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Abstract: During underground coal mining, the evolution of 
stress and fracture development within the overlying water-resisting 
key strata (WRKS) significantly impacts its water-resisting 
properties, thereby making it a critical factor controlling the stability 
of groundwater seepage in coal mines. Utilizing UDEC and based on 
the coal-rock interburden thickness, the development height of the 
water-conducting fracture zone, and the theory of the “three mining-
induced zones” (caved zone, fractured zone, continuous deformation 
zone), numerical models simulating coal seam excavation and the 
response of the WRKS under various relative interburden thickness 
conditions were constructed. These models were employed to 
investigate the mining-induced stress paths and fracture evolution 
characteristics of the WRKS at different spatial positions during coal 
seam advance. The results demonstrate that: The characteristic 
spatial distribution pattern of mining-induced stress within the 
WRKS follows the sequence “Initial Stress Zone - Stress 
Concentration Zone - Pressure Relief Zone - Stress Recovery Zone - 
Pressure Relief Zone - Stress Concentration Zone - Initial Stress 
Zone”. The maximum stress concentration factor within the stress 
concentration zone exhibits a negative correlation with the relative 
interburden thickness, while the minimum stress concentration 
factor within the pressure relief zone shows a positive correlation 
with the relative interburden thickness. The spatial extent of the 
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fracture development zone within the WRKS exhibits a high degree 
of coincidence with the pressure relief zone; furthermore, the extent, 
duration, and fracture density of the fracture development zone all 
exhibit negative correlations with the relative interburden thickness. 
The mining-induced stress path experienced by the WRKS comprises 
six distinct stages: “Original Rock Stress - Stress Increase - Pressure 
Relief - Stabilized Pressure Relief - Stress Recovery - Asymptotically 
Approaching Original Rock Stress”. Concurrently, the evolution 
process of mining-induced fractures progresses through five stages: 
“Incubation - Expansion - Stabilization - Closure - Asymptotically 
Approaching Complete Closure”.

Key words: water-resisting key stratum; mining-induced stress 
path; mining-induced fracture evolution; numerical simulation; 
water-preserved coal mining

1 Introduction
Research on water-preserved coal mining serves as the 

theoretical foundation for both water resource protection and high-
quality coal development in the ecologically fragile mining areas of 
Northwest China1-4. Within the framework of water-preserved coal 
mining, protecting the integrity of the WRKS is a primary objective 
for preventing water inrush disasters in coal mines and safeguarding 
water resources5-7. The WRKS, located within the overlying strata of 
the coal seam, plays a crucial role in controlling the stability of 
groundwater seepage8,9. During the mining process, the 
characteristics of its stress evolution and fracture development 
significantly impact its water-resisting properties10.

Prior to coal mining activities, overlying strata exist in a state of 
virgin rock stress. Coal extraction disrupts this stress equilibrium, 
subjecting the strata to mining-induced stress changes that 
ultimately drives deformation and failure11-13. In the study of mining-
induced stress changes caused by coal seam extraction, scholars 
have achieved significant research outcomes. Through physical 
simulation, Deng et al.14 revealed a four-stage evolutionary pattern 
of mining-induced stress: gentle stability, gradual accumulation, 
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high-level mutation, and return to stability. Huang et al.15 concluded 
that during the mining of coal seams in multi-seam conditions, the 
lower working face undergoes three distinct stages: mining 
compression, pressure relief expansion, and stress recovery. Xie et 
al.16 proposed a four-stage model simulating the unloading 
expansion stress evolution process in protected seams during 
protective layer mining, consisting of geostress recovery, axial 
compression, pressure relief expansion, and stress recovery. 
Through numerical simulations, Cui et al.17 revealed that vertical 
stress during working face advancement progresses through three 
phases: initial geostress, periodic fluctuation with stepwise increase, 
and abrupt decrease. Gao et al.18 identified in-situ mining 
disturbance stress paths through field tests, demonstrating that 
axial stress evolves from initial state to peak stress during face 
advancement, followed by reduction to residual strength with rock 
failure, while lateral pressure continuously unloads from initial state 
to lower levels. Zhang et al.19 summarized the stress path evolution 
in protected seams under repeated mining activities into three 
phases: loading, unloading, and recovery. Ma et al.20 established a 
mechanical model for the fracture of water-resisting key stratum in 
multi-seam mining and validated its effectiveness in water inrush 
risk assessment through numerical simulation and field 
microseismic monitoring. Chai et al.21 discovered that floor rock 
stress distribution during upper protective layer mining can be 
divided into four phases along the advancing direction: original rock 
stress, stress concentration, stress release, and stress recovery. Xie 
et al.22 employed numerical simulation methods to investigate the 
characteristics of stress changes within the overlying strata during 
mining, specifically considering variations in the interburden 
thickness between the overlying strata and the coal seam. Pang et 
al.23 studied the spatiotemporal evolution characteristics of mining-
induced stress in the overlying strata above deep mining faces and 
the associated fracturing and instability processes.

