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Overburden failure characteristics
and fracture evolution rule under
repeated mining with multiple key
strata control

Sun Chaoshang?, Shi Chaoyang?, Zhu Zhiming?, Lin Haixiao'3"/, Li Zhenhua'3",
Du Feng'*, Cao Zhengzheng?, Lu Pengtao® & Liu Lin*

To master the overburden structure failure and fracture evolution law under multi-key stratum

control during repeated mining in coal seams, this study takes the superimposed mining faces of

6% and 7* coal seams in Xinjiang mining area as the research background. Through comprehensive
research methods including theoretical analysis, similarity simulation, numerical simulation, and field
monitoring, it systematically reveals the evolution law of overburden fractures under repeated mining
controlled by multiple key strata, and clarifies the crucial control effects of cumulative damage in

the overburden and the superimposed effect of mining-induced stress fields on fracture morphology
during repeated mining of close-distance coal seams. The research shows: (1) Based on key stratu
theory, four key strata are identified above the working face, with the first sub-key stratum and the
main key stratum located at 61.63 m and 174.63 m above the 7# coal seam, respectively. (2) Similarity
simulation displays that after mining the upper 6%coal seam, the overburden failure exhibited an
approximately “trapezoidal” distribution, with a fracture zone height of 40.2 m (height-to-mining
ratio of 13.4); the fracture zone height in the area unaffected by repeated mining above the 7* coal
seam was 115 m (height-to-mining ratio of 12.8). Repeated mining intensifies cumulative damage in
the overburden and superimposes mining-induced stress fields, leading to rapid fracture propagation.
Ultimately, under the combined control of multiple key strata, the fracture zone and caving zone
heights stabilizes at 139.68 m and 42.88 m, respectively. The overburden failure pattern evolves from
the single “trapezoidal” structure of initial mining to a "double-trapezoidal" composite structure, with
fracture evolution following the pattern of "slow expansion during initial disturbance-leap increase
due to cumulative damage from repeated mining-gradual stabilization regulated by key strata".

(3) Field monitoring using the double-end water plugging and borehole observation joint detection
method measures the fracture zone height after 6% coal seam mining as 38 m (height-to-mining ratio
of 13.6 based on a measured seam thickness of 2.8 m), and the fracture zone height in the exclusively
mined area of the 7% coal seam as 100.33 m (height-to-mining ratio of 12.4 based on a measured
seam thickness of 8.09 m). The predicted height-to-mining ratios under different coal thickness
conditions show good agreement. The research results provide a theoretical basis for roof water hazard
prevention and control and surface damage management in the Xinjiang mining area.

Keywords Key strata, Repeated mining, Overburden failure, Mining-induced fractures, Cumulative damage,
Similarity simulation

With the gradual depletion of coal resources in eastern mining areas in China, the strategic focus of coal
development has rapidly shifted to northwest mining areas characterized by superior geological conditions.
Xinjiang and other western mining regions not only possess advantages such as vast reserves, high-quality coal,
simple geological structures, shallow burial depths, and ultra-thick coal seams, but their unique high-intensity
repeated mining mode has also become a defining technical feature of regional exploitation>. However, the
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cumulative damage effects on overlying strata induced by repeated mining of ultra-thick coal seams significantly
increase risks, including water-conducting fractures penetrating the surface and catastrophic roof water-
sand inrushes, severely restricting safe and efficient mining operations®=°. Therefore, investigating the failure
mechanisms and fracture evolution patterns of overlying strata under repeated mining of ultra-thick coal seams,
and accurately predicting the developmental height of water-conducting fracture zone (WCFZ) under such
conditions, are critical for preventing roof water hazards and protecting surface collapses.

