal movement deformation curves of surface main profile in the strike direction

induced by different groundwater-level elevations.

The numerical simulation results indicate that the variation pattern of horizontal sur-
face movement is similar to that of surface tilt deformation. The horizontal surface dis-
placement under different groundwater levels also exhibits distinctly different patterns
and can generally be divided into two parts, namely positive and negative zones, with
point symmetry about the center of the goaf. Under relatively low and relatively high
groundwater levels, the direction of horizontal movement at the same location is opposite.
As the groundwater level rises, the horizontal movement on one side of the goaf gradually
decreases in its original direction and then progressively increases in the opposite direc-
tion. Under all groundwater-level conditions, the maximum horizontal displacement oc-
curs near the goaf boundary. When the groundwater level is between 125 m and 150 m,
the overall horizontal movement tends toward zero. Before the groundwater level reaches
125 m, the maximum horizontal displacement gradually decreases. Once the groundwater
level exceeds 125 m, the direction of horizontal movement reverses, and its magnitude
progressively increases.
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Figure 13. Horizontal deformation curves of the surface main profile in the strike direction induced

by different groundwater-level elevations.

The numerical simulation results indicate that the variation pattern of horizontal sur-
face strain is similar to that of horizontal displacement. Surface horizontal strain exhibits
distinctly different characteristics under different groundwater levels. It can be divided
into three main parts: the central region of the goaf and the regions on both sides of the
goaf, with an overall distribution symmetric about the center of the goaf. The curves differ
under relatively low and relatively high groundwater levels, whereas the overall curve
tends toward zero when the groundwater level is between 125 m and 150 m. Under rela-
tively low groundwater levels, the central region is positive, and the two side regions are
negative. In contrast, under relatively high groundwater levels, the central region is neg-
ative, and the two side regions are positive.

To further investigate the patterns of residual deformation in the abandoned goaf
under different groundwater levels, the extreme values of various movement and defor-
mation indices were extracted from the above curves for each groundwater level. On this
basis, variation curves relating the extreme values of each deformation index to ground-
water level were plotted, as shown in Figure 14. Here, positive horizontal strain denotes
tensile deformation, whereas negative curvature denotes compressive deformation.
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Figure 14. Relationship between extreme values of various types of surface displacement defor-
mation and groundwater-level height at different groundwater levels.

The results indicate that the maximum surface vertical displacement, horizontal dis-
placement, tilt, positive curvature, negative curvature, positive horizontal strain, and neg-
ative horizontal strain in the study area all exhibit a common trend with increasing
groundwater level: they first increase, then decrease, and finally increase again. The turn-
ing points of these trends correspond to the stage at which the ground surface reaches its
maximum subsidence (the gray dashed line on the left in the figure) and the stage at which
the surface begins to transition from subsidence to uplift (the gray dashed line on the right
in the figure).

In summary, during the process of groundwater level rise, surface movement and
deformation exhibit pronounced variation characteristics. In particular, when the surface
reaches maximum subsidence and when it shifts from subsidence to uplift, all categories
of movement and deformation indices show corresponding increasing and decreasing
trends. The fundamental reason is that the rise in groundwater level causes the ground
surface to undergo a deformation evolution from initial subsidence to subsequent uplift.

The extreme values of deformation under different groundwater levels are summa-
rized in Table 3.