In research concerning the evolution characteristics of mining-
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induced fractures within overlying strata, Wang et al.24 conducted 
physical similarity simulation tests, quantitatively analyzing the 
power-law distribution characteristics of the fracture network from 
geometric and topological perspectives. Through similarity 
simulation experiments, Ran et al.25 revealed the asymmetric 
evolution characteristics of mining-induced fractures under inclined 
multi-seam mining conditions. Zhao et al.26 employed the method of 
physical similarity simulation for coal seam mining to study the 
development and spatial distribution patterns of fracture networks 
in roof strata under mining disturbance. Through combined 
numerical simulation of repeated mining and physical similarity 
simulation tests, Wu et al.27 obtained the developmental 
characteristics and spatial distribution morphology of the overlying 
strata fracture network. Liang et al.28 investigated the evolution laws 
of the mining-induced fracture network in overlying strata by 
performing physical similarity simulation tests on strata fracture and 
caving during coal seam extraction. Yin et al.29 analyzed the 
geometric structural features and spatial distribution patterns of 
fractures within the overlying strata by conducting three-
dimensional simulated mining experiments. Based on the 
quantification of mining-induced fracture dimensions in overlying 
strata, Zhang et al.30 revealed the developmental characteristics of 
vertical fractures and the concentration patterns of specific fracture 
angles. Liu et al.31 utilized fractal dimension to provide a 
quantitative description of the development laws of fractures within 
the overlying strata. Chen et al.32 first performed UDEC numerical 
simulations of overlying strata movement induced by mining, 
obtaining the developmental morphology of the fracture network, 
and then quantitatively described its structural characteristics using 
fractal theory. Zhuo et al.33 found significant differences in the 
fracture aperture evolution processes between the compacted zone 
in the middle of the goaf and the fracture development zones on both 
sides within the overlying strata during mining. Chen et al.34 
classified rock stratum fractures into shear fractures, bed-
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separation fractures, and longitudinal tensile fractures, establishing 
the coupling relationship between fracture propagation in the roof 
and floor and stress under mining influence. Yao et al.35 combined 
discrete element simulation with the transient electromagnetic 
method (TEM) to achieve mutual verification of mining-induced 
fracture distribution in overlying strata.

In summary, current research predominantly employs methods 
such as numerical simulation and field measurements to investigate 
the mining-induced mechanical behavior of coal and rock strata, 
utilizing physical similarity simulation tests to study the evolution 
laws of fractures within overlying strata, and applying fractal theory 
to quantitatively describe fracture development characteristics. 
However, studies focusing on the mining-induced stress paths and 
fracture evolution characteristics at different spatial positions within 
rock strata, along with the interrelationship between mining-induced 
stress evolution and fracture development, have received relatively 
limited attention. Building upon the simplification of treating rock 
strata as homogeneous structures, this study shifts its focus from 
examining the overall behavior or localized static states of the 
stratum to investigating a previously underexplored question: 
Throughout the mining process, how do different spatial locations 
within the same rock stratum undergo a complete and sequential 
dynamic evolution of stress and fracture? This internal spatial 
variation is critical for accurately determining both the global 
stability and local failure mechanisms of key strata.

To address these knowledge gaps, the authors have 
systematically investigated the mining-induced stress paths and 
fracture evolution characteristics of the WRKS at different spatial 
positions during coal seam advance. Utilizing UDEC, numerical 
models simulating coal seam excavation and WRKS response under 
various relative interburden thickness conditions were constructed. 
This approach reveals the distribution and variation patterns of 
mining-induced stress and fractures within the WRKS and explores 
the relationship between them. The core innovation of this study lies 
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in establishing a dynamic evolution sequence of stress-fracture in 
the WRKS above the working face, which systematically accounts for 
the influence of relative interburden thickness throughout the entire 
mining process.

2 Numerical model
2.1 Controlling effect of relative interburden thickness
Prior to coal seam extraction, the overlying strata exist in a state 

of true triaxial in-situ stress equilibrium36. Mining-induced 
excavation disturbance triggers redistribution of vertical and 
horizontal stresses within these strata, driving progressive upward 
deformation and failure that forms three distinct zones: the caved 
zone, fractured zone, and continuous deformation zone37. The 
vertical distance between individual strata and the coal seam 
governs their susceptibility to mining impacts, consequently 
generating variations in mining-induced stress paths and fracture 
evolution. The WRKS – defined as a competent stratum between the 
coal seam and overlying aquifer that controls rock mass deformation 
– functions independently or with low-permeability weak strata as a 
structural barrier resisting certain levels of stress and hydrostatic 
pressure38. Post-mining WRKS behavior fundamentally depends on 
its position within these zones: within the continuous deformation 
zone, minimal fractures develop while strata undergo gentle elastic 
subsidence with preserved permeability; within the fractured zone, 
extensive longitudinal/transverse fractures degrade water-resisting 
capacity despite retained stratification; within the caved zone, 
fragmentation into chaotic rock blocks enables unrestricted 
groundwater flow, resulting in complete hydraulic integrity loss39-41.