Extensive research has established a systematic framework for addressing these challenges. Cao”® and Du et
al >0 investigated structural stability and disaster prevention in coal mine overburden by integrating mechanical
modeling, numerical simulation, and industrial testing. Their research focused on the mechanical properties and
fracture evolution of overburden, revealing stress arch evolution laws during grout diffusion, thick-hard roof
fracturing, and remaining coal pillar extraction. Mining-induced stress arches form dynamic bearing systems
controlled by key strata, in which stiffness characteristics'"'? and energy release mechanisms'?® directly influence
coal mass-instability and support-structure adaptability. By constructing dual-body systems, fold catastrophe
theory, and stress arch models, they proposed key technologies for grouting parameter optimization, rock burst
prevention, and hydraulic support selection, providing theoretical support for overburden structure regulation
and safe mining under complex conditions. Xu et al.'*!> developed a WCFZ height prediction model based on key
strata theory, elucidating how structural differences in primary key strata control fracture morphology evolution.
Lai et al.! clarified the formation mechanisms of water-conducting channels through studies on overlying
strata fracturing in fully mechanized caving faces. Gao et al.'” innovatively combined engineering analogy and
numerical simulation to determine the regulatory role of key strata in surface subsidence and quantified the
heights of caved zones and fracture zones (“two zones”). Addressing limitations of conventional theories, He et
al.’® proposed an improved key strata (IKS) theory, incorporating dynamic overlying strata deformation, and
established a WCFZ prediction method that explains differences in mining patterns between northwestern and
eastern coalfields. Majdi et al.'” introduced five mathematical models for estimating WCFZ heights in longwall
mining, revealing quantitative relationships: The short-term height and long-term height are 6.5-24 times and
11.5-46.5 times of the mining height respectively. Sun®’identified“stepwise’overlying strata collapse patterns and
quantified shear stress influence distances (92.7 m) using distributed optical fiber monitoring. Huang?!, Zang et
al.2? through numerical simulations and mechanical modeling analyses of fracture and stress evolution patterns
in overlying strata under mining with different bedrock thicknesses, this study reveals that increased bedrock
thickness enhances the bearing capacity of key stratum structures, prolongs the interval of immediate roof caving,
and induces a deep shift of coal wall stress peaks with expanded influence zones, elucidating the underlying
mechanical mechanisms. Lin?’, Wang et al.>*~2® analyzed crack evolution patterns in rock masses under stress
based on geometric features of rough fractures (e.g., dip angle, JRC values), revealing that fracture dip angles
and JRC govern the fractal characteristics and connectivity of water-conducting fractures. High-JRC fractures
tend to form locally interconnected channels under low stress, while high-dip-angle fracture clusters promote
large-scale conductive network development through shear slippage. Qu?’, Li*®, Yang et al.? systematically
revealed WCFZ evolution in central-eastern mining areas under complex strata, establishing a multi-factor
prediction model integrating mining height, lithology, and disturbance effects. To address the water inrush
disaster mechanisms in karst collapse columns, Cao®**,, Jia et al.>> conducted systematic research integrating
nonlinear coupled mechanical models, bifurcation theory, and variable-mass fluid-solid coupling numerical
simulation methods. Triaxial seepage tests revealed the spatiotemporal evolution of porosity in fractured rock
masses and the three-stage characteristics of seepage velocity:"gradual transition—abrupt transition—steady-
state."A heterogeneous rock mass multi-field coupling model based on Weibull distribution theory clarified
the permeability leap induced by particle migration and the formation mechanisms of multi-scale conductive
channels. Numerical simulations and field monitoring validated critical seepage instability thresholds, identifying
that when the Darcy flow deviation factor falls below a critical value, saddle-node bifurcation triggers abrupt
seepage transitions. Key controlling param for water inrush disasters—hydraulic gradient, initial porosity, and
rock mass homogeneity index—were quantitatively determined, providing a multi-scale dynamic theoretical
foundation for preventing karst water inrush in deep mines. Teng et al.***! Presented a novel approach that
incorporates nuclear magnetic resonance (NMR) measurement and triaxial loading chamber to accomplish
the laboratory in situ continuous observation of the pore-fracture evolution in the coal-rock samples during
triaxial compression. Triaxial compression tests with in situ NMR observation were conducted on coal and
sandstone samples. The evolution of pore-fractures and permeability in a complete stress—strain process was
detected in situ. In multi-seam repeated mining research, Ren®> demonstrated the transformation of overlying
failure patterns from“trapezoidal’to“superimposed trapezoidal”’in close-distance seams, with WCFZ heights
increasing from 64.5 m to 158.5 m. Kang®® developed a principal component-fuzzy comprehensive evaluation
model incorporating six weighted factors (e.g., mining thickness and depth) for WCFZ prediction. Teng®
quantified a 26.2% increase in upper-seam WCFZ heights and nonlinear growth patterns of failure volumes
under repeated mining. Scholars including Wang?®, Yu*, Hou*® and Chen et al.*! systematically investigated the
temporal-spatial evolution characteristics of WCFZs in overlying strata under multi-seam superimposed mining
conditions through multi-scale coupled numerical simulations. Their work quantitatively characterized the
nonlinear mechanisms governing the influence of inter-seam spacing, extraction thickness ratio, and repeated
mining-induced disturbances on the developmental height of fracture zones under stratified and coordinated
extraction modes. Brigida®?, Hu*® and Dzhioeva et al.** developed a 3D regression model incorporating natural
indicators (e.g., methane concentration in gas-air mixtures extracted underground) to effectively quantify
the nonlinear dynamic characteristics of mining pressure, providing a data-driven approach for quantitative
prediction of overburden fracture and stress evolution. These theoretical advancements have significantly
enriched the understanding of overburden fracture evolution mechanisms during coal mining.
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The Xinjiang mining area hosts a large number of closely spaced extra-thick coal seams (9 m thick, average
spacing 13.2 m), where the fracture evolution mechanism in overlying strata under repeated mining presents
distinct characteristics due to superimposed multi-field coupling effects. Repeated extraction significantly
increases the development height of WCFZs compared with single-seam mining, induces larger overburden
subsidence, and enhances fracture network connectivity that facilitates water migration channels, leading to
surface subsidence, roof water inrush, and landslides. However, existing research inadequately addresses the
spatiotemporal evolution mechanisms of overburden fractures under repeated mining of such typical Xinjiang
coal seams, with traditional theories and empirical formulas showing significant prediction errors. This urgently
requires multi-scale analysis of fracture field evolution, multi-method precise detection, systematic revelation
of fracture evolution patterns in closely spaced extra-thick seams under repeated mining, and establishment
of a dynamic prediction model for fracture zone height based on geomechanical conditions. To address this,
this study takes the superimposed working faces of the 6* and 7* coal seams in Xinjiang’s 106 Coal Mine as the
engineering context. Within the framework of key strata theory, we integrate physical similarity simulation,
3D numerical modeling, and multi-method in-situ monitoring technologies to systematically reveal the
spatiotemporal evolution laws of overlying strata fractures under high-intensity repeated mining. The research
develops a staged fracture propagation model and elucidates the regulatory mechanisms of key stratum rupture
on fracture development. This study establishes a theoretical foundation for prevention and control of water
hazard and surface collapses in Xinjiang mining areas.

Research area overview

The 106 Coal Mine is located in Hutubi County, Xinjiang, featuring a south-high-north-low topography with
high geomorphological complexity. The study area exhibits dense vegetation coverage, densely developed gullies,
and significant surface dissection. The region belongs to a belted mountain structure, where the northern slope
has a gradient of 15° ~ 20°, while the southern slope exposes large areas of bedrock. The southern zone primarily
comprises fire-affected geomorphic units, and the western boundary is dissected by the Hutubi River flowing
south-north, forming a typical north-south trending canyon terrain.

The study focuses on the superimposed working faces 1602 and 1702 within Panel 1, with an average vertical
spacing of 13.2 m. The upper 1702 working face overlies the 1602 working face, adjacent to the panel rise
protective coal pillar to the west (marked by the red curve in Fig. 1) and bordered by the goaf areas of Panels
1603 and 1601 to the south and north, respectively. The 1602 working face extracts 6” coal Seam, with a strike
length of 1,079.5 m, dip length of 185.6 m, coal thickness ranging 1.4~ 3.5 m, average mining height of 3.0 m,
and a seam dip angle of 15°. The 1702 working face adjoins the 1703 goaf to the south and borders a preparatory
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Fig. 1. Distribution map of 1602 and 1702 working faces.
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working face to the north, primarily mining the ultra-thick 7* coal Seam. It extends 1,102.5 m along the strike,
197 m along the dip, with coal thickness varying 7.1 ~12.9 m and an average mining height of 9.0 m. The spatial
configuration of the working faces is illustrated in Fig. 1.

