
Citation: Yan, T.; Zhu, C.; Li, Q.; Xu,

Q. Investigating Disaster

Mechanisms Triggered by Abrupt

Overburden Fracture Alterations in

Close-Seam Mining Beneath an

Exceptionally Thick Sandstone

Aquifer. Sustainability 2023, 15, 13845.

https://doi.org/10.3390/

su151813845

Academic Editors: Fan Feng,

Eryu Wang and Ruifeng Huang

Received: 10 August 2023

Revised: 12 September 2023

Accepted: 15 September 2023

Published: 18 September 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

sustainability

Article

Investigating Disaster Mechanisms Triggered by Abrupt
Overburden Fracture Alterations in Close-Seam Mining
Beneath an Exceptionally Thick Sandstone Aquifer
Tao Yan 1, Chuanqu Zhu 1,*, Qingfeng Li 1 and Qian Xu 2

1 School of Resource & Environment and Safety Engineering, Hunan University of Science and Technology,
Xiangtan 411201, China; yanjiahong168@sina.com (T.Y.); lqfchina@126.com (Q.L.)

2 School of Safety Science and Engineering, Changzhou University, Changzhou 213164, China;
chinaxuqian@126.com

* Correspondence: yantao910524@gmail.com; Tel.: +86-19831602919

Abstract: The influx of roof water from exceptionally thick sandstone aquifers in northwestern
China’s mining regions presents considerable challenges to the safety and productivity of coal mining
operations. However, a significant gap in the literature persists concerning the underlying mecha-
nisms. In this study, we investigated coal-seam mining beneath the exceptionally thick sandstone
aquifer of the Zhiluo Formation at the Lingxin Coal Mine, utilizing this context as the basis for our
engineering analysis. Our examination probed the hydrogeological and geomechanical mechanisms
responsible for the abrupt alterations in overburden fractures and their catastrophic consequences dur-
ing close-seam mining operations, employing research methodologies such as a theoretical analysis,
fluid–structure-coupled simulation, and comparative evaluation. The study highlighted the intricate
interplay between compressive-shear loads and the mechanics of hydraulic fracturing processes. The
results revealed that in the absence of waterproof coal pillars, the downward mining of the L1614,
L1615, and L1616 working faces led to the overlying rock’s water-conducting fractures reaching
204.9 m. This height was equivalent to 20 times the combined mining thickness of the three coal
seams, impacting both the K3 and K4 aquifers. Conversely, when the water-resistant coal pillars were
retained during the downward mining of the L1814, L1815, and L1816 working faces, the maximum
height of the water-conducting fractures in the overlying rock was 103.5 m. This height was 10 times
the combined mining thickness of the three coal seams, affecting only the K4 aquifer. Notably, vertical
hydraulic fracturing was observed when the water pressure variation in the K3 aquifer exceeded
2–3 times its initial value. The water-conducting fracture zone was primarily characterized by the
presence of “Type I-II” fractures, with the termination point of each fracture influenced by pressure
and shear forces. Furthermore, we established a “fracture cracking and propagation model” and a
“hydraulic fracturing-induced disaster model” based on the principles of fracture mechanics. We also
provided formulas for calculating the cracking angles and extension heights of overburden fractures’
endpoints, which were derived from the maximum normal stress criterion.

Keywords: exceptionally thick sandstone aquifers; close-seam mining; fracture extension; abrupt
overburden fracture alterations; hydraulic fracturing

1. Introduction

Given the abundance of coal, scarcity of oil, and limited gas resources in China, coal
will continue to hold a primary position in the country’s non-renewable energy structure
for an extended period [1,2]. As recoverable coal reserves in eastern China are nearing
depletion, it is anticipated that the primary coal source will transition to the western
region. Here, the extraction primarily involves Jurassic coal seams. These mines have the
following unique hydrogeological characteristics: the coal seams are deeply located, closely
stratified, and underlain by a significant sandstone aquifer from the Zhiluo Formation [3].
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This aquifer is marked by high water pressure, copious water content, and significant
permeability. Mining closely situated seams may intensify roof deterioration, reduce the
stability duration of surrounding rock pressure, and lead to water-conducting fracture
heights that surpass established estimates [4–7]. A primary risk is the thick sandstone
aquifer in the overlying strata, which signifies a considerable water source. If fractures
penetrate this aquifer, it could result in water inrush at the mining face, potentially causing
lost underground equipment, operational interruptions, and, tragically, miner fatalities.
Therefore, a thorough investigation into the disaster mechanisms instigated by sudden
shifts in overburden fractures during close-seam mining beneath an exceptionally thick
sandstone aquifer is crucial.

