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Abstract

The extraction of multiple coal seams not only increases the risk of water inrush disasters
in mines but also exacerbates the long-term depletion of groundwater, posing challenges
for sustainable resource management in ecologically sensitive areas. This study utilizes the
plastic damage–permeability coupling model in Abaqus CAE to analyze the impact of coal
seam thickness and pillar layout on the evolution of the plastic zone and groundwater loss
in the Shen Dong mining area, specifically at the Buertai coal mine. The results indicate
that coal seam thickness is a strong driving factor for aquifer depletion: the water inflow
under a 10 m thick coal seam is 1.56 times that under a 4 m thick coal seam. In contrast,
the optimized staggered pillar layout alters stress distribution and reduces the water
inflow under deeper coal seams by approximately 38%, demonstrating excellent water-
saving potential. To translate these findings into a sustainability framework, this study
proposes three new indicators: the Groundwater Loss Index (GLI) to quantify depletion
intensity, the Aquifer Protection Efficiency (APE) to assess protection benefits, and the
Sustainability Trade-off Index (STI) to balance coal recovery, safety, and groundwater
protection. These metrics establish a dual-objective optimization approach that ensures
safe mining and the sustainability of the aquifer. This study provides practical benchmarks
for environmental impact assessment and aligns with the global sustainable development
agenda, particularly the United Nations Sustainable Development Goals concerning clean
water (SDG 6), responsible consumption (SDG 12), and terrestrial ecosystems (SDG 15).
By incorporating groundwater protection into the design of the Buertai coal mine, this
study advances the transition of multi-seam mining at Buertai from disaster prevention to
sustainability orientation.

Keywords: multiple coal seam mining; groundwater sustainability; plastic zone; coal pillar
arrangement; green mine; numerical simulation

1. Introduction
As the cornerstone of the global energy system, the stable supply of coal is crucial for

economic and social development, yet the environmental costs associated with its extrac-
tion, particularly the disruption to water resources, are increasingly raising concerns [1,2].
China’s main coal production regions are located in the central and western provinces
(Shanxi, Shaanxi, Inner Mongolia, Ningxia, and Xinjiang), holding over 80% of the national
coal reserves and contributing more than 70% of the coal output. However, these areas only
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account for 6.7% of the country’s total water resources and 0.3% of the global total [3–6].
Due to the shallow burial of coal seams, large thickness of coal seams, and thin overlying
bedrock in the central and western regions, coal mining under these complex geological
conditions can easily lead to significant environmental problems, posing a severe challenge
to the ecological sustainability of the mining areas [7–9]. Especially in the case of multi-coal
seam mining, the roof rock layers are subjected to repeated disturbances, significantly in-
tensifying the movement and deformation of the overburden [10,11], which in turn forms a
vertically extending water-conducting fracture zone, with a height and range far exceeding
that of single seam mining. Once this fissure network is connected with the overlying
aquifer, it will create a major pathway for underground water loss.

Research in different countries has explored the environmental and hydrological effects
caused by multi-seam coal mining. South African scholars have pointed out that ground-
water discharge due to mining can severely disrupt the balance of regional aquifers [12];
hydrogeological management must be integrated with engineering optimization to achieve
sustainable mining [13–15]. This issue is particularly prominent in arid and semiarid min-
ing areas where water resources are already scarce [16–18]. The continuous drainage of
underground aquifers and the sharp drop in water levels can not only trigger geological
disasters such as sudden inrushes in mines but also pose a serious threat to production
safety [19]. More importantly, it will disrupt the balance of the region, threatening the
stability of ecosystems that rely on groundwater [20]. Vegetation degradation, land deser-
tification, and the sustainable use of regional water resources are all directly threatened
by this. Therefore, how to maximize the reduction and effectively protect the valuable
groundwater resources in mining areas while ensuring national energy security and pro-
moting local economic development has become a core issue that green mine construction
must address.

Existing research has achieved significant results in predicting the height of water-
conducting fissure zones and in controlling water inrush. Scholars believe that coal seam
thickness and the position of key strata are the dominant factors controlling the develop-
ment of water-conducting fissure zones. The predictive model has been validated through
theoretical derivations and methods such as on-site monitoring of borehole water levels,
drilling fluid leakage, and borehole television imaging [21–23]. Furthermore, numerical
simulations and physical experiments provide support for revealing the quantitative rela-
tionship between the height of the overburden damage zone and the thickness of the coal
seam. By adopting methods such as three-dimensional numerical simulation and water
injection leakage experiments, scholars have obtained the dynamic laws of fracture zone
development and revealed the critical controlling role of coal seam thickness on damage
height [24,25]. At the same time, emerging monitoring technologies have also expanded
the research methods. For example, distributed fiber optic sensing technology can monitor
the strain of the optical fiber cable in real time during the advancement of the working face.
This monitoring data reveals the deformation and fracture characteristics of the rock strata
under mining-induced stress, allowing for the determination of the development height
of water-conducting fractures [26–29]. Under complex geological conditions, researchers
have also employed a method combining discrete element numerical simulation with field
measurement data, discovering that the spatial envelope of fracture zones under weakly
cemented cover rock presents a triangular characteristic, and confirmed that when the
weakly cemented cover is thick, it can significantly constrain the height and shape of the
water-conducting fracture zone. Based on this, a prediction model for the height of the
water-conducting fracture zone has been established [30,31].