Table 3. Summary of extreme deformation values under different groundwater levels.
Positi Negati
Groundwater  Vertical Horizontal . Positive Negative ostive egative
. . Tilt Horizontal = Horizontal
Level Displacement Displacement Curvature  Curvature . .
(mm/m) Deformation Deformation
(m) (mm) (mm) (mm/m?) (mm/m?)
(mm/m) (mm/m)
0 0 0 0 0 0 0 0
6 -12.53 4.83 0.02 9.77x10°  -5.67 x 10~ 0.01 -0.02
8 -26.93 10.89 0.07 3.41x10*  -2.53x10* 0.02 -0.04
15 -47.79 19.79 0.13 701 x10*  -517x10* 0.05 -0.07
25 -47.97 19.85 0.13 707 x10*  -519x10* 0.05 -0.08
50 -47.14 19.51 0.13 6.93x10*  -5.04 x 10 0.05 -0.07
75 -39.38 16.09 0.10 555x10*  -3.86x10* 0.04 -0.06
100 -9.59 3.37 0.02 6.70 x 10  —2.74x10° 0.01 -0.01
125 -1.74 0.28 0.00 1.68x10°  -7.57 x10¢ 0.00 0.00
150 6.73 3.60 0.01 249 x10°  —2.86x10° 0.01 -0.01
200 28.99 13.60 0.04 9.28 x105  -1.30x 10+ 0.04 -0.02
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250 55.32 25.20 0.09 1.70 x 10* -2.67 x 10 0.08 -0.04
300 82.32 37.06 0.13 2.50 x 10+ -4.10 x 10* 0.12 -0.06

5.1.2. Analysis of the Variation Law of Surface Deformation with Groundwater Level

The above-mentioned pattern of surface deformation induced by groundwater level
rise is consistent with the law of surface subsidence observed in the eastern Xuzhou min-
ing area [49]. Based on the above analysis of the deformation characteristics, the variation
characteristics of the maximum vertical surface displacement with groundwater level are
summarized in Figure 15.
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Figure 15. Variation pattern of extreme surface vertical displacement deformation with groundwa-
ter-level height.

Analysis of the surface deformation evolution indicates that the deformation process
above the goaf with increasing groundwater level can be divided into four principal
stages: the subsidence stage, relative stability stage, uplift stage, and stabilization stage.
This nonlinear deformation pattern indicates that the influence of groundwater on the
ground surface above the goaf is not unidirectional. Rather, it represents a cumulative
effect that progressively intensifies with changes in groundwater level. The specific char-
acteristics of each stage are as follows:

(1) Subsidence stage: This stage is characterized by intensified surface subsidence and
represents the initial stage of goaf deformation after groundwater inflow. It mainly
results from the further reduction in structural strength of the goaf caused by ground-
water infiltration, which redistributes the stress within the overburden and aggra-
vates surface subsidence. At this stage, the groundwater-induced softening effect of
the overburden is dominant, whereas the mitigating effect of pore water pressure
plays only a secondary role.

(2) Relative stability stage: This stage is mainly characterized by the maintenance of a
certain degree of stability in the rock mass within the caving zone under groundwa-
ter action, with the ground-surface deformation remaining essentially stable. During
this stage, subsidence caused by groundwater-induced softening of the overburden
enters a relatively stable state, whereas the hydraulic pressure associated with
groundwater level rise is still insufficient to break this equilibrium and can only pro-
duce limited disturbance. The duration of this stage is related to the groundwater
recharge rate.
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(3) Uplift stage: This stage can be further divided into the uplift recovery stage and the
surface uplift stage. In the uplift recovery stage, the ground surface begins to exhibit
a certain degree of uplift, but it has not yet recovered to the state prior to groundwa-
ter influence. This mainly occurs because the rise in groundwater level increases pore
water pressure within the rock mass in the underground goaf, thereby reducing ef-
fective stress and promoting volumetric recovery of the rock mass in the groundwa-
ter-affected zone, which in turn causes surface uplift. At this point, the effect of pore
water pressure gradually approaches that of rock softening. The surface uplift stage
is mainly characterized by the actual occurrence of ground-surface uplift. This stage
represents the period during which uplift deformation becomes prominent through-
out the entire groundwater-action process. It is mainly caused by the continued rise
in groundwater level, whereby the effect of pore water pressure exceeds that of sof-
tening, inducing rock-mass rebound and consequently causing surface heave.

(4) Stabilization stage: This stage is mainly characterized by a stable ground surface. It
occurs because the groundwater level tends to stabilize and the overburden reaches
a new equilibrium state, after which surface deformation above the goaf also gradu-
ally stabilizes. In the absence of other disturbances, the surface will remain stable
over time.

Because surface deformation is affected by groundwater level rise, the above phe-
nomena may not necessarily all occur in every case; in some locations, one particular state
may persist for a certain period or even remain stable for a long time. Meanwhile, due to
the complexity of geological conditions, its critical threshold cannot be directly deter-
mined through analytical formulas or numerical simulation methods.