The stratigraphic sequence of the mining field, from bottom to top, comprises: Lower Jurassic Sangonghe
Formation (J;s), Middle Jurassic Xishanyao Formation (J,x), Middle Jurassic Toutunhe Formation
(J,0),Quaternary System (Q). The Xishanyao Formation aquifer (J,x) serves as the primary water-bearing
disaster unit in the mining area. Its lithology is characterized by interbedded layers of coarse sandstone,
medium sandstone, and siltstone, exhibiting weak water abundance. This aquifer is recharged by atmospheric
precipitation, snowmelt water, fracture water infiltration from shallow burnt rocks, and topography-driven
runoff, forming an engineering-significant groundwater body. The Xishanyao Formation is subdivided into two
lithologic members (]2)(1 and szz) based on lithological features, containing four coal seams. The study focuses
on 6 and 7coal Seams, both hosted within the lower first lithologic member (J,x*).

Fracture evolution characteristics under repeated mining

To elucidate the dynamic evolution mechanisms of overburden fractures under repeated mining controlled by
multi-layer key strata, a three-dimensional physical similarity simulation system was developed based on the
spatial superposition theory of key strata. Utilizing a phased extraction-compaction cyclic loading protocol,
this system integrates Digital Image Correlation (DIC) technology to capture fracture network distribution
characteristics in real time, enabling visual characterization of the full-cycle evolution process of mining-
induced fractures—from mesoscale initiation to macroscale connectivity.

Physical similarity simulation of fracture evolution

Key strata identification and experimental design

Xu et al.®® established a practical method for identifying key strata in overlying rock masses. This approach
involves: (1) screening candidate key strata: Sequentially identifying hard rock layers with high strength and
deformation resistance from the bottom upward; (2) calculating fracture spans: Comparing the breaking spans
of potential key strata using the composite beam theory. Assuming the first layer is a hard stratum, the load
imposed by overlying strata is calculated as:

(@)l :&ﬁme/ZEih? (1)
i=1 i=1

In the formula: g, (x) |, represents the load imposed by then-th layer on the first hard stratum; h, is the thickness
of the layer i (m); V, is the unit weight of the layer i (kN/m?);E, is the elastic modulus of the layer i, (MPa).

Using Eq. (1), the loads q,(x) |,, and g,(x) |,,,, imposed by the m-th and (m + 1)-th layers on the first hard
stratum are calculated. It necessarily follows that g,(x) | .., <q,(x) |,. Based on this criterion, the positions of
hard strata are determined. Subsequently, the breaking spans [, of different hard strata are calculated to identify
the main key strata and sub-key strata:
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In the formula: hk is the thickness of the hard rock strata, (m); T, is the tensile strength of the hard rock strata,
(MPa); g, is the load applied to the hard rock strata, (MPa); m, is the number of soft rock stratas controlled by
the k-th hard rock strata; E, ; is the elastic modulus of the j-th strata in the soft rock group controlled by the k-th
hard rock strata, E o 18 the elastic modulus of the k-th hard rock strata itself (MPa) hk is the thickness of the
j-th soft rock strata, h, , is thetotal thickness of the k-th hard rock strata itself (m); V i 18 the unit weight of the
j-th soft rock layer, (kN/m?).

For overlying strata containing a surface soil layer, the load on the uppermost hard strata (n-th layer) is
modified as:

Enohi o <Zﬂ hniVii + HV>
gn = = (3)
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In the formula: H is the thickness of the surface soil layer, (m); V is the unit weight, (kN/m?); E o 18 the elastic
modulus of the n-th hard rock strata itself (MPa); h o is thetotal thickness of the n-th hard rock strata itself (m).
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By comparing the breaking spans of hard strata, the key strata positions are determined, where the hard
stratum with the maximum breaking span is identified as the main key strata, while others are classified as sub-
key strata.

Applying this method, the key strata identification results for Mine 106 are obtained as shown in Table 1. The
layers at 61.63 m and 174.63 m above 7*coal Seam are identified as the first sub-key strata and main key strata,
respectively.

Based on similarity theory and the occurrence conditions of the 67 and 7* coal seams in the 106 Coal Mine, a
physical similarity model with dimensions of 275 cm x 37 cm x 180 cm (length x width x height) was constructed
using sand as the aggregate, calcium carbonate-gypsum composite cementitious material, and borax retarder.
The experimental setup adheres to the similarity simulation criteria?®~*8 outlined in Table 2, with the specific
material ratios for the analog strata provided in Table 3.

The simulation scope extended 20 cm below the floor of the 7* coal seam. The mining heights of the 6* and 7*
coal seams were 1.7 cm and 4.8 cm, respectively, with an interlayer spacing of 6.6 cm. The mining lengths of both

Spacing/m | Strata number | Lithology Thickness/m | Hard rock strata number | Key strata
41 Loose layer 13.1
40 Sandy mudstone 2.8
39 Sandy mudstone 4.4
38 Siltstone 133
37 Sandy mudstone 12.1
36 Coarse-grained sandstone | 1.45
35 Siltstone 9 Hard rock strata 4 Main key strata
34 Fine-grained sandstone 3.25
33 Siltstone 5.05
32 Medium-grained sandstone | 2.35
31 Siltstone 8.25
32.5 30 Sandy mudstone 3.45
29 Fine-grained sandstone 3.15
28 Sandy mudstone 1.15
27 Fine-grained sandstone 2.7
26 Sandy mudstone 3.15
25 Siltstone 2145 Hard rock strata 3 Sub-key strata 3
24 Medium-grained sandstone | 2.3
14.9 23 Sandy Mudstone 10.35
22 Siltstone 2.25
21 Coarse-grained sandstone | 12.3 Hard rock strata 2 Sub-key strata 2
124 20 Siltstone 4.2
19 Coarse-grained sandstone | 8.2
18 Sandy mudstone 19.45 Hard rock strata 1 Sub-key strata 1
17 Siltstone 3.75
16 Sandy mudstone 4.45
15 Fine-grained sandstone 3.95
14 Coarse-grained sandstone | 4.3
13 Sandy mudstone 3.55
12 Coarse-grained sandstone | 6.65
45.03
11 Sandy mudstone 1.1
10 Coarse-grained sandstone | 5.8
9 Sandy mudstone 2.48
8 Fine-grained sandstone 33
7 Siltstone 2.6
6 Sandy mudstone 3.1
5 6°coal seam 34
4 Sandy mudstone 2.95
3 Siltstone 2.45
13.2 2 Sandy mudstone 1.05
1 Siltstone 6.75
0 7*coal seam 9

Table 1. Key layer determination results.
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Geometric similarity ratio | Density similarity ratio | Time similarity ratio

1:10 V2

Stiffness similarity ratio

1:200 1:1.5 1:300

Table 2. Parameter for simulating using the equivalent materials method.