The structural and seepage stability of the WRKS under coal 
seam excavation disturbance is fundamentally governed by the 
development height of the fractured zone and the interburden 
thickness. As summarized in Table 1, empirical formulas for 
predicting the development height of water-conducting fracture 
zones – documented in the Specification for Coal Pillar Retention and 
Pressure Mining beneath Structures, Water Bodies, Railways, and 
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Major Shafts and the Code for Hydrogeological and Engineering 
Geological Exploration in Mining Areas – demonstrate that this 
height primarily depends on mining height and overburden 
lithology42,43. Consequently, under specific geological conditions of 
a working face, the positioning of the WRKS within the fractured 
zone is predominantly controlled by the relative interburden 
thickness (ratio of interburden thickness to mining height). Larger 
relative interburden thickness corresponds to diminished excavation 
disturbance effects on the WRKS, thereby inducing systematic 
variations in its stress-fracture characteristics according to this 
geometric parameter.

Table 1 Empirical formulas for predicting the height of water-conducting 
fracture zones

Maximum development height of water-conducting fracture 
zones

Overburd
en 

lithology 
classificat

ion
Formula A Formula B

Competen
t

100 8.91.2 2.0f
MH M= ±+

å
å 30 10fH M= +å

Medium-
competen

t

100 5.61.6 3.6f
MH M= ±+

å
å 20 10fH M= +å

Incompet
ent

100 4.03.1 5.0f
MH M= ±+

å
å 10 5fH M= +å

Extremely 
incompet

ent

100 3.05.0 8.0f
MH M= ±+

å
å /

Note: Må  denotes cumulative mining height (m).

2.2 Geometric model construction
To investigate the mining-induced stress paths and fracture 

evolution characteristics of the WRKS under varying relative 
interburden thickness conditions, a numerical model was 
constructed using the discrete element software UDEC (Universal 
Distinct Element Code, version 7.0; 
https://www.itascacg.com/software/udec), as illustrated in Fig. 1. 
Crucially, this study focuses on elucidating fundamental principles 
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governing stress redistribution and fracture development in 
overlying strata during near-horizontal coal seam extraction, 
deliberately abstracted from site-specific geological constraints. The 
model disregards tectonic stresses within the mining zone and 
assumes a hydrostatic in-situ stress field where the rock mass 
experiences a triaxial compressive state with equal principal stress 
magnitudes44,45. This study employs a hydrostatic stress assumption 
to isolate the effect of relative interburden thickness from the 
confounding influence of tectonic stresses. This simplification is 
appropriate for fundamental investigation but requires modification 
with local in-situ stress field data for site-specific applications. As 
shown in Fig. 1, the geometric model spans 600 m (strike length) × 
150 m (height), incorporating 100 m boundary coal pillars on both 
strike-direction flanks to simulate a 400 m effective mining advance. 
With wide boundary coal pillars on both flanks and a total advance 
distance that surpasses the critical threshold for a stable mining-
induced stress field, the model minimizes boundary effects, thus 
ensuring that the results in the central analysis zone are 
representative. Through UDEC-simulated seam excavation and 
strata caving processes, we systematically analyze WRKS stress-
fracture dynamics while quantifying the influence of relative 
interburden thickness on these mechanisms.

Fig. 1 Numerical geometric model

2.3 Simulation parameters configuration
The vertical distance between the WRKS and coal seam is 

defined as the interburden thickness. This geometric model 
maintains fixed parameters: 4 m mining height and medium-
competent overburden lithology. Empirical formulas for water-
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conducting fracture zones yield predicted heights of 34.4-50 m. To 
investigate WRKS stress-fracture dynamics under varying structural 
positions, three computational cases were designed with 
interburden thicknesses of 20, 40, and 60 m – corresponding to 
relative interburden thicknesses of 5, 10, and 15. These 
configurations intentionally position the WRKS within the caved 
zone, fractured zone, and continuous deformation zone, respectively. 
Boundary conditions include: fixed constraint at the model base; 
11.55 MPa vertical stress applied at the top surface (simulating 
~600 m burial depth); and gradient lateral stresses maintaining an 
isotropic lateral pressure coefficient (K=1) throughout the 
simulation. The simplified hydrostatic stress condition was adopted 
to decouple mining-induced stress perturbations from complex 
tectonic stresses. This approach enables a clearer focus on revealing 
the controlling effect of relative interburden thickness on WRKS 
behavior. The coal-rock mechanical parameters employed in this 
study (Table 2) are based on standardized laboratory tests on core 
samples from typical stratigraphic sequences in our research area, 
as established in46. The parameters are characterized by competent 
floor / intercalated / overlying strata mechanically contrasted with 
lower-strength coal seam, immediate roof, and WRKS47. The model 
simulates the advancement of the coal seam along the strike 
direction of the working face in increments of 10 m. This value was 
selected to balance computational efficiency with a spatial resolution 
sufficient to capture the evolution of stress and fracture fields. It 
should be noted that this increment controls the stepwise 
progression of the mining face in the model to achieve equilibrium 
at each step; it does not simulate the actual duration of excavation 
operations or time-dependent rock mass behaviors (e.g., creep). The 
primary focus of this study lies in the spatial progression of mining 
and the resulting equilibrium states.