Extensive research has been conducted on the patterns of overlying rock failure follow-
ing the extraction of adjacent coal seams. Coal mining operations have typically employed
a top-down sequence for sequential coal-seam extraction [8]. This method involves mining
the upper seam before shifting the focus to the lower seam. The removal of the upper
seam triggers a redistribution of inherent primary stress within the neighboring rock,
leading to an increase in stress [9–11]. Consequently, the overlying rock strata, already
containing primary fractures, transitions into a state of stress imbalance [12–14]. Should the
increased stress exceed the shear strength at the endpoints of the original fractures, these
fractures will begin to crack and intersect with nearby fractures. This has resulted in re-
ductions in the load-bearing capacities of adjacent rock masses while encouraging fracture
expansion and transferring stress to farther-away rock masses with higher load-bearing
potentials [15–17]. This mechanism continues until the stress on the critical layer reaches
its maximum, potentially initiating instability and fracturing and resulting in a collapse
zone [18]. The mined-out area of an upper coal seam undergoes a dynamic load cycle, tran-
sitioning through phases of “unloading-roof cracking-roof collapse-compaction” [19,20].
This mined-out area, along with the remaining coal pillars, contributes to the formation of
a fragmented roof in the lower coal seam. The fracturing of the critical layer in the upper
seam diminishes its support capacity for the overlying load, leading to direct pressure
on the fragmented roof during the extraction of the lower seam. This pressure results in
stress concentrations and reductions in the final fracturing spans, leading to the expansion
of fractures both higher and farther within the roof [21,22]. This propagation only ceases
when the rock mass possesses enough strength to withstand the applied pressure. Other
research has scrutinized the dynamics of roof-water inrush after monolithic coal-seam ex-
traction beneath sandstone aquifers. This exploration primarily concerns the representative
hydrogeological attributes of mining areas in western China, where sandstone aquifers are
commonly positioned above coal-seam roofs [23]. These aquifers exhibit characteristics
such as substantial pore sizes, wide pore throat radii, and pronounced porosity, features
that promote both the accumulation and transmission of groundwater [24–26]. Post-mining
procedures often lead to the formation of a water-conducting fracture zone in the roof,
which is characterized by considerable height and marked water conductivity [27–29]. This
scenario amplifies the possibility of water inrush from a superimposed sandstone aquifer.
When an aquifer’s thickness is insufficient and its water content is relatively low, a pulsatory
water influx is observed [30]. On the other hand, if an aquifer exhibits greater thickness
and a moderate-to-high water content, a persistent water influx may be anticipated [31].
In situations where an aquifer is exceptionally thick and possesses a high water content,
a stratified layer of water influx tends to manifest [32–35]. In summary, current studies
have predominantly examined the overlying rock failure patterns and roof water inrush
dynamics in isolation. Concerning the former, close-seam mining operations typically use
a top-down method, causing stress redistribution in the surrounding rock and potentially
initiating instability and fracturing, which impact the safety and efficiency of subsequent
lower-seam extractions due to changes in stress patterns and rock mass strengths. Regard-
ing the matter of roof-water inrush dynamics, for sandstone aquifers above coal seams
that have properties facilitating groundwater accumulation and transmission, post-mining
processes often create water-conductive fracture zones, increasing the risk of water inrush
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from these aquifers, with the influx nature varying based on the aquifer’s thickness and
water content. However, few studies in the literature have addressed the anomalous devel-
opment mechanism of overlying rock fractures from a mechanical standpoint, especially
under conditions marked by significant changes in surrounding rock pressures due to the
proximity to multi-seam mining and hydraulic fracturing triggered by thick sandstone
aquifers overhead [36–40]. This mechanism is the central focus of this paper.

This study aimed to determine the stress distributions, cracking angles, and extension
heights of overburden fractures’ terminal points. Additionally, the study examined the
impact of the presence or absence of waterproof coal pillars at the working face boundary
on the development heights of these fractures and the influence of aquifer water pressure
magnitude on the likelihood of sudden water inrush events during hydraulic fracturing.
The research methodology employed in this study encompassed three primary approaches:
a fluid–structure-coupled simulation, which involved the creation of small-scale physical
test benches to replicate the hydrogeological conditions of coal mines and the subsequent
damage to overlying rock post-mining; a comparative evaluation, which entailed compar-
ing and analyzing the development heights of the overlying rock fractures by installing
impermeable coal pillars (not in the uphill and downhill directions of the coal seams), as
well as pressurizing the K3 aquifer to assess the water pressure values that could induce
hydraulic fracturing in the underlying rock strata; and a theoretical analysis, which applied
a fracture mechanics theory to determine the cracking angles and extension heights of the
terminal points of the overburden fractures.