Simulate
Actual thickness/ Mix Total Calcium Number
Lithology thickness/m | cm Number | Mass/kg Sand/kg | Carbonate/kg | Gypsum/kg | of Layers
Loose strata 13 6.5 791 119.05 104.17 13.39 1.30 3
Sandy mudstone 85 425 782 778.4 681.08 77.86 19.49 24
Fine-grained sandstone | 18 9 682 164.84 141.3 18.84 4.69 7
Roof Siltstone 81 40.5 573 741.77 618.15 86.54 37.08 18
Coarse sandstone 45 225 655 412.1 353.23 29.43 29.43 9
Medium sandstone 4 2 673 36.64 314 3.66 1.56 2
6°coal seam 3 1.5 773 27.47 24.04 24 1.03 1
7*coal seam 9 4.5 773 82.42 72.12 7.21 3.09 1
Sandy mudstone 19 9.5 782 174 152.25 16.71 5.04 4
Coarse sandstone 9 4.5 655 82.42 70.64 5.89 5.89 2
motherboard
Fine-grained sandstone | 5 2.5 682 45.79 39.25 523 1.31 1
Medium sandstone 7 35 673 64.1 54.95 6.41 2.75 2

Table 3. Similar simulation materials and proportioning.
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Fig. 2. Similarity simulation experiment model.

working faces were 175 cm. To eliminate boundary effects and match actual conditions, a 35 cm (equivalent to
70 m) coal pillar was reserved on the left side of the 6* coal seam, and a 65 cm (equivalent to 130 m) coal pillar
on the right side. For the 7* coal seam, 65 cm and 35 cm coal pillars were reserved on the left and right sides,
respectively (Fig. 2). The evolutionary morphology of overlying strata fractures during working face advancement
was dynamically observed using a DIC monitoring system (Fig. 3). The model design fully accounted for the
distribution of key strata and stress transfer characteristics, laying the foundation for subsequent analysis of
overlying strata failure patterns.

Overburden failure and fracture evolution characteristics during mining in the upper coal seam

During the mining process of the 6% coal seam, the development pattern of overburden fractures is shown in
Fig. 4. When the working face advanced to 45 m (Fig. 4a), the immediate roof experienced its first break and
caving. The fractured rock blocks exhibited a“voussoir beam’structural feature, forming a delamination space
of approximately 0.8 ~1.2 m above. At this stage, the height of the mining-induced fractures reached 6.9 m.
As the face advanced to 130 m (Fig. 4b), the influence of mining intensified, resulting in an expanded range of
overburden breakage. The fracture network continued to extend, forming a three-dimensionally connected"Z"-
shaped lateral fracture at the edge of the goaf, along with a transversely connected delamination space at the top
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Fig. 4. Similar simulation experiment results of 6 coal mining in the upper layer.

of the fracture zone. The overall geometry resembled an approximately“trapezoidal'distribution. At this stage,
the height of the collapsed fragmented zone reached 6.5 m, and the total height of the water-conducting fracture
zone (WCFZ) increased to 24.43 m, approximately 8.1 times the mining height. As the working face advanced
further to 270 m (Fig. 4c), under the action of mining-induced stress, the overlying strata exhibited periodic
breakage, and the range of the“trapezoidal’fracture network continued to expand. Numerous delamination
and vertical fractures developed in the strata above the goaf, which periodically opened and closed with the
progression of mining. At this stage, the height of the WCFZ rose to 40.2 m, and the caving zone developed to a
height of 12.4 m. When the working face reached 310 m (Fig. 4d), vertical development of the overlying fracture
network had essentially ceased, stabilizing into a“trapezoidal”form characterized by a broader base and narrower
top. The height of the caving zone also stabilized, and the WCFZ height remained at 40.2 m, with a fracture-
to-mining-height ratio of 13.4. In summary, during the initial extraction of the upper 6* coal seam, the vertical
development rate of fractures was relatively slow. The stepwise subsidence pattern of roof rock breakage, which
dominated overburden failure, was consistent with the characteristics of single-seam mining.

Overburden failure and fracture evolution characteristics under repeated mining

The characteristics of overburden failure and fracture evolution during repeated mining of the 7* coal seam
exhibit a more intense and dynamic development pattern due to the combined effects of superimposed mining-
induced stress fields and cumulative overburden damage, as shown in Fig. 5.
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(a) Advance to 55m (b) Advance to 105m (c) Advance to 155m

(d) Advance to 175m (e) Advance to 255m (f) Advance to 350m

Fig. 5. Results of the similarity simulation experiment for repeated mining.

When the working face advanced to 55 m (Fig. 5a), the strata supporting the interval between the two seams
fractured and collapsed, forming“voussoir beam’structures on both sides of the panel. Mining-induced fractures
rapidly developed and established hydraulically connected vertical water-conducting channels with the goaf of
the overlying 6 coal seam. At this point, the fracture height reached 28.7 m, with a fracture-to-mining-height
ratio of 3.2. As the working face advanced to 105 m (Fig. 5b), the fractured strata in the upper goaf collapsed
extensively, while interlayer rock masses underwent periodic fracturing and caving. Influenced by the cumulative
damage effect from repeated mining, mining-induced fractures developed rapidly but were constrained by the
bearing capacity of Sub-Key Stratum 1. A larger trapezoidal zone formed in the central region due to cumulative
damage, containing numerous wide-aperture bed separation fractures and penetrating fractures. At this stage,
the caving zone height reached 22.2 m, and the WCFZ height surged abruptly to 62.43 m (fracture-to-mining
ratio of 6.9).