Table 2 Mechanical parameters of coal and rock

Rock 
stratum

Thickne
ss (m)

Densi
ty 

(kg·m-

Bulk 
modul

us 

Shear 
modul

us 

Cohesi
on 

(MPa)

Tensile 
strengt

h 

Angle 
of 

intern
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3) (GPa) (GPa) (MPa) al 
frictio
n (°)

Overlying 
strata

84/64/4
4

2500 10.0 7.3 2.3 1.4 35

WRKS 16 2200 7.3 3.8 1.5 1.27 28
Intercalat
ed strata

10/30/5
0

2500 10.0 7.3 2.3 1.4 35

Immediat
e roof

10 2200 7.3 3.8 1.5 1.27 28

Coal seam 4 1460 3.0 2.4 1.2 0.98 22
Floor 
strata

26 2500 10.0 7.3 2.3 1.4 35

3 Analysis of simulation results
3.1 Spatiotemporal evolution and variation patterns of mining-

induced stresses in WRKS
Following computational equilibrium after each mining step, 

vertical and horizontal stress nephograms were exclusively 
extracted for the WRKS by hiding other strata layers. Fig. 2 
visualizes the spatial distribution of WRKS stress fields at working 
face advance distances of 150, 200, 250, 300, 350, and 400 m under 
varying relative interburden thickness conditions.

(a) Relative interburden thickness η=5

(b) Relative interburden thickness η=10
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(c) Relative interburden thickness η=15

        
Fig.2 Spatial distribution of vertical and horizontal stresses in WRKS during 

mining

Analysis of Fig. 2(a) reveals the following stress evolution:
(1) At 150 m working face advance, vertical stress within the 

goaf area of the WRKS is significantly lower than in-situ stress, 
characterizing a pressure relief zone. Conversely, vertical stress 
exceeds in-situ levels within approximately 150 m behind the setup 
entry and ahead of the working face, defining stress concentration 
zones. This configuration establishes a sequential WRKS vertical 
stress distribution: Initial Stress Zone - Stress Concentration Zone - 
Pressure Relief Zone - Stress Concentration Zone - Initial Stress 
Zone. By 200 m advance, vertical stress begins to increase in the 
central relief zone, exhibiting localized stress concentrations. This 
phenomenon results from the WRKS bearing overburden loads, 
transforming the central relief area into a stress recovery zone. 
Consequently, the WRKS stress distribution pattern evolves to: 
Initial Stress Zone - Stress Concentration Zone - Pressure Relief 
Zone - Stress Recovery Zone - Pressure Relief Zone - Stress 
Concentration Zone - Initial Stress Zone. This configuration remains 
consistent thereafter, as validated in Fig. 3.

Fig. 3 Stress distribution patterns in WRKS pre- and post-stress rebalancing 
of mined-out areas

(2) As the working face advanced, the spatial extent of the stress 
recovery zone within the WRKS progressively expanded. 
Quantitative measurements recorded recovery zone widths of 0 m, 
25 m, 60 m, 99 m, 145 m, and 193 m at working face advance 
distances of 150 m, 200 m, 250 m, 300 m, 350 m, and 400 m, 
respectively. Conversely, the stress concentration zone behind the 
setup entry exhibited progressive contraction, reducing to 60 m at 
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400 m advance – representing a 60% decrease compared to its initial 
extent at 150 m advance. The stress recovery zone and setup entry-
side concentration zone collectively bore the overburden load from 
the panel's initial mining sector. The expanding recovery zone 
gradually became the primary load-bearing component, thereby 
driving the reduction of the concentration zone. Notably, the relief 
zone ahead of the setup entry maintained a virtually constant width 
of 59 m with fixed spatial positioning, while the relief zone behind 
the working face (122 m wide) and concentration zone ahead of the 
face (150 m wide) retained their dimensions but migrated 
synchronously with face advancement.

(3) The spatial distribution and evolutionary characteristics of 
vertical stress within the WRKS demonstrate mechanistic 
consistency at relative interburden thicknesses η=10 and 15 
compared to η=5. At 250 m advance, quantitative measurements 
reveal progressive zonal contractions: the setup entry rear 
concentration zone decreases from 89 m (η=5) to 83 m (η=10) to 71 
m (η=15); the setup entry front relief zone contracts from 59 m to 
46 m to 43 m; the stress recovery zone diminishes from 60 m to 51 
m to 35 m; the working face rear relief zone reduces from 122 m to 
120 m to 115 m; and the working face front concentration zone 
narrows from 150 m to 126 m to 103 m. This systematic reduction 
across all zones (mean contraction rate: -11.2 m/η unit) stems from 
attenuated mining-induced disturbance effects on the WRKS at 
greater relative interburden thicknesses under identical 
geomechanical conditions. Horizontal stress evolution exhibits 
analogous spatiotemporal patterns.