5.2. Analysis of the Influence of Mining Thickness on Surface Movement and Deformation of the
Goaf Under Groundwater Action

Variations in coal mining thickness mainly affect the height of the caving zone,
thereby altering the range influenced by groundwater. Based on the above model, numer-
ical models with mining heights of 2 m, 3 m, 4 m, and 5 m were established to simulate
the patterns of surface change after groundwater intrusion under different mining thick-
nesses, and to compare the differences in groundwater-induced surface responses under
these conditions.

According to the above stage classification of surface deformation induced by
groundwater level rise, two key stages are emphasized here, i.e., the subsidence stage and
the uplift stage, corresponding to conditions of relatively low and relatively high ground-
water levels, respectively. The cases with groundwater levels of 25 m and 300 m were
selected as representative conditions for the typical subsidence and uplift stages of the
ground surface, respectively, in order to analyze the influence of groundwater on surface
movement and deformation above the goaf under different mining heights. The surface
movement and deformation for different mining thicknesses at groundwater levels of 25
m and 300 m are shown in Figures 16 and 17, respectively.
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Figure 16. Vertical displacement variation in the surface at different mining heights with a ground-

water-level elevation of 25 m.
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Figure 17. Vertical displacement variation in the surface at different mining heights with a ground-

water-level elevation of 300 m.

The numerical simulation results indicate that, under a groundwater level of 25 m,
the surface subsidence patterns for different mining thicknesses are generally similar,
showing a clear trend that greater mining thickness results in greater subsidence. Because
the subsidence factors under the equilibrium mining condition differ for each mining
thickness in the model, the compaction space within the goaf also differs, which in turn
exerts a certain influence on surface deformation. In addition, the height of the caving
zone varies with mining thickness, meaning that the ranges affected by rock-mass soften-
ing and pore water pressure are also different. As a result, during this stage, greater min-
ing thickness leads to more pronounced surface subsidence.

The numerical simulation results indicate that, under a groundwater level of 300 m,
the surface uplift patterns for different mining thicknesses are broadly similar, all exhib-
iting a convex profile with uplift concentrated in the central area. However, the trend of
groundwater-induced surface uplift with increasing mining height is not obvious. This is
because the groundwater-level threshold required to trigger surface uplift differs for coal
seams of different thicknesses, resulting in different uplift responses under groundwater
action. In addition, for coal seams with greater mining thickness, the residual subsidence
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space is relatively larger. After groundwater intrusion, this residual space may undergo

further compaction, thereby affecting the magnitude of uplift.
The extreme values of various surface movement and deformation indices under dif-

ferent mining thicknesses at a groundwater level of 25 m were extracted for analysis, as

shown in Figure 18.
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Figure 18. Relationship between the extreme value of surface displacement deformation and mining

thickness at a groundwater level of 25 m.

The results indicate that, during the subsidence stage under a relatively low ground-

water level, the maximum values of surface vertical displacement, tilt, positive curvature,

negative curvature, horizontal displacement, positive horizontal strain, and negative hor-

izontal strain in the study area all increase with increasing mining thickness.

The extreme values of various surface movement and deformation indices under dif-
ferent mining thicknesses at a groundwater level of 300 m were extracted for further anal-

ysis, as shown in Figure 19.
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Figure 19. Relationship between the extreme value of surface displacement deformation and mining

thickness at a groundwater level of 300 m.

The results indicate that the variation patterns of the extreme values of surface move-

ment and deformation with mining thickness differ under relatively low and relatively

high groundwater-level conditions. Under relatively low groundwater levels, surface de-
formation is dominated by subsidence, and the magnitude of subsidence increases with

the increase in caving-zone height resulting from greater mining thickness. In contrast,
under relatively high groundwater levels, the extreme values of surface vertical displace-

ment, horizontal displacement, tilt, positive and negative curvature, as well as positive

and negative horizontal strain, initially increase and then decrease as mining thickness

increases. This behavior is attributed to differences in the residual deformation space as-