2. Materials and Methods
2.1. A Comprehensive Review of the Hydrogeological Conditions at the Lingxin Coal Mine

The Lingxin Coal Mine, located in the Ningdong Coalfield, primarily extracts the
#14, #15, and #16 coal seams from the Yan’an Formation of the Middle and Lower Jurassic
periods. These coal seams exhibit dip angles of approximately 10◦. The average mining
thicknesses for the coal seams are 2.8 m, 3.2 m, and 4.3 m, respectively, while the coal-seam
spacings are 17.3 m and 11.3 m. Mining has occurred in the upward direction of the working
face, with the downward direction pending. The advancing distance for each working
face is approximately 180 m. The K3 and K4 aquifers are distributed above the roof of
the #14 coal seam. The average thickness of the K3 aquifer is 87.2 m, and its lithology
primarily consists of medium sandstone. Pumping tests have indicated a unit water inflow
of 1.1–1.8 L·s−1·m−1, suggesting a highly water-rich aquifer. The lithology of the K4 aquifer
mainly comprises fine sandstone and exhibits a weak water abundance.

The primary mechanical parameters of the coal-bearing strata are presented in Table 1.

Table 1. Primary mechanical parameters of the coal-bearing strata.

Rock Formation Property Thickness (m) Compressive
Strength (MPa)

Tensile
Strength (MPa)

Bulk Density
(kg·m−3)

Cohesion
Strength (MPa)

Medium sandstone 19.00 28.70 0.34 2.43 × 103 1.45
Fine sandstone 9.60 30.10 0.33 2.51 × 103 1.15

Medium sandstone 2.20 27.20 0.25 2.40 × 103 0.90
Fine sandstone 10.40 30.60 0.28 2.51 × 103 1.10

Siltstone 11.30 33.40 0.35 2.66 × 103 1.30
Medium sandstone (K3 aquifer) 87.20 32.50 0.55 2.57 × 103 1.75

Siltstone 11.70 33.40 0.35 2.66 × 103 1.30
Fine sandstone (K4 aquifer) 29.80 29.60 0.39 2.52 × 103 1.20

Siltstone 30.30 37.50 0.38 2.68 × 103 1.55
#14 coal seam 2.80 18.50 0.43 1.40 × 103 1.00

Siltstone 17.30 36.80 0.38 2.64 × 103 1.90
#15 coal seam 3.20 16.60 0.47 1.45 × 103 1.20

Siltstone 11.30 34.00 0.43 2.64 × 103 1.80
#16 coal seam 4.30 13.70 0.54 1.38 × 103 1.00
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2.2. Fluid–Structure Coupling Similarity Simulation Experiment
2.2.1. Development of the Formation-Similar Materials

In this study, a two-dimensional fluid–structure coupling similarity simulation experimen-
tal platform was used to construct a model, with the dimensions of length×width× height
equal to 3.20 m × 0.25 m × 1.00 m, respectively. Considering the platform’s size and the
mine’s hydrogeological data, the model’s geometric similarity ratio was established as
1:250, with a unit weight similarity ratio of 1:1.5, a time similarity ratio of 1:16, and an
elastic modulus similarity ratio of 1:375. The rock layers were composed of sand, gypsum,
calcium carbonate, gravel, and petroleum jelly [41].

(1) Development of the stratum materials

The stratum materials, comprising a proportionate mixture of sand, gypsum, and
calcium carbonate, were synthesized as specified in Table 2.

(2) Development of the aquifuge materials

Table 2. Proportions of the stratum materials.

Lithology Proportions Lithology Proportions

Medium sandstone 746 Siltstone 882
Fine sandstone 864 Coal seam 982

The existing water barrier consists of siltstone. A mixture of sand, gypsum, and
calcium carbonate was prepared according to the proportions specified in Table 2 before
incorporating heated petroleum jelly at 200 ◦C. By utilizing an optimal combination of
petroleum jelly, the water barrier maintained its hydrophobic properties while preserving a
certain degree of deformation capacity [42].