In addition, there has been a substantial amount of research on numerical modeling
and conceptual models of the mining process and mine water inrush. Early analytical mod-
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els mainly analyzed stress redistribution and overlying rock movement under simplified
boundary conditions [32–36]; research has further used the discrete element method and
the CFD-DEM coupling method to accurately predict groundwater inflow and rock mass
failure in recent years [37–39]. To characterize the progressive deterioration and anisotropic
behavior of rock masses under high stress and pore pressure conditions, scholars have
introduced nonlinear constitutive models, such as elasto-plastic damage models [40–42].
These advances have significantly enhanced the understanding of the mechanisms of frac-
ture initiation, propagation, and water-conducting channel formation in deep mining. In
addition, engineering prevention and control measures for mine water inrush disasters
have been continuously developing, including grouting reinforcement, pre-drainage of
water-bearing layers, and the arrangement of water-retaining coal pillars [43–45].

In terms of risk assessment, researchers have established an evaluation index system
based on microseismic energy, the degree of residual coal pillar damage, and the height of
fracture development, and verified the accuracy and applicability of the risk assessment
methods [46]. Scholars have also analyzed the laws and mechanisms of multilayer mining
in closed mines. When the spacing between multiple coal seams is large, the secondary
deformation pattern appears in a ‘W’ shape, and the deformation can be divided into
five stages: subsidence, uplift, secondary subsidence, secondary uplift, and relative stabil-
ity [47]. In addition, the researchers established an evaluation index system for the damage
of aquifers in mining geology using remote sensing monitoring technology, and developed
a risk assessment model for aquifer damage [48]. From the perspectives of water resources,
safety, and socio-economic efficiency, various sustainability assessment systems have been
developed to evaluate mining activities [49–51]. The above achievements have played an
important role in ensuring the safe production of mines. However, there are significant
deficiencies in the current research: first, the focus is generally on disaster prevention and
safety assurance, while the attention to groundwater resource protection and ecological
sustainability is relatively weak; second, existing research mostly focuses on local me-
chanical or seepage responses, lacking a comprehensive evaluation framework capable of
systematically revealing the coupling mechanisms among ‘coal seam thickness—coal pillar
arrangement—groundwater evolution’. This tendency of prioritizing safety over protection
has, to some extent, constrained the deeper transformation of green mining construction
from concept to practice.

To address the research gap mentioned above, this paper uses the Buertai coal mine
as a typical project background and creatively builds a plastic damage–permeability cou-
pling numerical model that reflects the interaction between rock mass damage and fluid
movement. This model is capable of demonstrating the gradual damage, plastic deforma-
tion, and fracture evolution of the overburden during the multi-coal seam mining process,
while dynamically simulating the changes in its permeability. Based on this, this article
systematically analyzes the mechanisms by which the thickness of coal seam extraction
and the spatial position of coal pillars affect the development height of water-conducting
fracture zones and the volume of water influx. Furthermore, this paper transcends the
traditional safety evaluation framework, establishing a comprehensive evaluation index
system for groundwater sustainability. This system specifically includes the Groundwater
Loss Index (GLI), the Aquifer Protection Efficiency (APE), and the Sustainability Trade-
off Index (STI). Finally, this paper establishes a “dual-objective optimization framework”
aimed at collaboratively optimizing economic and environmental benefits, dedicated to
minimizing the damage to groundwater resources while ensuring the recovery rate of coal
resources. Although the model was validated using the Buertai coal mine in China as an
example, its conceptual framework is highly scalable and can be applied to the sustainabil-
ity assessment of different types of mines, such as coal mines, non-ferrous metal mines,
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and aggregate resource extraction. This generalizability makes the proposed indicator
system an important reference for promoting the global sustainable mining agenda and
aligning it with regional policies. This study aims to provide a new design approach and
decision-making basis that combines theoretical depth with practical value for the water
resource conservation-oriented green mining model in arid and semiarid mining areas.

2. Methodology
2.1. Project Overview

The Buertai Coal Mine is located in Ordos City, Inner Mongolia, at the boundary of the
Loess Plateau and the ecologically fragile transitional zone of the Mu Us Desert (Figure 1).
The mine is currently primarily extracting coal from the 2–2 and 4–2 layers, with average
mining thicknesses of 4 m and 6.5 m, respectively, and burial depths of approximately
280 m and 350 m. The working faces mainly use overlapping and staggered coal pillar
arrangement methods. The distribution of the overlying rock layers and key aquifers in
the mining area is shown in Figure 2. The main aquifers, from top to bottom, include
the Quaternary system, the Cretaceous Zhidan Formation, the Jurassic Zhilu Formation,
and the Yan’an sandstone aquifer. The mudstone layer underlying the Zhidan Formation
is the key impermeable layer that separates the upper unconfined water from the lower
confined water.

Figure 1. Position of Buertai coal mine.

In this geological context, the repeated mining of the dual coal seams easily induces
the complex expansion of water-conducting fissures in the overlying rock mass. Once these
fissures connect different aquifers, they will significantly increase the influx of water into
the mined areas, creating a groundwater ‘funnel’. The more severe risk lies in the possibility
that when the aquifer fissure zone develops upward and breaches key aquitards, it may
connect the near-surface Quaternary and Cretaceous aquifers, potentially resulting in the
leakage of surface water systems and the loss of valuable groundwater resources, causing
irreversible damage to the surface ecosystem. Therefore, the core objective of this numerical
simulation is to systematically reveal the key factors that affect the development height
of the water-conducting fracture zone and the amount of inflow, providing a theoretical
basis for the formulation of scientifically based mining plans that take into account both
the prevention of water hazards and the protection of the ecological environment.
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Figure 2. Profile of 22 coal and 42 coal working faces in Buertai Coal Mine.