A 600 m stress monitoring line was deployed along the base of 
the WRKS with 61 monitoring points spaced at 10 m intervals, 
tracking vertical and horizontal stress magnitudes at each point 
during coal seam extraction. Stress concentration coefficients across 
WRKS were plotted for advance distances of 150 m, 200 m, 250 m, 
300 m, 350 m, and 400 m, as illustrated in Fig. 4.
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(a) Relative interburden thickness η=5

  
(b) Relative interburden thickness η=10

  
(c) Relative interburden thickness η=15

Fig. 4 Stress concentration coefficients for vertical and horizontal stresses in 
WRKS

Analysis of Fig. 4 demonstrates that:
(1) Relatively stable pressure relief and concentration zones 

persist ahead of and behind the setup entry throughout working face 
advancement. For relative interburden thicknesses η=5, 10, and 15, 
the mean maximum vertical stress concentration coefficients in the 
concentration zones progressively decrease from 2.45 to 1.87 and 
1.54, while the mean minimum vertical stress concentration 
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coefficients in the relief zones correspondingly increase from 0.05 to 
0.17 and 0.22.

(2) During coal seam advance, the stress concentration zone 
ahead of the working face and the relief zone behind it migrate 
synchronously forward while the stress recovery zone progressively 
expands. For relative interburden thicknesses η=5, 10, and 15, the 
variation amplitude (difference between maximum and minimum 
values) of vertical stress concentration coefficients in the WRKS 
decreases progressively from 2.57 to 2.11 and 1.62, indicating a 
systematic reduction in mining-induced disturbance intensity. This 
trend predicts that at sufficiently large η values, the WRKS would 
ultimately become entirely unaffected by mining activities, 
maintaining constant stress concentration coefficients of 1.0 (i.e., 
perpetual virgin stress state). Horizontal stress evolution exhibits 
analogous spatiotemporal patterns to vertical stress dynamics under 
identical conditions.

Six monitor points positioned 150 m, 200 m, 250 m, 300 m, 350 
m, and 400 m ahead of the setup entry were selected to track vertical 
stress (syy) and horizontal stress (sxx) evolution during coal seam 
advance, with their variation curves plotted in Fig. 5.

  
(a) Monitoring Point 150                     (b) Monitoring Point 200
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(c) Monitoring Point 250                     (d) Monitoring Point 300

  
(e) Monitoring Point 350                     (f) Monitoring Point 400

Fig. 5 Stress evolution at fixed locations in WRKS during mining

Analysis of Fig. 5 reveals:
(1) Prior to mining disturbance, all monitoring points exhibit 

virgin stress conditions. When the working face advances to 
approximately 150 m behind a monitoring point (lead distance), 
vertical stress at the point progressively increases due to front 
abutment pressure effects, while horizontal stress remains 
essentially constant until the lead distance reduces to ~50 m, 
whereupon horizontal stress initiates its ascent. At a lead distance 
of ~25 m, both vertical and horizontal stresses peak simultaneously. 
Taking Monitoring Point 200 as an example, at relative interburden 
thicknesses η=5, 10, and 15, the maximum vertical stress 
concentration coefficients register 2.44, 2.08, and 1.68 respectively, 
while maximum horizontal stress concentration coefficients measure 
1.18, 1.27, and 1.22 respectively, demonstrating significantly 
greater stress concentration in the vertical direction than the 
horizontal.
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(2) As the coal seam advance continues, exemplified by 
Monitoring Point 150, both vertical and horizontal stresses undergo 
rapid unloading, with minimum stress concentration coefficients at 
η=5, 10, and 15 registering 0.02, 0.06, and 0.18 for vertical stress, 
and 0.10, 0.33, and 0.57 for horizontal stress, demonstrating 
significantly greater unloading magnitude in the vertical direction 
compared to the horizontal.

(3) Following a period of sustained maximum unloading, both 
vertical and horizontal stresses gradually recover towards near-
virgin stress levels, attaining relative stability. The stress recovery 
distances for vertical stress at relative interburden thicknesses η=5, 
10, and 15 register 152 m, 139 m, and 117 m respectively, while 
horizontal stress recovery distances measure 187 m, 172 m, and 169 
m, indicating faster recovery kinetics in the vertical direction. At 400 
m working face advance, vertical stress concentration coefficients 
reach 1.23 (η=5), 1.17 (η=10), and 1.18 (η=15), demonstrating 
excess recovery beyond virgin stress conditions. Conversely, 
horizontal stress concentration coefficients stabilize at 0.92 (η=5), 
0.71 (η=10), and 0.79 (η=15), failing to recover to pre-mining levels. 
This occurs because vertical stress, governed by constant 
gravitational loading, can be rebuilt through passive compaction of 
the fractured rock mass. In contrast, horizontal stress relies on the 
structural integrity of the rock mass, and mining-induced damage 
significantly reduces the ability of the WRKS to transfer horizontal 
forces. Such a pronounced stress imbalance—characterized by high 
vertical stress and low horizontal stress—severely compromises the 
water-resisting capacity of the WRKS. The insufficient horizontal 
stress prevents fractures within the stratum from closing under 
vertical compression, allowing them to remain open or even 
propagate, thereby forming stable seepage pathways. Concurrently, 
the shear strength of the rock mass is significantly diminished, 
making it prone to shear failure under mining-induced disturbances. 
This can lead to the development of interconnected water-inrush 
channels, ultimately resulting in the complete loss of the water-
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resisting function of the WRKS.
In summary, the generalized stress evolution sequence of the 