With continued advancement to 155 m (Fig. 5¢), the extent of fractured overburden expanded. Under the
influence of superimposed mining stress, Sub-Key Stratum 1 reached its ultimate bearing capacity and fractured,
allowing fractures to develop up to the base of Sub-Key Stratum 2. Within the central trapezoidal damage zone,
the rock mass was severely fractured, and the overlapped trapezoidal region increased in both height and extent,
forming a through-going low-level delamination space around Sub-Key Stratum 1. At this point, the WCFZ
height increased to 102.48 m, approximately 11.4 times the mining height, while the caving zone developed
to 31.3 m. Upon advancing to 175 m (Fig. 5d), Sub-key stratum 2 underwent bending subsidence, generating
high-level bed separations. Due to the loss of control from intermediate sub-key strata and the expansion of the
overburden failure scope, the trapezoidal cumulative damage zone induced by repeated mining progressively
extended. At this stage, the maximum height of the WCFZ reached 122.38 m, while the caving zone developed
to 34.6 m.

During working face advancement between 255 and 350 m (Fig. 5e ~f), the fracture development height in
the overburden stabilized under the hierarchical control of multiple key strata. Throughout this phase, high-
level bed separations continued propagating upward until eventual closure. Severely damaged strata within the
central cumulative damage zone were gradually compacted under the subsidence of overlying fractured rock
masses. Influenced by the supporting effect of boundary-staggered coal pillars, highly interconnected water-
conducting channels formed around the stope. Within the repeated mining superposition-affected area (marked
by the red trapezoid in Fig. 5f), the caving zone height stabilized at 42.88 m and the WCFZ height at 139.68 m
(fracture-to-mining ratio of 15.5), representing a 244% increase in WCFZ height compared to single-seam
mining. As the lower 7* Seam was progressively extracted toward the stopping line, overburden fractures at the
working face forefront continuously propagated upward. Near the area above 7*Seam stopping line (marked by
the blue trapezoid in Fig. 5f), where 6*Seam remained unmined and thus unaffected by repeated mining, the
maximum WCFZ height measured 115 m, with a fracture-to-mining-height ratio of 12.8. Ultimately, a"double-
trapezoid"fracture configuration formed above the goaf (Fig. 5f).

In summary, fracture development during close-distance repeated mining is regulated in a stepwise manner
by multiple sub-key strata. The evolution of overburden fractures follows the pattern of “initial disturbance
with slow expansion—cumulative damage surge under repeated mining—gradual stabilization under stepwise
control of key strata” Due to the stress redistribution caused by staggered pillar support and progressive failure
of sub-key strata, the failure mode of the overburden transitions from the “trapezoidal” fracture zone typical of
single-seam mining to a damage-accumulated “double-trapezoidal” composite structure.

Analysis of fracture and strain evolution characteristics in overburden
Analysis of images acquired by the DIC system during similarity simulation yielded strain contour maps of the
overburden at different mining stages (Fig. 6), enabling further investigation into damage extent and mining-
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Fig. 6. Strain contour maps of working face overburden at various mining stages.

induced fracture evolution under repeated mining conditions. Using the strain state before mining (Fig. 6a)
as the baseline, overburden strain patterns during extraction were analyzed. Upon completion of 6% coal seam
mining (Fig. 6b), the maximum principal strain reached 0.149 within the zone spanning from above the goaf to
Sub-Key Stratum 1 (corresponding to the fracture zone of 6* coal seam).

As the lower 7% coal seam progressively advanced (Fig. 6¢c~d), cumulative damage intensified in the
overburden under repeated mining superposition effects. Mining-induced fractures rapidly propagated and
interconnected, with notably wider apertures persistently maintained along both sides of the stope. When 7%
coal seam extraction reached 175 m, the maximum principal strain within the repeated mining-affected zone
increased to 0.168. Further advance to 255 m induced additional strain growth in this zone, peaking at 0.170.
However, in the central superposition-affected area, overburden strain exhibited a decreasing trend due to
compaction following strata fracturing and subsidence.

This analysis demonstrates that maximum principal strain at fixed overburden locations continuously
increased with face advance until strata fracturing and caving occurred. Simultaneously, influenced by overlying
rock caving deformation and fracture evolution, both the spatial influence range and magnitude of maximum
principal strain induced by repeated mining exhibited progressive amplification.

Numerical simulation analysis of fracture evolution under repeated mining

Based on the occurrence characteristics of close-distance coal seams in the 106 Coal Mine, a numerical model
was established. The plastic zone evolution in overlying strata during repeated mining was analyzed to further
investigate the developmental patterns of fracture zones under repeated mining of close-distance ultra-thick
coal seams.

Based on the geological conditions of the working faces in 6% coal seam and the 7% ultra-thick coal seam at
Coal Mine 106, along with the physical-mechanical parameters of the coal seam roof and floor strata obtained
through laboratory testing (Table 4), a numerical model measuring 800 m long x 600 m wide x 300 m high was
established using the Mohr-Coulomb failure criterion. To eliminate boundary effects, 200 m-wide boundary
coal pillars were set along both the strike and dip directions of the model, with fixed displacement boundaries
applied to all lateral sides and the bottom boundary.

Numerical simulation findings for isolated mining of the upper coal seam

The coupled evolution characteristics of overburden damage and stress fields during the isolated mining of
the 67 coal seam are obtained. When the working face advanced to 50 m, the overlying strata above the seam
predominantly experienced shear failure, with a limited influence range from mining-induced stress, and the
height of fracture development reached 12 m. As the working face progressed to 200 m, large-scale fracturing
and collapse occurred in the overburden, and the mining-induced fractures continuously propagated upward,
reaching a height of 31 m. When the working face advanced to the range of 350-400 m, the panel entered the
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Lithology Density/kg/m* | Tensile strength/MPa | Bulk modulus/GPa | Shear modulus/GPa | Angle of internal friction/° | Cohesion/MPa
Loose strata 1300 0.13 0.41 0.15 15 0.15

Siltstone 2160 1.55 7.34 6 32.1 1.95

Coarse sandstone 2700 1.39 10.70 9.26 40 2.09

Sandy mudstone 2520 1.13 5.52 1.7 38 1.72
Fine-grained sandstone | 2790 2.27 10.14 6.27 37 1.49

Medium sandstone 2640 1.45 9.7 8.3 39 1.83

6coal seam 1370 0.81 5.4 2.4 27 0.8

7*coal seam 1370 0.81 5.6 2.4 27 0.8

Table 4. Mechanical param of rock mass.

fully mined-out stage. At this stage, the WCFZ exhibited dynamic horizontal propagation and closure, while
vertical development tended toward stabilization, eventually stabilizing at a height of 48 m.