2.2. Plastic Damage–Seepage Coupling Model

A reasonable theoretical model serves as the foundation for the accurate implemen-
tation of subsequent numerical simulations. Rock materials exhibit significantly different
mechanical responses under varying stress conditions. When the rock is in the elastic
stage, the stress and strain are approximately linearly related, and the permeability changes
little; however, when the stress exceeds the peak value, the rock enters the plastic deforma-
tion stage, accompanied by the formation and propagation of fractures, causing a sharp
deterioration of its mechanical properties and a significant increase in permeability.

In order to reflect the deformation and failure characteristics of rock materials under
the combined effects of stress and water pressure, a plastic damage constitutive model
has been established. This model introduces the principle of effective stress within the
framework of elastoplastic damage mechanics, thereby accurately reflecting the stress–
strain relationship and permeability evolution under the aforementioned conditions. Its
governing equations are as follows:

∇ · τ = φpI + τe (1)

I is the identity matrix. φ is the effective stress coefficient, and its expression is

φ =

1 − Kdb
Ks

, if d(+) = 0

1, if d(+)> 0
(2)

where Kdb is the drained bulk modulus of the porous medium, Ks is the effective bulk
modulus of the solid. And τe is the effective stress, its expression is

τe = (δ − δp)E(I − d) (3)
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where E is elastic stiffness matrix. δp is plastic strain vector. d, a damage variable, is a
fourth-order tensor:

d = d(+)N(+) + d(−)(I − N(+)) (4)

where N(+) =
3
∑

i=1
hea(τi)ni ⊗ ni ⊗ ni ⊗ ni, ni is the direction vector, and the Heaviside

function can be expressed as

hea(τ) =

{
1, τ> 0(tension)
0, τ ≤ 0(compression )

(5)

It should be emphasized that d(+) and d(−) represent the tensile and compressive
damage variables, respectively. The reason why the damage variables are so distinguished
is because of two reasons: (1) Tension and compression constitute the fundamental modes
of rock failure, each governed by distinct mechanical mechanisms and energy dissipation
patterns; (2) Tension-mode fractures play a dominant role in controlling the abrupt changes
in rock permeability. The formation and propagation of tensile cracks markedly enhance
the connectivity of the fluid flow network.

Based on Equation (5), the total stress can be decomposed into tensile stress τe(+) and
compressive stress τe(−) [52]. Furthermore, in the effective stress space, Equation (3) can be
simplified to:

τe(+) = (1 − d(+))E0δt (6)

where E0 is the elastic modulus. δt and τe(+) can be obtained from the Brazilian
split experiment.

δ
p
c = δin

c − d(−)τe(−)

(1 − d(−))E0
(7)

where δin
c = δc − τe(−)

E0
. δin

c , δ
p
c , and d(−) are the inelastic strain, plastic strain, and damage

variables caused by compressive stress.
The plastic strain δ

p
c in Equation (7) is obtained through the plastic mechanics theory [52].

As discussed above, tensile damage exerts a significant influence on the permeability
evolution of rock. In the undamaged state, the permeability coefficient k is primarily
governed by the porosity and elastic volume strain δve. Once the rock enters the plastic
damage stage, fluid mainly migrates through open cracks (i.e., d(+)) and is also affected by
the plastic volume strain δvp. The expression is

k =


knd

[
(1+δve)

3

φp
− 1−φp

φp(1+δve)
1
3

]
, d(+)= 0

d(+)kd

(
1 + d(+)δvp

)3
+

(
1 − d(+)

)
knd , d(+)> 0

(8)

where knd and kd are the permeability coefficient of the undamaged and damaged part of
the rock. φp is porosity.

The mass conservation equation of the pore fluid is as follows:

∂(φpρw)

∂t
+∇ · (ρwν) = q (9)

where ρw is fluid density, and q denotes source or sink terms. The fluid velocity ν follows
Darcy’s law:

ν = − k
µ
∇p (10)

where µ is the dynamic viscosity, and p is the pore pressure.
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Through the above Equations (1)–(10), a coupled plastic damage–seepage theoretical
model for the mined rock is established. This model lays the theoretical foundation for the
subsequent numerical simulation of the height of the water-conducting fracture zone and
the seepage behavior of the overlying rock.

2.3. Numerical Model

This study uses Abaqus CAE 2022 software to establish a two-dimensional plane model
to simulate the coupled effect of plastic damage and seepage during the mining of multiple
coal seams. The distribution of rock layers and the physical and mechanical parameters in
the model are set according to Figure 2 and Table 1, with the rock mass yield criterion using
the Mohr–Coulomb model. The boundary conditions are set as full constraint at the bottom,
horizontal constraint at the sides, and free boundary at the top. Gravity load is applied to the
entire model, and the initial pore water pressures in the model are 0.3 MPa (Zhidan group),
0.5 MPa (Zhiluo group), and 0.9 MPa (Yan’an group), respectively.

Table 1. Material parameters.

E0/GPa c/MPa φ/◦ knd/(m/s) kd/(m/s) np/%

Coal 1.63 2.7 27 1.3 × 10−11 5.6 × 10−9 3.1
Mudstone 3.58 4.3 32 1.1 × 10−11 3.2 × 10−9 2.6

Sandy
mudstone 7.22 6.5 38 4.2 × 10−10 2.9 × 10−7 4.6

Medium
sandstone 14.35 10.3 42 7.6 × 10−9 1.2 × 10−6 12.7

Fine
sandstone 12.33 11.1 40 2.8 × 10−9 3.3 × 10−6 10.3

Siltstone 17.54 8.4 37 8.1 × 10−10 1.1 × 10−6 8.3

The mining process is carried out by the gradual deactivation of coal seam units to
simulate the advancement of the working face; in each mining step, the evolution of the
stress field and the seepage field is calculated, and the plastic deformation and damage state
of the rock are reflected through residual stress. The water flow migration is solved using a
fully coupled approach, with permeability updated in real-time according to the damage
variables. Assign the aforementioned plastic damage–seepage coupling properties to the
CPE4P pore fluid–stress element, using implicit integration and the Newton–Raphson
iterative algorithm to ensure nonlinear convergence. The interlayer interface is connected
through common nodes, and the interlayer permeability coefficient is determined by
Equation (8) to ensure flow continuity. The optimal cell size of 4 m was determined through
mesh sensitivity analysis, which verified the impact of this grid on the solution and ensured
the convergence of the numerical solution [53,54]. The accuracy of the model is ensured
according to the above conditions [55].