WRKS during mining operations is characterized by four distinct 
phases: (1) Initial virgin stress equilibrium; (2) Stress escalation to 
peak magnitudes under front abutment pressure influence as the 
working face advances; (3) Rapid stress unloading to minimum 
values upon entering the goaf domain, followed by a sustained relief 
state; and (4) Gradual stress recovery approximating virgin stress 
levels through overburden compaction effects, ultimately achieving 
a quasi-stable stress condition.

During coal extraction, a fixed monitoring point within the WRKS 
ahead of the working face undergoes a defined stress trajectory: 
"Virgin stress →  Stress concentration →  Pressure relief → 
Sustained relief → Stress recovery → Asymptotically approaching 
virgin stress." Spatially, the WRKS is subdivided into four distinct 
stress domains: Virgin stress zone, Stress concentration zone, 
Pressure relief zone, and Stress recovery zone. Temporally, the 
WRKS sequentially experiences three evolutionary phases: Stress 
loading, unloading, and recovery under mining-induced disturbance.

3.2 Spatiotemporal distribution and evolutionary mechanisms 
of mining-induced fractures in WRKS

The predefined orthogonal joint network (longitudinal and 
transverse) within the WRKS of the numerical model enables 
simulation of joint aperture dynamics—dilation or closure—during 
coal seam extraction and overlying strata movement. These joint 
responses mechanistically characterize fracture propagation and 
closure behaviors in the WRKS. Fig. 6 illustrates the spatial 
distribution of dilated joints within the WRKS at working face 
advance distances of 150, 200, 250, 300, 350, and 400 m under 
varying interburden thickness conditions, providing direct 
visualization of mining-induced fracture networks.
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(a) Relative interburden thickness η=5

(b) Relative interburden thickness η=10

(c) Relative interburden thickness η=15
Fig.6 Spatial distribution of fractures in WRKS during mining

Analysis of Fig. 6(a) demonstrates:
(1) At 150 m advance, extensive fracture development occurs 

within the WRKS overlying the goaf area; by 200 m advance, 
fractures in the central goaf initiate closure, forming a distinct 
closed fracture zone. As mining progresses, persistent fracture 
development zones with stable dimensions (65 m ahead of the setup 
entry and 72 m behind the working face) are maintained, while the 
closed fracture zone expands progressively—measuring 0 m at 150 
m advance, 57 m (200 m), 78 m (250 m), 143 m (300 m), 196 m (350 
m), and 240 m (400 m).

(2) At a fixed advance distance of 300 m, fracture development 
zones ahead of the setup entry measure 65 m, 24 m, and 7 m for 
relative interburden thicknesses η=5, 10, and 15 respectively, while 

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



zones behind the working face span 72 m, 60 m, and 37 m. This 
progressive contraction of fracture development extent with 
increasing η results from attenuated mining disturbance effects on 
the WRKS under identical geomechanical conditions, whereby 
greater vertical separation reduces strata deformation magnitude 
and kinematic energy transfer.

(3) During mining operations, the fracture development zone 
ahead of the setup entry remains spatially fixed, while the zone 
behind the working face migrates synchronously with face advance. 
Comparative analysis of Fig. 6(a) and Fig. 2(a) reveals that fracture 
development zones exhibit a high degree of spatial correspondence 
with pressure relief zones, demonstrating a strong mechanistic 
coupling between mining-induced fracture propagation and stress 
redistribution within the WRKS, as evidenced in Fig. 7.

Fig.7 Coupling between fracture development and mining-induced stresses 
in WRKS: exemplified by relative interburden thickness η=5

To investigate the propagation and closure dynamics of mining-
induced fractures within the WRKS, six monitoring sectors were 
established at the following locations: 90-110 m, 140-160 m, 190-210 
m, 240-260 m, 290-310 m, and 340-360 m ahead of the setup entry. 
Fracture ratio—defined as the proportion of dilated joint length to 
total joint length within each sector—was quantified and plotted 
against working face advance distance, with the resulting temporal 
evolution curves presented in Fig. 8.
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(a) Relative interburden thickness η=5        (b) Relative interburden 

thickness η=10

(c) Relative interburden thickness η=15
Fig. 8 Temporal evolution curves of fracture ratio across designated 

monitoring sectors in the WRKS

Analysis of Fig. 8 reveals that:
(1) Fracture ratios within all monitoring sectors of the WRKS 

undergo sequential propagation followed by progressive closure 
during coal seam advance, exemplified at η=5 in the 90-110 m sector: 
null fracture ratio persists until 94 m advance; ascends to its peak 
(0.47) during 94-134 m advance; progressively declines to 0.02 over 
134-259 m advance; and stabilizes at residual levels from 259-400 m 
advance.