sociated with varying mining thicknesses, causing the uplift pattern to become less pro-

nounced rather than increasing monotonically with mining thickness.
The extreme values of various types of deformation under different mining thick-

nesses at different stages are summarized in Table 4.
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Table 4. Summary of extreme deformation values under different mining thicknesses at different

stages.
. . . V. . Positive Negative
Stage/Mining . Vertical Horizontal Dis- Tilt Positive Negative Horizontal De- Horizontal De-
. Displacement placement Curvature Curvature . .
thickness (m) (mm/m) formation formation
(mm) (mm) (mm/m?) (mm/m?2)
(mm/m) (mm/m)
Subsidence 2932 -12.33 0.07 272x104  -217x10% 0.03 ~0.04
stage/2
Subsidence
-47.97 -19.84 0.13 7.07 x 10# -5.19 x 10* 0.05 -0.08
stage/3
Subsidence
-210.83 -95.20 0.71 3.73 x 1073 -3.94x 103 0.37 -0.36
stage/4
Subsidence
-271.47 -127.45 0.97 5.18 x 1073 -5.78 x 103 0.55 -0.48
stage/5
Uplift stage/2 59.65 27.33 0.09 1.90 x 10 -2.53 x 10 0.08 -0.05
Uplift stage/3 82.32 37.06 0.13 2.50 x 10 —4.10 x 10* 0.12 -0.06
Uplift stage/4 73.51 33.86 0.11 220 x 10 -3.46 x 10 0.11 -0.058
Uplift stage/5 72.73 33.25 0.106 2.14 x 10 -3.32x10* 0.10 -0.051

5.3. Analysis of the Influence of Caving-Zone Strength Weakening on Surface Movement and
Deformation of the Goaf Under Groundwater Action

Based on the model with a mining height of 3 m, the influence of different degrees of
parameter weakening in the caving zone under groundwater action on surface movement
and deformation was investigated. Different weakening treatments were applied to the
caving-zone parameters. Within the range from the original parameters to the saturated-
state parameters, weakening degrees of 25%, 50%, 75%, and 100% of the saturated state
were assigned, respectively. Different groundwater levels were selected to analyze the
surface deformation characteristics during the typical subsidence and uplift stages, so as
to further evaluate the influence of different caving-zone softening intensities on ground-
water-induced surface movement and deformation. The cases with groundwater levels of
25 m and 300 m were selected as representative conditions for the typical subsidence and
uplift stages of the ground surface, respectively. The vertical surface displacement curves
corresponding to different degrees of caving-zone weakening at groundwater levels of 25
m and 300 m are shown in Figures 20 and 21, respectively.
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Figure 20. Vertical surface movement deformation curves at different caving zone weakening de-

grees with a groundwater level of 25 m.
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Figure 21. Vertical surface movement deformation curves at different caving zone weakening de-

grees with a groundwater level of 300 m.

The results indicate that, during both the surface subsidence stage and the surface
uplift stage, the weakening of caving-zone parameters has an important influence on the
pattern of surface deformation: the lower the parameter values, the more pronounced the
resulting deformation. To better evaluate the effect of weakening degree on surface defor-
mation, the extreme values of vertical surface displacement at groundwater levels of 25 m
and 300 m were extracted for weakening degrees of 100%, 75%, 50%, and 25%, respec-
tively, and the extreme values of vertical surface displacement induced per unit increase
in groundwater level were calculated, as presented in Table 5.

Table 5. Extreme values of surface vertical displacement deformation and the change in unit water

level rise at groundwater table heights of 25m and 300m for different levels of weakening.