To systematically reveal the impact of key mining parameters on overburden fracturing
and groundwater migration patterns, this study designed the following two independent
simulation schemes:

Plan One: Analysis of the Impact of Coal Seam Thickness. To explore the influence of
the thickness of the underlying coal seam during extraction, a geometric model measuring
700 m × 450 m is established. Using the method of controlled variables, the extraction
thickness of the upper 2–2 coal seam is fixed at 4 m, while the extraction thickness of
the lower 4–2 coal seam is treated as the only variable, set at four conditions of 4 m,
6 m, 8 m, and 10 m (Figure 3), in order to analyze its control effect on the height of the
water-conducting fracture zone and the migration and infiltration of groundwater.
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Figure 3. Model 1 stratum layout diagram.

Plan Two: Analysis of the Impact of Coal Pillar Interference Distances. Given the
characteristics of the staggered layout in the work face of the Buertai coal mine, a geometric
model measuring 420 m × 450 m was created to explore the effects of the relative positions
of coal pillars. The horizontal stagger distance of coal pillars between the upper and lower
coal seams (Ls1) was set as the only variable, with six different conditions—0 m (aligned),
20 m, 60 m, 100 m, 138 m, and 160 m (as shown in Figure 4)—while keeping the other
parameters consistent with Plan One.

Figure 4. Model 2 stratum layout diagram.

All working conditions adopt a top-down mining sequence, excavating in incremental
steps of 20 m, and follow the principle of “extract four, fill two” (i.e., for every 40 m
advanced, 20 m are backfilled) to simulate a partial backfilling process. Throughout the
simulation, the dynamic evolution of the stress field, displacement field, and seepage field
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was systematically monitored. By quantitatively analyzing the development pattern of
the plastic zone and the water inflow of the goaf, this study aims to evaluate the main
controlling effects of two key factors—coal seam thickness and the spatial position of the
coal pillar—on mining stability.

2.4. Sustainability Indicator Framework

In order to convert the simulation output into a practical decision-making framework,
we have developed three new indicators.

(1) Groundwater Loss Index (GLI)

GLI quantifies the intensity of groundwater depletion in a given extraction scenario
relative to baseline conditions. It is a dimensionless ratio defined as:

GLI =
Qscenario
Qbaseline

Among them, Qscenario is the total steady-state groundwater inflow rate of the assessed
scenario (m3/h), whereas Qbaseline represents the inflow rate of the most conservative
baseline scenario (with a CST of 4 m in this study, utilizing the optimal staggered coal pillar
arrangement). A higher GLI indicates a greater impact on groundwater resources, which
may be more unsustainable.

(2) Aquifer Protection Efficiency (APE)

APE measures the effectiveness of specific mining design choices (such as pillar layout)
in reducing groundwater loss compared to the worst-case scenario. It is represented
as a percentage:

APE = (
Qworst − Qoptimized

Qworst
)× 100%

Among them, the inflow under the worst design in Qworst (such as a CST of 10 m
with aligned coal pillars) is compared with the inflow under the improved design in
Qoptimized (such as staggered coal pillar arrangement). APE directly measures the protective
benefits achieved.

(3) Sustainability Trade-off Index (STI)

The STI is a composite index designed to balance the typically conflicting objectives
of production, safety, and environmental protection. It is formulated as a weighted sum of
normalized scores for each dimension:

STI = wc•Scoal + ws•Ssa f ety + we•Senv

Among them, Scoal , Ssa f ety, and Senv are the normalized scores (ranging from 0 to 1)
for coal recovery, rock mechanics safety (such as the reciprocal of the plastic zone height,
hereinafter referred to as PZH), and environmental performance (such as the reciprocal of
the GLI), respectively.

wc, ws, and we are the weight factors for each dimension, and ∑ w = 1. These weights can
be adjusted by stakeholders (such as mining companies, regulatory agencies) to reflect different
priorities. A higher STI value represents a more balanced and sustainable mining plan.

3. Results
3.1. The Impact of Coal Seam Thickness

Under the condition of a mining thickness of 4 m in the 4–2 coal seam, the water inflow
to the working faces of coal seams 2–2 and 4–2 can be obtained by calculating the seepage
velocity of each unit on the top boundary of the goaf, then multiplying by the unit area
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(4 m × 4 m), and finally summing the results, which are 113 m3/h and 48 m3/h, respectively.
This result is mainly due to the impact of multiple mining filling activities on the overlying
rock layers, with the maximum height of the plastic zone reaching 155 m. As shown in
Figure 5a,b, the plastic zone is approximately symmetrically distributed along the center
of the working face and reaches its maximum point near the coal pillar. At the same time,
influenced by the rupture of the plastic zone rock layers, the seepage path of groundwater
has also formed a symmetrical ‘funnel’ shape. The seepage velocity is fastest on both sides
of the Zhiluo Formation and the Yan’an Formation above the 2–2 coal seam, reaching a
peak of 1.3 × 10−8 m/s; while in the center of the ‘funnel’ area, the velocity is slightly
slower at 1.1 × 10−8 m/s. Deeper above the 4–2 coal seam, the average flow velocity in the
sandstone aquifer is 8.7 × 10−9 m/s.