(2) Exemplified in the 90-110 m monitoring sector, peak fracture 
ratios at relative interburden thicknesses η=5, 10, and 15 register 
0.47, 0.22, and 0.06 respectively, demonstrating progressive 
attenuation; the advance distance intervals between fracture 
initiation and quasi-closure states measure 165 m, 77 m, and 64 m 
respectively, indicating progressively shorter fracture activity 
durations. These patterns conform to the geomechanical principle 

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



whereby greater vertical distance from the coal seam reduces 
mining disturbance intensity on the WRKS, resulting in diminished 
fracture development magnitude and accelerated closure kinetics—
consistent with the preceding findings.

3.3 Mining-induced stress paths, fracture evolution 
characteristics, and their mechanistic coupling in WRKS

Previous research established a strong correlation between 
fracture dilation/closure characteristics and mining-induced stress 
variations in the WRKS. Consequently, an integrated analysis of 
WRKS stress evolution curves and fracture ratio evolution curves 
was conducted to elucidate their mechanistic interdependence. Fig. 
9 presents the synchronized stress trajectory at Monitoring Point 
200 and the fracture ratio evolution in Sector 190-210 m during coal 
extraction.

 
(a) Relative interburden thickness η=5        (b) Relative interburden 

thickness η=10

(c) Relative interburden thickness η=15
Fig. 9 Stress paths and fracture ratio evolution curves of the WRKS

Stress-fracture ratio relationship curves for the WRKS exhibit 
consistent patterns across varying relative interburden thicknesses 
(η), as exemplified by Fig. 9(a):
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(1) During coal seam advancement: From 0-40 m, the WRKS 
maintains original rock stress equilibrium with no mining-induced 
fractures; 40-180 m sees vertical stress concentration peak at 2.48 
times virgin stress and horizontal at 1.16 times, suppressing 
fractures through compressive densification; 180-200 m experiences 
initial unloading reducing vertical stress to 1.12 times and horizontal 
to 0.36 times original levels without fracture development; 200-260 
m exhibits continued unloading where vertical stress drops to 0 
times and horizontal to 0.11 times, triggering fracture propagation 
until reaching maximum fracture ratio 0.40; 260-330 m shows stress 
recovery increasing vertical stress to 0.64 times and horizontal to 
0.30 times original values, closing fractures to ratio 0.06; 330-400 m 
demonstrates further stress elevation to 1.56 times (vertical) and 
0.67 times (horizontal) original stresses, reducing fracture ratio to 
0.02 through sustained closure.

(2) At 200 m working face advance, the fracture ratio within the 
WRKS initiates its ascent coinciding with the unloading phase of 
vertical and horizontal stresses, indicating decompression failure 
and fracture initiation in the rock layer. As mining progresses, 
continued stress reduction correlates with persistent fracture ratio 
increase, demonstrating that greater pressure relief intensifies 
fracture development. When stress recovery commences due to 
overburden compaction, the fracture ratio progressively declines 
until fractures approach complete closure, establishing a significant 
inverse correlation between stress magnitude and fracture ratio 
evolution in the WRKS.

Based on preceding findings, the mining-induced stress path of 
the WRKS is categorized into six distinct phases: "Virgin Stress → 
Stress Increase → Pressure Relief → Sustained Pressure Relief → 
Stress Recovery →  Asymptotically Approaching Virgin Stress." 
Concurrently, the fracture aperture evolution process divides into 
five stages: "Incubation → Propagation → Stabilization → Closure 
→ Asymptotically Approaching Complete Closure," as schematically 
illustrated in Fig. 10.
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Fig. 10 Mining-induced stress paths and fracture evolution characteristics of 
WRKS

The mining-induced stress path of the WRKS progresses through 
six defined stages: (1) OA (Virgin Stress): Unaffected by mining, 
maintaining hydrostatic in-situ stress; (2) AB (Stress Increase): 
Vertical stress rises to the front abutment peak while horizontal 
stress remains near-constant; (3) BC (Pressure Relief): Substantial 
reduction in both vertical/horizontal stresses upon goaf entry; (4) CD 
(Sustained Relief): Full pressure relief under goaf and coal wall 
support; (5) DE (Stress Recovery): Progressive stress increase via 
goaf compaction; (6) EF (Asymptotically Approaching Virgin Stress): 
Stress nears pre-mining equilibrium under sustained compaction.

Correspondingly, WRKS fracture evolution follows five phases: 
(1) O´A´ (Incubation): Pre-existing fractures compact during stress 
increase, with dilation tendency initiating in early relief; (2) A´B´ 
(Propagation): Rapid fracture development during stress unloading; 
(3) B ´ C ´  (Stabilization): Peak fracture density under sustained 
pressure relief; (4) C ´ D ´  (Closure): Progressive fracture sealing 
during stress recovery; (5) D ´ E ´  (Asymptotically Approaching 
Complete Closure): Residual fractures persist at minimal aperture 
without complete sealing.