(3) Development of the aquifer materials

A rock’s permeability depends on its porosity, which is primarily influenced by factors
such as particle size, particle distribution, and particle shape [42]. To meet the mechanical
property requirements of the aquifer, block stones (particle sizes of >10 mm), pebbles
(particle sizes of 2 mm), and coarse sand (particle sizes of <1 mm) were selected and
combined in ratios of 3:3:4, 5:3:2, 7:2:1, 8:1:1, and 9:1:0. Compressive strength and per-
meability tests were performed on the graded rock samples to identify the aggregate
ratio that most closely replicated the native aquifer’s performance. For the K3 and K4
aquifers, the ratios were as follows: block stone: pebble: coarse sand = 5:3:2, and aggregate
(block stone + pebble + coarse sand): gypsum: calcium carbonate = 7:7:3.

2.2.2. The Experimental Process

In the process of constructing the model, eight stress monitoring lines were strategically
placed along the coal-seam direction, each outfitted with eight stress sensors. Four water
pressure sensors were installed in both the K3 and K4 aquifers. The DH3816N static strain
gauge was utilized to monitor real-time fluctuations in overburden stress and aquifer
water pressure. Following a one-month natural curing period, a digital speckle grid was
applied to the model’s boundary, extending from the base of the #16 coal seam to its top
(Figure 1). A high-precision digital camera documented the development of the overlying
rock fractures, and Match ID software (version 1.0) was employed to record and analyze
the alterations in the strain field of the overlying rock after the coal-seam mining.

Taking into account the actual mining conditions, an automatic water injection device
introduced water into the aquifer before mining. The coal seam was subsequently extracted
using a downward mining method, with the L1614, L1615, and L1616 working faces mined
in sequence. After stabilizing the overlying rock during each mining phase, the stress,
strain, water pressure, water inflow, and water inrush points of the overburden were
observed. Subsequently, the L1814, L1815, and L1816 working faces were mined. Each
working face was mined for 120 s.
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Figure 1. Schematic diagram of a fluid–structure coupling similarity simulation experiment.

3. Results
3.1. Evolutionary Patterns of the Overlying Rock Fractures in the Absence of Water-Resistant
Coal Pillars

Following the sequential mining of the L1614, L1615, and L1616 working faces, a map
depicting the development of the overlying rock fractures was created, and it is presented
in Figure 2. After excavating the L1614 working face, the overlying rock fractures extended
to a height of 43 m, reaching the middle of the K4 aquifer, with only three minor water
inrush points observed. During the excavation of the L1615 working face, the fractures
expanded to a height of 113.7 m, penetrating both the middle and lower sections of the K3
aquifer and resulting in six minor water inrush points. Following the full excavation of the
L1616 working face, the fractures extended to a height of 204.9 m, marking an increase of
125.8 m from the L1614 excavation, and eight significant water inrush points were identified
in the goaf.
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L1616 working faces post-mining.

As illustrated in Figure 2, the fractures within the collapse zone predominantly con-
sisted of open-type (Type I) fractures while those in the water-conducting fracture zone
were mainly composed of “open-slip” composite-type (Type I-II) fractures. A schematic
diagram demonstrating the cracking and extension of the overlying rock fractures was
developed (Figure 3). By incorporating the primary mechanical parameters of the coal-
bearing strata into the Match ID software and analyzing the deformation of the digital
speckle grid on the model’s surface, along with the changes in the pressure sensor values,
the inclination angles and stress conditions of the outermost fracture endpoints B and B2
above the cessation mining line could be examined. Following the mining of the L1614
working face (time ≈ 120 s), the vertical stress at the outermost fracture endpoint B above
the cessation line was−1.31 MPa, the horizontal stress was−0.69 MPa, the shear stress was
−0.34 MPa, and the fracture inclination angle was 55◦. As a result, endpoint B experienced
a significant compressive–shear load. After mining the L1615 and L1616 working faces
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(time ≈ 360 s), the vertical stress at the outermost fracture endpoint B2 above the cessation
line was −0.65 MPa, the horizontal stress was −0.54 MPa, the shear stress was −0.24 MPa,
and the fracture inclination angle was 65◦. Consequently, endpoint B2 was also subjected
to a compressive–shear load.
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3.2. Evolutionary Patterns of the Overlying Rock Fractures in the Presence of Water-Resistant
Coal Pillars

In compliance with China’s Mining Engineering Design Manual, the boundary wa-
terproof coal pillar for a lower coal seam must be established by extending downward
from an upper coal-seam’s coal pillar boundary, taking into account the mining collapse
angle and coal-seam spacing, when the interlayer spacing between the upper and lower
coal seams is less than the height of the water-conducting fracture of the lower coal seam
post-mining (Figure 4) (Formula (1)) [43].