When the mining thickness of the 4–2 coal seam increases to 6 m, the impact of mining
on the overlying rock layers becomes more evident. The plastic zone expands upward and
first invades the aquifer of the Zhiluo Formation, with its maximum height increasing to
160 m (Figure 5c). The larger fracturing range directly leads to aggravated groundwater
seepage. In the ‘funnel-shaped’ seepage field above the 2–2 coal seam, the maximum flow
rate in the center area has reached 1.3 × 10−8 m/s. Deeper in the overlying sandstone of
the 4–2 coal seam, due to the more severe fracturing of the plastic zone, the average seepage
velocity has reached 1.1 × 10−8 m/s (Figure 5d). Ultimately, the calculated inflow rates for
the goaf of the 2–2 and 4–2 coal seams have risen to 117 m3/h and 53 m3/h, respectively.

After increasing the mining thickness of the 4–2 coal seam to 8 m, the inflow rates
of the 2–2 and 4–2 coal seams have correspondingly increased to 126 m3/h and 64 m3/h,
respectively. Due to the continued expansion of the plastic zone, its maximum height
has reached 164 m (Figure 5e). A notable phenomenon in the seepage field at this time is
that the average flow velocity of the sandstone overlying the 4–2 coal seam has reached
1.5 × 10−8 m/s, surpassing the maximum flow velocity of 1.3 × 10−8 m/s at the center of
the funnel above the 2–2 coal seam, indicating that the impact of mining activities on the
deep aquifer has become more intense (Figure 5f).

When the extraction thickness reaches the maximum of 10 m, the plastic zone also
expands accordingly to its maximum extent, reaching a height of 168 m (Figure 5g). Above
the 2–2 coal seam, the water flow is concentrated on both wings of a ‘funnel’ shape, moving
at speeds up to 1.8 × 10−8 m/s, with a significant increase in flow velocity in the central
area to 1.6 × 10−8 m/s. This is due to the deepening of the rupture in the central area of
the plastic zone above the 2–2 coal seam. Meanwhile, the average seepage velocity of the
overlying sandstone of the deep 4–2 coal seam increases to 1.7 × 10−8 m/s (Figure 5h). The
water inflow in the upper 2–2 coal seam increases to 149 m3/h, while the inflow in the
lower 4–2 coal seam increases to 75 m3/h.

As the thickness of the 4–2 coal seam increases from 4 m to 10 m, the height of
the plastic zone of the overburden only increases by about 8%, while the water inflow
significantly rises: the increases for the 2–2 and 4–2 coal seams are approximately 32%
and 56%, respectively (Figure 6). Among them, the lower coal seam is more sensitive to
changes in thickness, with its increase in water inflow being 1.8 times that of the upper coal
seam. At the same time, the seepage velocity in the deep aquifer gradually exceeds that in
the upper funnel area, indicating that the expansion of thickness has a more pronounced
amplifying effect on the risk of water disasters in the deep layers. Therefore, reasonable
control of thickness is an important guarantee for achieving safe mining of multiple coal
seams and mitigating the development of water-conducting channels.
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(a) Distribution of plastic zone at a thickness of 4 m  (b) Seepage velocity at a thickness of 4 m 

   
(c) Distribution of plastic zone at a thickness of 6 m  (d) Seepage velocity at a thickness of 6 m 

  
(e) Distribution of plastic zone at a thickness of 8 m (f) Seepage velocity at a thickness of 8 m 

  
(g) Distribution of plastic zone at a thickness of 10 m (h) Seepage velocity at a thickness of 10 m 

Figure 5. Fluid–solid coupling mechanical response of overlying strata after No. 42 coal mining
(changes in coal seam thickness).
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Figure 6. Changes in numerical values caused by variations in coal seam thickness.

3.2. The Impact of Coal Pillar Position

When the coal pillars of the upper and lower coal seams are perfectly aligned (i.e., the
staggered distance Ls1 = 0 m), stress is highly concentrated in the vertical direction, leading
to the formation of a typical saddle-shaped symmetrical plastic zone in the overlying
rock mass (Figure 7a). The development characteristics of this fracture zone show that
it is low in the middle and high at both ends, with the maximum height reaching 158 m
near the coal pillars. This well-connected fracture structure creates preferential pathways
for groundwater flow, consequently forming a symmetrical ‘funnel-shaped’ seepage field.
Above the 2–2 coal seam, water mainly infiltrates rapidly along the two wings of the ‘funnel’
(with a maximum speed of 1.4 × 10−8 m/s), while the flow rate in the central region is
relatively slow (approximately 8.6 × 10−9 m/s). The average seepage velocity of the
overlying sandstone in the deeper 4–2 coal seam is 6.4 × 10−9 m/s (Figure 7b). Ultimately,
the inflow rates in the mined-out areas of the 2–2 and 4–2 seams reach 128 m3/h and
63 m3/h, respectively.