Weakening Degree (%) 25 50 75 100
Extreme vertical displacement at 25 m water level (mm) -5.45 -14.20 -33.52 -47.97
Extreme vertical displacement at 300 m water level (mm) 30.85 4799 65.17 82.32
Vertical displacement change per unit increase in water level (mm) 013 023 036 048

The calculation results indicate that, for weakening degrees of 100%, 75%, 50%, and
25%, the corresponding increments in vertical surface displacement per unit rise in
groundwater level are 0.48 mm, 0.36 mm, 0.23 mm, and 0.13 mm, respectively. In other
words, the greater the degree of weakening in the caving zone, the greater the deformation
increment caused by a unit increase in groundwater level. Lower parameter values make
the ground surface more sensitive to groundwater-induced subsidence and uplift. This
increase in sensitivity is reflected not only in the accelerated growth of surface uplift am-
plitude, but also in the faster response of the ground surface to fluctuations in groundwa-
ter level. That is, under a higher degree of weakening, groundwater-level fluctuations in-
duce more rapid surface deformation, and the deformation magnitude shows an ampli-
fied trend. This phenomenon indicates that a reduction in elastic modulus significantly
increases the sensitivity of surface deformation and aggravates the degree of surface dam-
age.

In addition, the relationships between different weakening degrees and the extreme
values of vertical displacement in different stages were fitted, as shown in Figure 22. The
corresponding fitting equations, regression coefficients, and R? values are summarized in
Table 6.
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Figure 22. Curve of vertical displacement deformation extreme values for different levels of weak-

ening during the subsidence and uplift stages.

Table 6. Fitting equations, regression coefficients, and R? values for different stages for vertical

displacement at different stages.

Stage

Plot Fitting Equation Intercept (a) Slope (b) R?

Subsidence stage Vertical displacement y=a+b xx 11.45 -0.59 0.98

Uplift stage

Vertical displacement y=a+bxx 13.69 0.07 1.00

Regression analysis reveals that the maximum vertical surface displacement in both
the subsidence stage and the uplift stage exhibits a linear relationship with the weakening
degree and increases with increasing weakening degree. The underlying reason is that,
during the subsidence stage, subsidence induced by rock-mass weakening is dominant;
therefore, the greater the weakening of the caving zone, the more pronounced the subsid-
ence. In contrast, during the uplift stage, uplift induced by hydraulic pressure becomes
dominant; accordingly, the greater the weakening degree, the more significant the
groundwater-induced uplift effect.

During the subsidence stage, under a water level of 25 m, the extreme values of hor-
izontal surface displacement for weakening degrees of 100%, 75%, 50%, and 25% are ex-
tracted, as shown in Table 7.

Table 7. Extreme values of surface displacement deformation at a groundwater table of 25m for

different levels of weakening.

Weakening Degree (%) 25 50 75 100

Horizontal displacement (mm) 2.14 5.58 13.78 19.85

Tilt (mm/m) 0.0080 0.0297 0.0893 0.1327

Positive curvature (mm/m?) 0.00003 0.00013 0.00046 0.00071
Negative curvature (mm/m?) -0.00002 -0.00009 -0.00034 -0.00052
Positive horizontal deformation (mm/m) 0.00359 0.00859 0.03046 0.04702
Negative horizontal deformation (mm/m) -0.00625 -0.01882 -0.05111 -0.07549

During the uplift stage, under a water level of 300 m, the extreme values of horizontal
surface displacement for weakening degrees of 100%, 75%, 50%, and 25% are extracted, as
shown in Table 8.
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Table 8. Extreme values of surface displacement deformation at a groundwater table of 300m for
different levels of weakening.

Weakening Degree (%) 25 50 75 100
Horizontal displacement (mm) 14.39 21.93 29.51 37.06
Tilt (mm/m) 0.0473 0.0736 0.1001 0.1263
Positive curvature (mm/m?2) 0.00010 0.00015 0.00020 0.00025
Negative curvature (mm/m?) -0.00014 -0.00023 -0.00032 -0.00041
Positive horizontal deformation (mm/m) 0.04425 0.06986 0.09533 0.12083
Negative horizontal deformation (mm/m) -0.02373 -0.03637 -0.04912 -0.06163