L = l + (H − h)× (cot γ + cot θ), (1)

where L denotes the width of the waterproof coal pillar in the lower coal seam, l represents
the width of the waterproof coal pillar in the upper coal seam, H is the height of the lower
coal-seam water column, h refers to the height of the upper coal-seam water column, γ
corresponds to the collapse angle of the uphill rock movement, and θ indicates the collapse
angle of the downhill rock movement.

Based on the on-site investigation, the spacing between coal seams #14 and #15 as
well as that between #15 and #16 were determined to be 17.3 m and 11.3 m, respectively.
The width of the waterproof coal pillar in working face L1813 of coal seam #13 was
approximately 20 m, with respective water column heights of 5.8 m, 30.3 m, 50.4 m, and
64.9 m for coal seams #13, #14, #15, and #16. The collapse angle for the uphill and downhill
rock movements was approximately 70◦. According to Formula (1), the waterproof coal
pillar widths for coal seams #14, #15, and #16 were 37.8 m, 52.5 m, and 63 m, respectively.
After determining the calculated widths of the waterproof coal pillars for working faces
L1814, L1815, and L1816, the three working faces were mined sequentially in a downward
direction. A development diagram of the overlying rock fractures is depicted in Figure 5.
As the L1814, L1815, and L1816 working faces were successively excavated, the height of
the water-conducting fracture increased from 35 m to 103.5 m, spanning between the K3
and K4 aquifers. This fracture only reached up to the K4 aquifer, resulting in minimal water
inflow into the three goaf areas.
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3.3. The Dynamics of Sudden Water Inrush in the Working Faces Resulting from Pressure in the
K3 Aquifer

Based on an on-site investigation, the K4 and K3 aquifers’ initial water pressures were
determined to be 3.75 MPa and 37.5 MPa, respectively. The K4 aquifer is close to the #14
coal seam, which suggested that the presence or absence of a waterproof coal pillar in the
working face could cause water-conducting fractures to the K4 aquifer. Furthermore, the
K3 aquifer’s thickness of 87.2 m makes water pressure fluctuation the primary hidden
risk factor for water inrush in the working face. To simulate this, water pressure was
progressively increased to the K3 aquifer above the L1814, L1815, and L1816 working faces
in stages, with increases of 0.1 MPa continuing until the K3 aquifer connected with the
lower fracture. The obtained results are presented in Figure 6 and Table 3.
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Table 3. Experimental results of the incremental water pressure increases in the K3 aquifer.

Incremental Water
Pressure (MPa)

Working
Faces

Quantity of Water
Inflow Points Water Inflow Conditions

0.1
L1814 1 Water volumes from the separation layer, vertical fractures, and the

central region of the goaf were minimal, with the water inrush volume
detected at the monitoring point being 12 mL·s−1.

L1815 2
L1816 4

0.2
L1814 3 Water volumes from the lower separation layer, the central region of

the goaf, and the mining stops line were moderate, with the water
inrush volume detected at the monitoring point being 33 mL·s−1.

L1815 3
L1816 4

0.3
L1814 7 Water volume from the goaf was significant, with the water inrush

volume detected at the monitoring point being 98 mL·s−1.L1815 6
L1816 6

4. Discussion

The objective of this study was to investigate the mechanisms underlying the anoma-
lous development of water-conducting fractures and the occurrence of water inrush beneath
thick sandstone aquifers, taking into account the combined influences of hydraulic frac-
turing and overlying roof damage. To accomplish this, fracture mechanics principles
were utilized to develop a “fracture cracking and propagation model,” in tandem with a
“hydraulic fracturing-induced disaster model.” The ‘Fracture Cracking and Propagation
Model’ was designed to assess the stress state of a particular fracture and deduce its stress
intensity factor. This model investigated the direction of fracture cracking and propagation
under combined compression–shear loading, incorporating factors such as vertical and
horizontal stresses, fracture inclination angles, and stress intensity factors [36–38]. The
model offered specific equations for computing these values. Its accuracy was confirmed
by juxtaposing its results with simulation tests, thus shedding light on the mechanisms
of water-conducting fractures. On the other hand, the ‘Hydraulic Fracturing-Induced
Disaster Model’ delved into the evolution of fractures and water influx beneath sandstone
aquifers during hydraulic fracturing operations. This model bifurcated the process into
two phases: initially, the pre-existing fractures in the coal-seam roof that ruptured and
forged connections with neighboring fractures [39–41], and subsequently, these same frac-
tures after widening, being breached, and causing water inundation from the adjacent
aquifers [42]. The key parameters in this model included the compressive–shear stress,
the pore water pressure, the fracture inclination angle, the stress intensity factors, and the
fracture’s energy release rate [43]. Such an approach elucidated the anomalous expansion
of water-conducting fractures and water influx beneath expansive sandstone aquifers.