After slightly increasing the staggered distance of the coal pillars to 20 m, the original
symmetrical stress distribution was disrupted, resulting in the formation of an asymmetric
plastic zone within the rock mass. The maximum height of this plastic zone increased to
164 m, with its highest point located near the coal pillars of the 2–2 coal seam (Figure 7c).
This asymmetric rupture pattern reshaped the seepage paths of groundwater, causing them
to no longer exhibit a symmetrical funnel shape, but instead reaching a maximum seepage
velocity of 1.7 × 10−8 m/s near the coal pillars on both sides of the 4–2 coal seam. In
contrast, the seepage velocity in other areas generally remained at 8.2 × 10−9 m/s, while
the average flow velocity of the overlying sandstone of the 4–2 coal seam was also at a low
level of 5.2 × 10−9 m/s (Figure 7d). Despite the occurrence of localized higher rupture
heights and flow rates, the overall water conduction effect was weakened, resulting in the
final influx of water in the goaf areas of the 2–2 and 4–2 coal seams decreasing to 121 m3/h
and 59 m3/h, respectively.
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(a) Distribution of plastic zone at a spacing of 0 m  (b) Seepage velocity at a spacing of 0 m 

   
(c) Distribution of plastic zone at a spacing of 20 m  (d) Seepage velocity at a spacing of 20 m 

   
(e) Distribution of plastic zone at a spacing of 60 m  (f) Seepage velocity at a spacing of 60 m 

Figure 7. Cont.
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(g) Distribution of plastic zone at a spacing of 100 m (h) Seepage velocity at a spacing of 100 m 

  
(i) Distribution of plastic zone at a spacing of 138 m (j) Seepage velocity at a spacing of 138 m 

  
(k) Distribution of plastic zone at a spacing of 160 m (l) Seepage velocity at a spacing of 160 m 

Figure 7. Fluid–solid coupling mechanical response of overlying strata after No. 42 coal mining
(changes in coal pillar spacing).
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After further increasing the staggered distance of the coal pillars to 60 m, the pattern
of rock fracture changed significantly. The maximum height of the plastic zone increased
to 168 m, and its highest point shifted from near the upper left coal pillar to above the
lower right 4–2 coal seam pillar (Figure 7e). This concentrated fracturing of the deep
rock mass formed a high-speed seepage ‘dominant channel’ that directly connects to the
Zhiluo formation, with a local peak velocity reaching as high as 1.8 × 10−8 m/s. However,
apart from this localized high-speed area, seepage activity in most regions was effectively
suppressed, with a common flow rate dropping to 7.1 × 10−9 m/s, while the average flow
rate in the sandstone above the 4–2 coal seam increased to 5.8 × 10−9 m/s (Figure 7f).
This ‘localization’ effect of the seepage ultimately led to a re-distribution of the inflow: the
inflow in the mining area of the lower 4–2 coal seam decreased further to 54 m3/h, while
the inflow in the upper 2–2 coal seam dropped to 118 m3/h.

When Ls1 = 100 m, the mechanical stability of the rock mass has significantly improved.
The maximum height of the plastic zone decreased from 168 m in the previous working
condition to 162 m, and its highest point has returned to near the coal pillar of the upper 2–2
coal seam (Figure 7g). This alignment allows the position of the highspeed seepage zone
and the rupture peak to correspond once again, with a peak velocity of 1.8 × 10−8 m/s.
Despite this localized highspeed area, seepage in other regions remains at a lower level
(approximately 6.3 × 10−9 m/s) (Figure 7h). The average flow rate of the sandstone above
the lower 4–2 coal seam increased to 6.3 × 10−9 m/s. This series of changes ultimately
manifests as further optimization and redistribution of water inflow: the water inflow from
the lower 4–2 coal seam is more effectively controlled, reduced to 48 m3/h, while the water
inflow from the upper 2–2 coal seam decreased to 112 m3/h.

As shown in Figure 7i, when Ls1 = 138 m, under the influence of mining in the 2–2
and 4–2 coal seams, an asymmetric distribution of the plastic zone is formed. The highest
point of the plastic zone is located near the 4–2 coal pillar, with a height of 170 m (Figure 7i).
At this time, the maximum seepage velocity occurs near the highest point of the plastic
zone of the Zhi Luo formation, measured at 2.1 × 10−8 m/s. The seepage velocity in other
parts of the Zhiluo formation and the Yan’an formation is generally 5.8 × 10−9 m/s. The
average seepage velocity in the sandstone layers above the 4–2 coal seam is relatively low, at
6.8 × 10−9 m/s (Figure 7j). The inflow rates for the 2–2 and 4–2 mining faces are 108 m3/h
and 45 m3/h, respectively.

When the staggered distance continues to increase to 160 m, the layout achieves the best
stability in terms of rock mechanics: the maximum height of the plastic zone significantly
decreases to 156 m, which is the lowest value among all staggered conditions, and its highest
point also remains stably near the coal pillar of the 2–2 coal seam (Figure 7k). In terms of
controlling the inflow, the water inflow in the goaf of the 2–2 and 4–2 coal seams is 101 m3/h
and 39 m3/h, respectively. At this time, the maximum seepage velocity occurs near the coal
pillar of the 2–2 coal seam in the Zhiluo formation, reaching 1.9 × 10−8 m/s. The seepage
velocity in other parts of the Zhiluo and Yan’an formations is generally 4.6 × 10−9 m/s. The
average seepage velocity of sandstone above the 4–2 coal seam is measured at 6.4 × 10−9 m/s
(Figure 7l).

As shown in Figure 8, increasing the inter-column distance (Ls1) has strikingly different
effects on the height of the plastic zone and the flow rate. The height of the plastic zone
shows slight variation (156–170 m, ≈±7%), with no proportional reduction, reflecting that
the local stress redistribution is not influenced solely by the geometric spacing. The flow
rate, however, demonstrates a nearly monotonous decrease: the No. 2–2 coal seam reduced
by ≈21% (128→101 m3/h), while the No. 4–2 coal seam decreased by ≈38% (63→39 m3/h).
The reduction in the lower layer is even greater (about 1.8 times that of the upper layer),
indicating that increasing the inter-column distance can effectively suppress the influx
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of groundwater, reduce the occurrence of water hazards, and thereby enhance overall
mining safety.