4 Conclusions
The core innovation of this research is the establishment of a 

dynamic stress-fracture evolution sequence of the WRKS above the 
working face as a function of the relative interburden thickness 
throughout the entire mining process. The principal conclusions are 
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as follows:
(1) During the initial mining stage after the first weighting of the 

main roof but before central goaf compaction, the spatial stress 
distribution within the overlying WRKS follows the sequence: Initial 
Stress Zone - Stress Concentration Zone - Pressure Relief Zone - 
Stress Concentration Zone - Initial Stress Zone. Following the onset 
of central goaf compaction, this configuration transitions to: Initial 
Stress Zone - Stress Concentration Zone - Pressure Relief Zone - 
Stress Recovery Zone - Pressure Relief Zone - Stress Concentration 
Zone - Initial Stress Zone.

(2) The WRKS exhibits progressively attenuated mining 
disturbance effects with increasing relative interburden thickness 
(η), characterized by reduced stress variation amplitudes: the 
maximum stress concentration coefficient within stress 
concentration zones declines systematically, while the minimum 
stress concentration coefficient in pressure relief zones rises; as η 
asymptotically approaches infinity, mining disturbance diminishes to 
negligible levels, resulting in the WRKS persistently maintaining 
virgin stress equilibrium unaffected by extraction activities.

(3) The fracture development zone within the WRKS exhibits a 
high degree of spatial coincidence with the pressure relief zone, 
demonstrating a strong mechanistic coupling between fracture 
propagation and mining-induced stress redistribution. Furthermore, 
the spatial extent, duration, and fracture density of the fracture 
development zone all exhibit negative correlations with the relative 
interburden thickness under equivalent geomechanical conditions.

(4) The mining-induced stress path of the WRKS progresses 
through six defined phases: Virgin Stress →  Stress Increase → 
Pressure Relief → Sustained Pressure Relief → Stress Recovery → 
Asymptotically Approaching Virgin Stress. Concurrently, the 
evolution of mining-induced fractures follows five distinct stages: 
Incubation →  Propagation →  Stabilization →  Closure → 
Asymptotically Approaching Complete Closure.

The findings of this study provide practical engineering guidance 
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for water conservation and hazard prevention in mining operations. 
The core approach involves obtaining the parameter of "relative 
interburden thickness" through pre-mining geological exploration to 
enable rapid preliminary assessment of WRKS stability: ① When the 
relative interburden thickness is small (e.g., ≤5 as in the presented 
case), the WRKS lies within the caved zone where its structure 
undergoes complete failure after mining, losing water-resisting 
capacity. This necessitates proactive measures such as pre-drainage; 
②  With moderate relative interburden thickness (e.g., =10), the 
WRKS located in the fractured zone exhibits dynamic stability during 
mining, requiring optimized panel layout and controlled mining rates 
to suppress excessive fracture development; ③  When the relative 
interburden thickness is large (e.g., ≥15), the WRKS positioned in 
the continuous deformation zone maintains structural integrity post-
mining, serving as an ideal natural water-resisting barrier that 
should be prioritized for protection in mining design. For mining 
operations conducted under aquifers with unfavorable geological 
conditions, such as those with thin bedrock (which typically results 
in a small η value), the guidance provided by this study is particularly 
significant. When a diagnostically small η value is identified, the 
engineering focus must decisively shift to proactive drainage and 
robust support. When the η value falls within a moderate range, 
efforts should be directed towards controlling mining parameters 
and exploring artificial reinforcement techniques (e.g., grouting) to 
utilize the stress recovery phase for fracture closure. Therefore, 
even when geological conditions pose constraints, the established 
relationship between η and the stress-fracture evolution offers a 
critical decision-making basis for selecting the most appropriate and 
safe mining method.

The numerical model developed in this study and the resulting 
conclusions are primarily applicable to idealized geological 
conditions involving nearly horizontal coal seams and relatively 
homogeneous lithological combinations. For inclined coal seams, 
their asymmetric stress distribution and fracture patterns may 
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significantly alter the mining-induced stress and fracture evolution 
characteristics of the WRKS. Consequently, the control law of 
relative interburden thickness revealed in this study requires 
modification under such conditions. Similarly, in complex strata with 
frequent lithological variations and developed weak interlayers, the 
mechanical interactions between rock layers become more intricate. 
These weak interlayers may alter the vertical propagation pathways 
of fractures and the efficiency of stress transfer. Therefore, direct 
extrapolation of the quantitative findings of this study to such 
complex conditions must be exercised with great caution.

On the other hand, the findings and mechanistic insights 
presented in this study are derived from numerical simulations 
under idealized conditions. While this approach was instrumental in 
clarifying the controlling effect of relative interburden thickness on 
the WRKS, future research should aim to validate the conclusions 
through data obtained from physical simulations and in-situ field 
monitoring. Validating these findings under more complex 
geological conditions will be a critical step toward developing 
universally applicable strategies for water conservation in mining.
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