Simultaneous monitoring of the stress field indicated that the peak abutment pressure increased from an
initial value of 9.46 MPa to 11.32 MPa. With the continuous advancement of the working face, the stress in
the pressure-relieved area above the goaf gradually recovered, and the overburden underwent a recompaction
process. Eventually, the stress field in the overburden above the goaf tended toward a stable state.

Numerical simulation results under repeated mining conditions

The coupled evolution characteristics of cumulative overburden damage and mining-induced stress fields under
repeated mining are obtained. Under the influence of repeated mining in the dual coal seams, the overburden
fracture network underwent dynamic reconstruction. When the working face advanced to 50 m, due to the
superimposed effects of the overlying mining-induced stress, interlayer strata experienced failure, and the
fracture network rapidly developed and gradually became hydraulically connected. Upon advancing to 200 m,
driven by cumulative damage effects, the overburden fractures evolved intensively: The rock mass within the
central cumulative damage zone underwent large-scale fracturing and collapse, with the fracture network
rapidly penetrating through the overburden and forming a saddle-shaped fracture distribution—lower in the
center and slightly higher on both sides.

As the working face continued to advance, lateral fractures with large apertures and high connectivity
progressively developed at both ends of the panel. Under the stepwise control of multiple key strata, the height
of the WCFZ eventually stabilized at 134 m, representing a 179% increase compared to single-seam mining.
Simultaneously, the central rock mass underwent compaction following collapse. Ultimately, a “saddle-shaped”
WCFZ characterized by higher ends and a lower center was formed.

Simultaneous monitoring results showed that a mining-induced stress concentration as high as 13.24 MPa
developed in the coal pillar zone at the lateral boundary of the goaf of the 7* coal seam. With the continuous
retreat of the working face, the original overburden stress field was significantly disrupted, and the impact of
mining disturbance on the surrounding rock stress became more severe. The stress in the pressure-relieved zone
at the center of the goaf gradually recovered, while the peak abutment pressure increased further and migrated
deeper into the coal wall as mining progressed. Ultimately, a new dynamic stress equilibrium was established
over a larger area.

Evolution law of the WCFZ induced by repeated mining

Based on numerical simulation results, the evolution pattern of the WCFZ under repeated mining can be
summarized as follows: During the initial disturbance, overburden failure led to a slow vertical extension of
fractures. Upon entering the repeated mining stage, driven by cumulative damage effects, fracture development
experienced a sharp escalation, with the WCFZ height increasing dramatically by 179% compared to single-seam
mining, forming a highly connected fracture network and a saddle-shaped spatial configuration. Eventually,
under the stepwise control of multiple key strata, both the height and morphology of the WCFZ tended toward
dynamic stability, with a final stabilized height of 134 m. Simultaneously, the overburden stress field underwent
significant adjustments and reestablished a new dynamic equilibrium, as shown in Fig. 7.

Multi-method field monitoring validation

To verify the reliability of the theoretical model for overburden fracture evolution under repeated mining, a
combined observation approach integrating the double-end borehole water injection sealing method and
borehole camera technology was employed to conduct comprehensive detection of the “two-zone” heights above
the repeated mining working face in the close-distance, extra-thick coal seams of the Xinjiang 106 Mine. A
feedback validation system was established through the integration of numerical simulation, physical modeling,
and field measurements.

Borehole observation design

Guided by the theoretical calculation formulas for"Two-Zone"heights (caving zone and WCFZ) specified in
relevant codes***?, a multi-method collaborative detection scheme was implemented at the 1702 working face of
the 106 Mine. Due to severe overburden damage in repeated mining areas hindering borehole layout, drill sites
were positioned near the stopping lines of 6*coal seam and 7* coal seam to exclusively detect overburden failure
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workface | Hole number Azimuth/° | Inclination/° | Final hole horizon Design the hole depth/m | Final pore aperture/mm
observation hole 1 | 97 61 Approximately 20 m above the WCFZ | 102.5 75
observation hole 2 | 110 65 Approximately 20 m above the WCFZ | 98 75
te02 observation hole 3 | 110 61 Approximately 20 m above the WCFZ | 103 75
comparison 1 277 61 Approximately 20 m above the WCFZ | 102.5 75
1% 61.8 65.7 120 m above the 7% coal seam 123.0 94
1702 2f 61.8 68.1 120 m above the 7% coal seam 121.7 94
3* 61.8 43.8 120 m above the 7* coal seam 62.8 94
4 3213 65.8 120 m above the 7* coal seam 121.3 94

Table 5. Design param of exploratory boreholes for 6% and 7% coal seams.

characteristics after single-seam extraction. Specifically, a post-mining detection drill site for 6°coal seam was
arranged in the 1702 haulage roadway while a detection drill site for the 7*coal seam was established near the
stopping line in the 1702 materials roadway, with each drill site following a"3 + 1"configuration comprising three
observation boreholes and one reference borehole (technical parameters detailed in Table 5; borehole layout
shown in Fig. 8).

Field observation results analysis

In the detection of the overburden failure zone, a comprehensive monitoring system combining the double-end
water injection leakage method and borehole imaging technology was employed. The double-end water injection
leakage method uses a hydraulically driven double-packer to isolate specific test sections within the borehole
(Fig. 9a), and monitors water injection volume changes using a high-precision flow meter. When the test section
lies within the WCFZ, the influence of mining-induced secondary fracture networks can cause the permeability
coeflicient of the fractures to increase by 2-3 orders of magnitude, resulting in an exponential increase in water
loss. The borehole imaging method uses the YCJ90/360(A) borehole camera system (Fig. 9b), which integrates
a high-resolution imaging system mounted at the front of the push-type drill rod to dynamically observe the
distribution and morphology of fractures within the borehole.