Figure 8. Changes in numerical values caused by variations in the spacing of coal pillars.

The model results have been compared with the field measurements of the Buertai
2–2 coal seam, where the observed height of the plastic zone is about 160 m and the water
inflow ≈24 m3/h. Under the same conditions, the simulated height of the plastic zone and
water inflow are 155 m and 22 m3/h, respectively, with deviations of less than 10%. The
results are also consistent with previous studies, confirming that the scaling ratio of crack
development is similar [37,56].

3.3. Experimental Verification

Laboratory tests are an important means to verify the effectiveness of the newly
developed plastic damage–seepage model. Taking sandstone as an example, the verification
process of the plastic damage–seepage model is explained. In numerical simulation, a finite
element calculation model is established using Abaqus CAE software, and the parameters
of rock specimens are obtained through cyclic loading-unloading tests and permeability
tests (see Table 1). The numerical simulation results were compared with the experimental
test results (see Figure 9). The two agree well, indicating that the plastic damage–seepage
model has high accuracy and reasonable reliability in characterizing the coupled behavior
of rock deformation and fluid flow.

   
(a) Laboratory test (b) Stress-Strain-Permeability coefficient curve (c) Numerical simulation 

Figure 9. Comparison of experimental and calculated results under different confining pressures [57].

3.4. Sustainability Indicator Analysis

The thickness of the coal seam determines the intensity of groundwater loss, while the
arrangement of coal pillars affects protective efficiency. Through the coupling evaluation
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of GLI, APE, and STI, it is possible to identify the optimized range that both ensures coal
recovery efficiency and reduces groundwater loss.

The sustainability indicators proposed for each scenario were calculated using the
simulation results, summarized in Tables 2 and 3.

Table 2. Simulation results and sustainability indicators under different coal seam thicknesses.

Scenario (CST, CPP) PZH/m TIV (m3/h) GLI APE/% STI (w = 1/3)

4 m, 0 m 155 161 1.00 28.1 0.67
6 m, 0 m 160 170 1.06 24.1 0.60
8 m, 0 m 164 190 1.18 15.2 0.50

10 m, 0 m 168 224 1.39 0.0 0.33
Note: CST is the abbreviation for coal seam thickness; CPP is the abbreviation for the position of the coal pillar;
PZH is the abbreviation for the height of the plastic zone; TIV is the abbreviation for total inflow volume. The
GLI benchmark is scenario (4 m, 0 m); the worst case for APE is (10 m, 0 m). CST data uses aligned coal pillars;
CPP data assumes it is conducted under a coal seam thickness of 4 m.

Table 3. Simulation results under different coal pillar arrangements and sustainability indicators.

Scenario (CST, CPP) PZH/m TIV (m3/h) GLI APE/% STI (w = 1/3)

4 m, 0 m 158 191 1.36 0.0 0.29
4 m, 20 m 164 180 1.29 5.8 0.22
4 m, 60 m 168 172 1.23 9.9 0.17
4 m, 100 m 162 160 1.14 16.2 0.39
4 m, 138 m 170 153 1.09 19.9 0.25
4 m, 160 m 156 140 1.00 26.7 0.67

Note: CST is the abbreviation for coal seam thickness; CPP is the abbreviation for the position of the coal pillar;
PZH is the abbreviation for the height of the plastic zone; TIV is the abbreviation for total inflow volume. The
GLI benchmark is scenario (4 m, 160 m); the worst case for APE is (4 m, 0 m). CST data uses aligned coal pillars;
CPP data assumes it is conducted under a coal seam thickness of 4 m.

From Table 2, it can be seen that as the thickness of the coal seam increases, the GLI
value rises from 1.00 to 1.39, while the APE value decreases from 28.1% to 0. This clearly
indicates that increasing the extraction thickness will continue to weaken the protection
of the aquifer. From the perspective of overall sustainability (STI), the STI value for the
(4 m, 0 m) scenario is the highest (0.67), as it performs best in both safety and environmental
dimensions; as the thickness increases, the overall STI value continues to decline, indicating
a deterioration in sustainability.

The results in Table 3 clearly demonstrate the significant effect of optimizing the ar-
rangement of coal pillars on groundwater protection. When the coal pillars are adjusted
from complete alignment (0 m) to a staggered distance of 160 m, the APE value increases
from 0% to 26.7%, indicating a significant water-saving effect. The STI value peaks at
0.67 at the 160 m spacing, as this scenario simultaneously achieves the lowest PZH
(safest) and the lowest GLI (most environmentally friendly), making it the optimal choice
in this plan.

4. Discussion
4.1. Meaning of Sustainability

This study redefines the traditionally perceived issue of mine water inflow, which
is considered an engineering disaster, as a critical sustainability challenge. The results
quantitatively demonstrate that mining design choices, particularly coal seam thickness,
have a disproportionate impact on groundwater resources. The water inflow from mining
a 10 m thick coal seam is 1.39 times that of mining a 4 m thick coal seam, indicating that
the extraction of thick coal seams could lead to unsustainable rates of aquifer depletion.
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In water-scarce regions like Inner Mongolia, such loss would exacerbate desertification,
reduce agricultural productivity, and hinder long-term ecological restoration efforts, di-
rectly conflicting with SDG 6 and SDG 15. Conversely, our findings suggest that strategic
mine planning, such as implementing staggered pillar layouts, can serve as a powerful
conservation tool. A reduction of approximately 27% in water inflow (with an optimal
case APE ≈ 37.5%) represents a low-cost, engineering-based solution to mitigate environ-
mental impacts and support the concept of green mining, thereby promoting regional
water security.