Sustainability 2023, 15, 13845 9 of 15

4.1. Fracture Cracking and Propagation Model
4.1.1. Mechanical Model for “Open-Slip” Composite-Type Fractures

The stress analysis was conducted on a specific fracture, designated as fracture A,
before establishing a connection between the water-conducting fracture and the K4 aquifer.
Fracture A experienced the vertical stress σ1 and the horizontal stress σ2. The long axis
of fracture A had a length of 2a, and the angle between the horizontal stress σ2 and the
long axis direction was denoted by α. Figure 7 depicts the stress state of fracture A. Based
on the fracture mechanics theory, the stress state of fracture A could be characterized as
follows [44]: {

σi = σ1 cos2 α + σ2 sin2 α
τi = (σ1 − σ2) sin α cos α

. (2)
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The stress intensity factor for fracture A could be expressed as follows [44]:{
KI = |σi|

√
πa

KII = |τi|
√

πa
, (3)

where σi represents the normal stress, τi denotes the shear stress, α signifies the fracture
inclination angle, KI corresponds to the Type I fracture stress intensity factor, KII indicates
the Type II fracture stress intensity factor, and a refers to a unit length of 1.

As depicted in Section 3.1, at fracture endpoint B (Figure 3), the vertical stress was
−1.31 MPa while the horizontal stress reached −0.69 MPa. The measured shear stress was
−0.34 MPa, and the fracture inclination angle stood at 55◦. After incorporating these data
into Equations (2) and (3), the resulting values were determined as follows: σi =−0.89 MPa,
τi = −0.29 MPa, KI = 1.58 MPa·m1/2, and KII = 0.51 MPa·m1/2. The calculated shear stress
corresponded with the observed shear stress.

4.1.2. Mechanical Model for Cracking and Propagation of “Open-Slip”
Composite-Type Fractures

During the stress analysis of fractures under combined compression–shear loading, the
maximum normal stress and maximum shear stress criteria effectively address the cracking
angle and provide a solid assessment basis for secondary fractures [45]. As illustrated
in Figure 8, a polar coordinate system was established using the tip of fracture A as the



Sustainability 2023, 15, 13845 10 of 15

coordinate origin. The stress field at the tip of fracture A was represented by a function of
the polar coordinates as follows:

σy = 1√
2πr

cos β
2

 KI cos2 β
2

(
5− 4 cos2 β

2

)
+ 1

2 KII sin β
(

4 cos2 β
2 − 3

)


τxy = 1√
2πr

cos β
2

 1
2 KI sin β

(
4 cos2 β

2 − 3
)

+KII

(
2− 5 cos2 β

2 + 4 cos4 β
2

)


, (4)

where r denotes the distance between the tips of secondary fracture A1 and fracture A,
measured in unit lengths of 1, and β signifies the polar angle.
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As β approached 0◦ and Formula (4) was applied (with β = β0), the resulting partial
derivative was obtained as follows:

(
∂σy
∂β

)
β=β0

= −3KI cos β0
2 sin β0

2 + KII(cos2 β0
2 − 2 sin2 β0

2 )(
∂τxy
∂β

)
β=β0

= KI cos β0
2 (cos2 β0

2 − 2 sin2 β0
2 )− KII sin β0

2

, (5)

where β0 denotes the secondary fracture’s cracking angle.
Following the maximum normal stress criterion, setting Equation (5) equal to 0 yielded

the following result:

−3KI cos
β0

2
sin

β0

2
+ KII(cos2 β0

2
− 2 sin2 β0

2
) = 0. (6)

Similarly, by applying the maximum shear stress criterion and setting Equation (5)
equal to 0, the following result was obtained:

KI cos
β0

2
(cos2 β0

2
− 2 sin2 β0

2
)− KII sin

β0

2
= 0. (7)

Upon substituting KI = 1.58 MPa·m1/2 and KII = 0.51 MPa·m1/2 into Equations (6) and (7),
the resulting values for β0 were found to be 12◦ and 62◦, respectively. With β0 = 12◦, the
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fracture inclination angle at endpoint B2 was 67◦, which fundamentally concurred with
the results of the analogous simulation tests. Conversely, when β0 was 62◦, the fracture
inclination angle at endpoint B2 reached 117◦, diverging from the findings of the similar
simulation tests. Consequently, the cracking and propagation direction of the fracture
closely adhered to the maximum normal stress direction, complying with the maximum
normal stress criterion.

4.2. Hydraulic Fracturing-Induced Disaster Model
4.2.1. Mechanical Model for Cracking and Propagation of “Open-Slip” Composite-Type
Fractures in Hydraulic Fracturing

Based on the characteristics of the cracking and propagation of mining-induced over-
burden fractures, the development of these fractures reaching the roof of the K3 aquifer
and the subsequent water inrush during close-seam mining beneath the thick sandstone
aquifer could be divided into two stages. In the first stage, while mining the L1614 working
face, pre-existing fractures in the siltstone roof of the coal seam began to crack and establish
connections with adjacent fractures [39–41]. The interconnected fractures subsequently
expanded and evolved, extending up to the midpoint of the K4 aquifer. This process was
governed by the combined effects of compressive–shear stress and pore water pressure
within the aquifer. Water from the K4 aquifer progressively seeped into the goaf through
fractures, signifying that cracking and propagation of fracture formations had occurred. In
the second stage, as the successive mining of the L1615 and L1616 working faces occurred,
the increasingly fractured roof released more energy through the stress–strain field [42,43].
The fractures propagated and widened due to the combined effects of compressive–shear
loading and pore water pressure within the aquifer, ultimately breaching the K3 aquifer and
extending to its upper boundary. Consequently, water from the K3 aquifer flooded the goaf
across an extensive area, signifying that the phase of rapid hydraulic fracturing-induced
changes and damage had been reached.

The mechanical model for fracture B under the combined influence of compressive–
shear load and pore water pressure could be represented as follows [44]:

σiB = σ1 cos2 α + σ2 sin2 α + P

τiB = (σ1 − σ2) sin α cos α

KIB = |σiB|
√

πa

KIIB = |τiB|
√

πa

, (8)

where P denotes the pore water pressure.
The initial water pressure in the K3 aquifer was −0.1 MPa, whereas the K4 aquifer had

an initial water pressure of −0.01 MPa. By substituting σ1 = −1.31 MPa, σ2 = −0.69 MPa,
α = 55◦, and P =−0.11 MPa into Equation (8), the following calculated values were obtained:
σiB = −1.00 MPa, τiB = −0.29 MPa, KIB = 1.77 MPa·m1/2, and KIIB = 0.51 MPa·m1/2.
Meanwhile, the following results could be obtained by utilizing Equation (4): σyB = 1√

2πr
cos β

2

[
KIB cos2 β

2 + 1
2 KIIB sin β

]
τxyB = 1√

2πr
cos β

2

[
1
2 KIB sin β + KIIB

] . (9)

According to the maximum normal stress criterion, the partial derivative of Equation (9)
was calculated concerning β, evaluated at β = β1, and subsequently set to 0, yielding the
following result:

−3× cos
β1

2
sin

β1

2
+ 0.29× (cos2 β1

2
− 2 sin2 β1

2
) = 0, (10)

where β1 signifies the cracking angles of fractures resulting from the combined influence of
compressive–shear stress and pore water pressure.
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According to Formula (10), β1 = 10◦. Consequently, the fracture inclination angle at
endpoint B2 was found to be 65◦, which corroborated the findings from similar simula-
tion tests.

4.2.2. Mechanical Model for the Extension Heights of “Open-Slip” Composite-Type
Fractures in Hydraulic Fracturing

Substituting β1 = 10◦ into Equation (9) yielded stress values of σyB = −0.71 MPa and
τxyB = −0.23 MPa. Utilizing Equation (3), the cracking stress intensity factor for fracture B
under the combined influence of compressive–shear stress and pore water pressure could
be determined as follows [45]:  KIC =

∣∣σyB
∣∣√π × r

2

KIIC =
∣∣τxyB

∣∣√π × r
2

. (11)

By substituting σyB = −0.71 MPa, τxyB = −0.23 MPa, and r = 1 into Equation (11), the
following calculated values were obtained: KIC = 0.89 MPa·m1/2 and KIIC = 0.29 MPa·m1/2.