Analysis of fracture distribution characteristics in overburden above 6 coal seam
The field water loss monitoring results for the 6* coal seam are shown in Fig. 10a. Monitoring data indicate that
the control borehole located in the coal pillar zone exhibited relatively stable water loss rates ranging from 0.2
to 3.4 L/min, reflecting typical characteristics of primary fracture seepage. In observation borehole 1, water loss
sharply increased to 12.6-18.4 L/min within the vertical depth range of 14.01 ~ 33.24 m, representing more than
a 15-fold increase and indicating a significant seepage anomaly. Observation borehole 2 showed a continuous
rise in water loss within the 17.69 ~38.00 m section, with a peak value of 21.3 L/min, suggesting that fractures
in this interval are well-developed and highly connected. Observation borehole 3 exhibited a stepped increase
in water loss between 10.23 and 34.94 m. All three observation boreholes recorded significant surges in water
loss within their respective test intervals, confirming that these sections fall within the WCFZ. Subsequently,
the water loss rapidly declined to low levels, indicating that the boreholes had penetrated beyond the upper
boundary of the WCFZ and entered undisturbed, intact overburden strata.

Comprehensive determination revealed that the maximum development height of the WCFZ above 6* coal
seam reached 38.00 m. Given the field-measured coal thickness of 2.8 m, the fracture-to-mining ratio was
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calculated as 13.6. These field measurements showed close agreement with both the empirical formula result
(40.36 m) and the similarity simulation outcome (40.2 m), thereby verifying the reliability of the simulation
results.

Analysis of fracture distribution characteristics in overburden above 7* coal seam
Borehole camera observations (Fig. 11 and Fig. 12) further revealed the distribution characteristics of the
overlying strata. The borehole wall of the 7* coal seam control hole remained intact (Fig. 11a), showing only a
few closed joints, indicating that it was located in an area not significantly affected by mining. In Borehole 1,
a distinct interface was observed at a depth of 100.33 m (Fig. 11b); above this interface, severe borehole wall
damage and a well-developed network of fractures were present. This depth corresponds to the water loss peak
(25.6 L/min) shown in Fig. 10b, thus identifying 100.33 m as the upper boundary of the WCFZ in Borehole 1.
Similarly, Borehole 2 exhibited significantly increased water loss between depths of 32.5 m and 95.2 m, with
borehole observations indicating well-developed vertical fractures in this interval (Fig. 12c); above 99.44 m,
water loss returned to baseline levels and the borehole wall remained intact. Therefore, the upper boundary of
the WCFZ at Borehole 2 was determined to be at 99.44 m. Borehole 3, used for detecting the collapse zone of
the 7% coal seam, showed cavity and separation phenomena at a depth of 43.7 m, with the underlying rock mass
exhibiting blocky fracturing characteristics (Fig. 12d), consistent with typical collapse zone damage. Combined
with the water loss data in Fig. 10b, the collapse zone height at this borehole location was confirmed as 43.7 m.
Accordingly, analysis confirmed that the maximum development height of the WCFZ above 7*coal seam
reached 100.33 m. With a coal thickness of 8.09 m measured in the detection area, the fracture-to-mining ratio
was determined as 12.4, while the caving zone height measured 43.7 m, yielding a caving-to-mining ratio of 5.4.

Overburden failure morphology and fracture evolution law under repeated mining

Physical similarity simulation revealed that during the initial mining of the upper 6* coal seam, the overlying
strata experienced periodic fracturing, with the vertical development rate of the WCFZ being relatively slow
compared to the repeated mining stage. Upon entering the full mining stage, a trapezoidal fracture damage
zone—wider at the bottom and narrower at the top—was formed above the goaf. The repeated mining of the
lower 7* extra-thick coal seam intensified the cumulative damage effect on the overlying strata, causing rapid

Scientific Reports |

(2025) 15:28029 | https://doi.org/10.1038/s41598-025-14068-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

159
14
13 4
12
114

N 0 o O
L1 1

leakage volume/L/min
[=2}
1 1

S = N W A W
L1 1 1 1

(b)Borehole visual inspection method

Fig. 9. Field observation.

—=— comparison borehole
~—e— observation borehole 1
—— observation borehole 2

—v— observation borehole 3

auroap pider

100 15 20 25 30 35 40 45 50 55 60
vertical height to 6*coal /m

(a) Detection borehole for 6 coal

Fig. 10. Borehole leakage observation results.

269

244

22

20 1

leakage volume/L/min

—e—1% borehole

—a—2* borehole
—v—3" borehole

—=a—4* borehole

Quioap pidex

1 1
20 30 40 50 60 70 80 90 100 110 120
vertical height to 7“coal /m

(b) Detection borehole for 7# Coal

development of mining-induced fractures that connected with the goaf of the upper 6° coal seam. Under
the hierarchical regulation of multiple key strata, the fracture development of the overlying strata gradually
stabilized, eventually forming a “double trapezoidal” composite fracture structure. Influenced by the staggered
coal pillar support at the mining boundary, strong, well-connected water-conducting fractures formed near the
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boundary of the central cumulative damage “trapezoidal zone,” becoming a long-term dominant water inrush
channel for the working face, while the central area gradually compacted due to overlying strata fracturing and
subsidence. Numerical simulation further confirmed the reconstruction of the mining-induced stress field and
the significant overlying strata damage caused by repeated mining of the extra-thick coal seam.