4.2. Comparison with Previous Studies

Our findings regarding the expansion of the plastic zone are consistent with previous
rock mechanics studies that identified coal seam thickness and pillar stability as critical
control factors in roof failure [58–61]. However, this research advances the field by ex-
plicitly linking these mechanical processes to quantifiable groundwater loss outcomes
and embedding the analysis within a sustainability framework. While other studies have
focused on predicting water inflow [62–64], they rarely assess these rates against sustain-
ability benchmarks or translate them into decision-support indices such as GLI and APE.
In particular, the STI offers a novel approach that moves beyond single-objective (safety)
optimization towards a multi-objective, stakeholder-inclusive model, a direction that has
long been advocated in the sustainable resource management literature.

4.3. Support for Policies and Management

1. GLI Threshold: When GLI ≥ 1.5, it may indicate that groundwater extraction is at an
unsustainable risk level. This threshold can serve as an early warning reference for
implementing measures such as recharge, supplementation, or controlled drainage to
maintain aquifer stability.

2. APE Standard: The misalignment arrangement can achieve APE ≈ 27%. Based on this,
it is recommended that APE ≥ 20% be used as a preliminary evaluation benchmark
for green and efficient mines, providing policymakers with a quantitative standard to
promote environmentally friendly mining.

3. STI Optimization: Through STI, the optimal balance point for coal recovery and water
resource protection can be identified, providing a scientific basis for mine planning.

4. Global coherence: The indicator system proposed in this article is highly aligned with
the United Nations Sustainable Development Goals (SDGs), particularly SDG 6, 12,
and 13. Although its applicability in different mining areas still needs further verifica-
tion, this framework provides an innovative reference for incorporating sustainability
indicators into environmental impact assessments and mining approval processes.

These indicators help translate complex simulation results into a common language
that can be understood by different stakeholders, promoting a more transparent and
sustainable decision-making process that aligns with national environmental policies and
the global sustainable development agenda.

4.4. Limitations and Prospects

This study used a two-dimensional model that effectively captures the basic mecha-
nisms within the cross-section. However, it is necessary to acknowledge the limitations
of this work. Numerical simulations have high requirements for parameters, and the
accuracy of the parameters can affect the results of the simulations. It should be noted that
in practical engineering applications, the mechanical parameters used in the simulations
should be obtained as accurately as possible. At the same time, the crack networks and
fluid flow in the real world are three-dimensional. Future research should adopt three-
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dimensional simulations to validate and refine these findings. Additionally, long-term field
monitoring of groundwater levels and water quality in the Buertai coal mine is crucial
for calibrating the model and verifying the actual effectiveness of the proposed protective
measures. Finally, future iterations of STI could expand to include socioeconomic factors,
such as the impact on local community water supply and the economic costs of water
treatment, to provide a more comprehensive sustainability assessment.

5. Conclusions
This study is set against the background of the Buertai coal mine in the Shendong

mining area. Based on complex coal seam geological conditions and the extraction of
multiple coal seams, the impact of coal seam thickness and coal pillar arrangement on the
height of water-conducting fracture zones and water inflow was analyzed using Abaqus
CAE numerical simulation software. Three new indicators are proposed—GLI, APE, and
STI—in order to optimize mine design to enhance sustainability.

1. Impact of coal seam thickness: The thickness of the coal seam is a major driver
of groundwater depletion. While increasing coal seam thickness is economically
attractive, it could lead to a significant rise in groundwater loss at the Buertai coal
mine, especially with a notable increase in water inflow from deeper coal seams,
reaching up to 1.8 times. The proposed Groundwater Loss Index (GLI) successfully
quantifies this risk, providing a scientific measurement for identifying mining plans
with high environmental impact.

2. Optimizing coal pillar layout: Optimizing the arrangement of coal pillars, especially
using staggered layouts, can effectively reduce the roof cracking in the Buertai coal
mine and significantly lower the underground water inflow in the Buertai coal mine,
with a maximum reduction of 26.7%. The aquifer protection efficiency (APE) provides
a practical benchmark for green mining design, and optimizing coal pillar layout helps
to enhance groundwater protection and reduce the risk of water disasters.

3. Sustainability Trade-offs: The Sustainability Trade-off Index (STI) provides a frame-
work for balancing production, safety, and environmental protection in the design
of the Buertai coal mine. The STI helps identify operational windows for achieving
synergistic optimization among these goals, going beyond traditional single-objective
planning and promoting the development of the Buertai coal mine towards a more
sustainable direction.

4. Policy Relevance: The proposed GLI, APE, and STI indicators show potential for
application in environmental impact assessments, mining approval processes, and
sustainability certification systems. These quantitative indicators may provide a useful
scientific basis for aligning mining practices with national green development goals
and international sustainability frameworks (such as the SDGs). However, their
applicability under different geological and mining conditions still needs to be further
verified through field investigations and long-term monitoring.

5. Sustainable Mining Recommendations: To reduce environmental impact and improve
management efficiency, it is recommended to: first, optimize coal pillar design based
on APE thresholds, balancing recovery rates with aquifer protection; then, incorpo-
rate GLI and STI early warning systems into mine planning and safety monitoring
platforms to achieve real-time risk control; and finally, establish an interdisciplinary
monitoring network that integrates hydrogeology, rock mechanics, and ecological data
to enable full-process sustainable assessment.

In summary, this study shifts the focus from pure disaster prevention to a compre-
hensive, sustainability-oriented design framework for the Buertai coal mine, ensuring the
protection of groundwater resources, the enhancement of ecological resilience, and the
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responsible extraction of energy resources. The findings of this research provide innovative
sustainability decision-making tools for the planning of the Buertai coal mine and offer a
new approach for green mining in other coal mines, contributing to the construction and
development of green coal mines.
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