According to the Griffith criterion [45], the following conclusions could be drawn:

G =
KIC

2 + KIIC
2

E
, (12)

where G denotes the energy release rate for fracture B cracking and E represents the elastic
modulus of the rock layer in fracture B, with a value of 72.4 MPa.

By substituting KIC = 0.89 MPa·m1/2 and KIIC = 0.29 MPa·m1/2 into Equation (12), the
calculated values yielded G = 12.1 MN·m−1.

Similarly, based on the Griffith criterion [45], the variation in the stress intensity factor
for fracture B over time could be expressed as follows: KIC(t) = 4

3

∣∣σyB
∣∣√ vmt

√
1−2v

π

KIIC(t) = 4
3

∣∣τxyB
∣∣√ 2vmt

π

(t > 0), (13)

where v denotes the fracture propagation rate and vm represents the shear wave velocity,
with a reference value of 5 m·s−1.

Then, Equations (12) and (13) could be derived simultaneously as follows:{
V(t) = 0.48 + 1

7.76t −
1

5.32t2

S(t) =
∫ 360

120 (0.48 + 1
7.76t −

1
5.32t2 )d(t)

(t > 0) (14)

According to Formula (14), the fracture extension height from fracture B to fracture
B2 could be calculated as S = 115.3 m. This value was in close agreement with the results
obtained from the comparable simulation tests (S = 125.8 m). A table of the symbols used
in the equations can be found in Nomenclature.

5. Conclusions

(1) The concurrent effects of hydraulic fracturing and damage to the overlying strata are
instrumental in the formation of water-conducting fractures and water inrush events
beneath thick sandstone aquifers.

(2) The “Fracture Cracking and Propagation Model,” grounded in the principles of frac-
ture mechanics, was employed to assess the stress conditions of particular fractures,
determining aspects such as stress intensity and the direction of crack propagation.

(3) The “Hydraulic Fracturing-Induced Disaster Model” categorized the evolution of frac-
tures and water inrush into two phases. The initial phase pertained to the fracturing
and expansion within the coal-seam roof, whereas the subsequent phase encompassed
the broadening and rupturing of fractures, resulting in aquifer-driven inundation.
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(4) Detailed computations and formulae were furnished to determine stress values, frac-
ture inclination angles, stress intensity factors, energy release rates, and fracture
extension heights. These computational results were juxtaposed against simulation
experiments to validate the accuracy of the models.
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Nomenclature
A table of the symbols used in the equations.

Symbols Explanations
L The width of the waterproof coal pillar in the lower coal seam
l The width of the waterproof coal pillar in the upper coal seam
H The height of the lower coal-seam water column
h The height of the upper coal-seam water column
γ The collapse angle of the uphill rock movement
θ The collapse angle of the downhill rock movement
σ1 The vertical stress exerted on fracture A
σ2 The horizontal stress exerted on fracture A
a The unit length (equal to 1)
α The inclination angle of fracture A
σi The normal stress exerted on fracture A
τi The shear stress exerted on fracture A
KI The Type I fracture stress intensity factor of fracture A
KII The Type II fracture stress intensity factor of fracture A

r
The distance between the tips of secondary fracture A1 and fracture A, measured in unit
lengths of 1

β The polar angle
σy The normal stress exerted on the tip of fracture A
τxy The shear stress exerted on the tip of fracture A
β0 The cracking angle of fracture A
P The pore water pressure derived from the K3 and K4 aquifers
σiB The normal stress exerted on fracture B
τiB The shear stress exerted on fracture B
KIB The Type I fracture stress intensity factor of fracture B
KIIB The Type II fracture stress intensity factor of fracture B
σyB The normal stress exerted on the tip of fracture B
τxyB The shear stress exerted on the tip of fracture B
β1 The cracking angle of fracture B
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KIC The Type I cracking stress intensity factor for fracture B
KIIC The Type II cracking stress intensity factor of fracture B
G The energy release rate for fracture B cracking
E The elastic modulus of the rock layer in fracture B
v The fracture B propagation rate
vm The shear wave velocity
S The fracture extension height from fracture B to fracture B2
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