Based on the above tables, the curves for the subsidence and uplift stages were plot-
ted and fitted, as shown in Figure 23. The corresponding fitting equations, regression co-
efficients, and R? values are summarized in Table 9.
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Figure 23. Displacement deformation curves during subsidence and uplift stages under different
weakening intensities.
Table 9. Fitting equations, regression coefficients, and R? values for different stages for vertical
displacement at different stages.
Stage Plot Fitting Equation Intercept (a) Slope (b) R?
Subsidence stage Tilt y=a+bxx -0.04 0.00 0.99
Uplift stage Tilt y=a+bxx 0.02 0.00 1.00
Subsidence stage Positive Curvature y=a+bxx —-2.58 x 10+ 9.46x10°¢  0.97
Subsidence stage Negative Curvature y=a+bxx 1.98 x 10+ -7.04x10° 0.96
Uplift stage Positive Curvature y=a+bxx 4.39 x10° 2.06 x10°¢  1.00
Uplift stage Negative Curvature y=a+bxx -4.98 x10°° -3.60x10®° 1.00
Subsidence stage Horizontal Displacement y=a+bxx -5.00 0.25 0.98
Uplift stage Horizontal Displacement y=a+bxx 6.82 0.30 1.00
Subsidence stage Positive Horizontal Deformation y=a+bxx -0.02 6.09x10*  0.96
Subsidence stage Negative Horizontal Deformation y=a+bxx 0.02 -9.60 x10*  0.98
Uplift stage Positive Horizontal Deformation y=a+bxx 0.02 0.00 1.00
Uplift stage Negative Horizontal Deformation y=a+bxx -0.01 -5.08 x10* 1.00
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Regression analysis indicates that the extreme values of all types of deformation in-
crease with increasing weakening degree during both the subsidence and uplift stages.
The relationships are generally linear, with all R? values greater than 0.95, indicating a
good fit.

In summary, under different degrees of weakening, the extreme values of surface
movement and deformation, including vertical and horizontal displacements, increase
with increasing weakening degree during both the subsidence and uplift stages. A greater
weakening degree results in a more pronounced response of surface movement and de-
formation to groundwater action.

6. Conclusions

The intrusion of groundwater inevitably alters the environmental conditions within
the caved zone of goafs and also affects the mechanical properties of the caved rock mass.
To further investigate the influence mechanism of the caved zone in abandoned goafs un-
der groundwater conditions on overlying strata and surface deformation, as well as the
surface deformation patterns of old goafs under different mining and geological condi-
tions affected by groundwater, this section is based on FLAC3D numerical simulation
software. The study clarifies the transmission mechanism of deformation from overlying
strata to the ground surface under groundwater influence and its associated differences.
It also explores the effects of mining thickness variations and the weakening of caved zone
parameters on surface deformation in goafs, as well as their respective differences. The
main conclusions are as follows:

(1) After groundwater enters the goaf, the interaction between hydraulic pressure and
rock mass softening significantly modifies the deformation behavior of both the over-
burden and the ground surface above the abandoned goaf. Under relatively low
groundwater-level conditions, the overburden and ground surface predominantly
undergo continuous subsidence. As the groundwater level gradually rises to a critical
groundwater level, hydraulic pressure progressively becomes the dominant control-
ling factor, causing the deformation mode to transition from intensified subsidence
to uplift. Specifically, the overburden begins to undergo uplift first, followed by up-
lift of the ground surface, indicating that the onset of surface uplift lags behind that
of the overburden.

(2) Asthe groundwater level increases, the surface deformation process can be classified
into four successive stages based on the evolution of vertical displacement above the
goaf: the subsidence stage, the relative stability stage, the uplift stage, and the stabi-
lization stage.

(3) During the subsidence stage, the maximum vertical surface displacement, maximum
tilt, maximum curvature, maximum horizontal displacement, and maximum hori-
zontal strain all exhibit nonlinear monotonic increases with increasing mining thick-
ness. In contrast, during the uplift stage, the extreme values of these deformation
indices initially increase and subsequently decrease as mining thickness increases.
Under both relatively low and relatively high groundwater-level conditions, the
maximum vertical displacement, maximum tilt, maximum curvature, maximum hor-
izontal displacement, and maximum horizontal strain are approximately linearly
positively correlated with the degree of weakening in the caving zone.

This study focuses solely on horizontal coal seams. The deformation characteristics
and underlying mechanisms under inclined-coal-seam conditions have not yet been sys-
tematically investigated. Further research is required to address and improve these as-
pects in future work.
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