Comparative analysis through multiple methods (Table 6) revealed that within the cumulative damage-affected
zone under repeated mining, the WCFZ heights predicted by physical similarity simulation (fracture zone height:
139.68 m, fracture-to-mining ratio: 15.5) and numerical simulation (fracture zone height: 134 m, fracture-to-
mining ratio: 14.9) showed close agreement, with a minor discrepancy of only 5.68 m. This slight deviation
primarily originated from the idealized model and boundary constraints adopted in numerical simulation, which
failed to fully capture the complex nonlinear failure behavior of similar materials (e.g., anisotropy in dynamic
fracture propagation), leading to localized deviations in predicted fracture orientation and height. However,
the 6coal seam and 7*coal seam thickness measured at the field monitoring location was 2.8 m and 8.09 m,

Scientific Reports|  (2025) 15:28029 | https://doi.org/10.1038/s41598-025-14068-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Caving-
to-
Fracture-to-mining | Height of the caving | mining
Study subjects | Method Coal seam thickness/m | Height of the WCFZ/m | ratio zone/m ratio
Physical simulation 3 40.2 134 12.4 4.13
6"Coal Numerical simulation | 3 48 16 - -
Field observation 2.8 33.24~38 11.9~13.6 -
. Physical simulation 9 115 12.8 -
7% Coal
Field observation 8.09 99.44~100.33 123~12.4 437 5.4
Physical simulation 9 139.68 15.5 42.88 4.8
Repeated mining
Numerical simulation | 9 134 14.9 -
Table 6. Development height of the roof “two zones’in the working face.
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Fig. 13. Fracture evolution law during mining in the upper coal seam.

differing from the 3 m (6*coal seam) and 9 m (7*coal seam) thickness used in both similarity and numerical
simulations. Consequently, direct comparison of absolute WCFZ heights was deemed inappropriate, making the
fracture-to-mining ratio within the same panel a more suitable comparative metric. Similarity simulation results
(Table 6) indicated fracture-to-mining ratios of 13.4 for isolated mining of 6* coal seam and 12.8 for 7% coal
seam in areas unaffected by repeated mining. Field measurements yielded corresponding ratios of 13.6 and 12.4,
respectively. The errors between simulated and measured fracture-to-mining ratios fell within an acceptable
range, confirming the reliability of simulation results. In contrast, the caving zone exhibited immediate response
characteristics, with rock mass collapse synchronizing perfectly with mining advancement. Thus, the measured
caving zone height (43.7 m) aligned well with the simulated prediction (42.88 m), demonstrating the dynamic
evolution principle of "immediate collapse upon mining"in the caving zone.

In summary, analysis demonstrates that under the condition of single-seam mining of the upper coal seam,
the overlying strata experienced relatively low damage, with the fracture expansion rate during the initial
disturbance stage being slow, ultimately forming a laterally developed, low-profile “trapezoidal” distribution
pattern (Fig. 13). Subsequently, under the repeated mining of the lower thick coal seam, the cumulative damage
effect on the overlying strata combined with the superimposed mining-induced stress field intensified, leading
to aggravated overlying strata damage and rapid development of mining-induced fractures. This promoted
the fracture network evolution from the initial single “trapezoidal” structure of the first mining to a “double
trapezoidal” composite structure (Fig. 14). This evolution process eventually stabilized under the stepwise
fracturing regulation of multiple key strata. Within the central cumulative damage “trapezoidal” zone, the rock
mass was fragmented and disorderly distributed, gradually compacting with strata fracturing and subsidence;
meanwhile, lateral fractures at the boundaries of the cumulative damage zone remain highly interconnected
and persistently open, thus establishing long-term preferential pathways for water influx into the working face.
Through multi-method integrated research, the study systematically revealed the three-stage dynamic evolution
law of overlying strata fractures under repeated mining: “initial disturbance slow expansion - repeated mining
damage accumulation surge - hierarchical regulation by key strata leading to stabilization” The maximum
heights of the WCFZ and collapse zone were determined as 139.68 m (with a mining-to-seam thickness ratio
of 15.5) and 40.75 m, respectively, clarifying the critical controlling role of cumulative damage and stress field
superposition from close-distance repeated mining of coal seam groups on fracture morphology.
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Fig. 14. Fracture evolution law governed by cumulative damage under repeated mining.

Conclusions

@
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Based on key stratum theory, comprehensive analysis identified four key strata developed above the work-
ing face, with the first sub-key stratum and the main key stratum located at 61.63 m and 174.63 m above
the 7% coal seam, respectively. The synergistic effect of these multiple key strata significantly regulated over-
burden fracture development. During initial mining (6* coal seam), the fracture zone height stabilized at
40.2 m. Under repeated mining (7* coal seam extraction), the overburden fracture development height
increased markedly, with the water-conducting fracture zone rising to 139.68 m (height-to-mining ratio of
15.5), representing a 244% increase compared to single-seam mining.

Driven by cumulative damage in the overburden and the superimposed effect of mining-induced stress
fields, the overburden failure morphology evolved from a single“trapezoidal’shape during initial mining to
a"double-trapezoidal'composite structure. Within the mid-section“trapezoidal zone’of cumulative damage,
the rock mass became fragmented and disordered, gradually compacting with subsidence. In contrast, lat-
eral fractures at the boundaries of this zone exhibited high connectivity and remained persistently open,
becoming dominant pathways for water inflow into the working face. During repeated mining, overburden
fracture evolution followed a three-stage dynamic pattern:"slow expansion under initial disturbance - leap
increase due to cumulative damage from repeated mining — gradual stabilization regulated by key strata", a
process further validated by numerical simulations.

Given the differences between field-measured coal thicknesses (2.8 m for 6* coal, 8.09 m for 7% coal) and
the thicknesses used in physical similarity simulations and numerical modeling (3 m and 9 m), direct com-
parison of absolute water-conducting fracture zone heights was unsuitable; therefore, the height-to-mining
ratio served as a more appropriate validation metric. Comparative results indicated that the height-to-min-
ing ratios obtained from similarity simulation (13.4 for isolated 6* coal mining and 12.8 for the area above
7% coal unaffected by repeated mining) fell within a reasonable error range compared to field measurements
(12.7 for isolated 6* coal mining and 12.4 for isolated 7* coal mining). Furthermore, caving zone develop-
ment exhibited the characteristic"instantaneous caving following extraction"response, with the measured
height (42.88 m) showing good agreement with the simulated prediction (43.7 m), verifying the reliability
of the simulation results. This research can provide a theoretical basis for controlling roof water hazards and
managing surface subsidence damage in Xinjiang mining areas.

Data availability
The datasets used and/or analysed during the current study available from the corresponding authors on rea-
sonable request.
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