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Abstract: The accurate prediction of the vertical extent of water-conducting fracture (WCF) zones
in weakly cemented strata is particularly significant in preventing and controlling water hazards
in western coal mines. The evolution of fractures in weakly cemented strata affected by mining
disturbances was comprehensively analyzed by physical similarity models, numerical simulations,
and field investigations. Results indicated that the development progress of water-conducting
fractures can be divided into three phases: initial slow generation, subsequent rapid development,
and eventual stabilization. The numerical simulation results revealed that in the initial stage of
working face mining, the development of the plastic zone is limited, and there is minimal failure in
the overlying strata; therefore, fractures are slowly produced without penetrating through the strata.
When the plastic zone fully encompasses the entire main roof, it triggers severe shear failure in the
overlying strata, resulting in rapid fracture propagation and penetration. Once the fracture height
reaches a stable state, there is no further increase in the maximum vertical displacement of key strata,
indicating the extensive collapse and compaction of the overburden as well as the stabilization of the
fracture heights. A modified prediction equation for WCF in weakly cemented strata was obtained by
correcting the traditional empirical formula based on field investigations. This modified prediction
equation enhances the accuracy in predicting fracture heights and provides a theoretical reference
to address the issue of the inaccurate prediction of the water-conducting fracture height in western
mine rock strata.

Keywords: weakly cemented strata; water-conducting fracture zone; similarity model; numerical
simulation

1. Introduction

The overall layout of China’s coal resource development continues to be optimized,
and the central and western regions possess significant advantages in terms of abundant
resource allocation, excellent mining conditions, and low production costs [1] and have
gradually developed into the emphasized center of China’s coal production, becoming
increasingly prominent for its important role and strategic position. Currently, several
mines have been established in the western mining region of China, primarily focusing on
Jurassic and Chalk coal seams. This kind of strata is different from the coal-bearing strata
in the central and eastern regions of China, as shown in Figure 1. The majority of them
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consist of loosely cemented strata with low mechanical strength, prone to disintegration
and susceptible to slaking when exposed to water [2]. The shallow-buried ultra-thick coal
seam in this area is highly susceptible to mining disturbance, leading to the formation of a
roof water channel fracture zone that connects with the overlying aquifer [3]. This results
in various ecological and production safety issues, including river diversion, groundwater
depletion, a reduction in vegetation coverage rate, and mine water inflow [4,5]. Due to
the impact of high-intensity coal mining, there is a significant and extensive range of rock
fracture development and expansion in the western mining area. The previous empirical
formula was established based on a substantial amount of measured data from the central
and eastern mining areas, making it challenging to accurately calculate the height of WCF
zones under weakly cemented rocks in the western mining area. The study of the evolution
law of the WCF zone in weakly cemented rock and the optimization of the prediction
formula to prevent mine water hazards are therefore highly significant in the western
mining area.
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Figure 1. Locations of western and eastern coal mines with different cemented characteristics.

Clarifying the mechanical properties of weakly cemented rock masses serves as
the foundation for the study of fracture expansion in such geological formations, and
it holds significant importance in exploring the failure characteristics of fracture struc-
tures within weakly cemented rock strata and uncovering the developmental patterns of
water-conducting fracture zones. The red sandstone was examined to obtain its strength
and deformation characteristics by a triaxial test system, revealing that tension–shear com-
posite failure was the main failure form of the weakly cemented rock [6,7]. The failure
mechanism of weakly cemented red sandstone under disturbance was analyzed based on
scanning electron microscopy [8]. However, weakly cemented granular materials behaved
nonlinearly regarding their bulk properties, and most micromechanical models cannot
describe these characteristics [9,10]. From an energy perspective, the creep characteristics
and energy evolution of weakly cemented rock were investigated through a triaxial graded
loading creep test, while also revealing the energy dissipation theory-based energy evolu-
tion characteristics at each stage of creep [11]. The creep model is predominantly employed
to characterize the creep behavior of loosely consolidated soft rock, which is limited by its
inherent strength [12]. The non-Darcy hydraulic properties and deformation behaviors of
such weakly cemented rock structures, like broken gauges, were studied through laboratory,
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theoretical, and in-situ aspects [13,14]. The long-term mechanical properties of a weakly
cemented rock mass were also studied by carrying out creep tests under different initial
confining pressures, and the creep behavior of the weakly cemented rock mass was further
explained [15,16].

The fracture structure and failure mechanism of weakly cemented rock have been
extensively investigated, as they play a crucial role in determining the ultimate fracture pat-
tern based on the failure characteristics of the rock mass. The failure modes of rock masses
with varying degrees of cementation strength differ, as strongly cemented rocks tend to fail
in tension while weakly cemented rocks tend to fail in shear [17]. The failure of a weakly
cemented rock mass encountering water is always accompanied by erosion and particle
migration, so mass variation is the main factor to form the water-conducting channel [18].
A new proposed finite element method represents the variation in fracture between solid
and jointed blocks, which also can be applied in weakly cemented porous media [19].
The adaptive neuro-fuzzy inference system has been proposed by some researchers as
the most suitable approach to predicting the unconfined compressive strength of weakly
cemented rocks and determining the failure modes of rock masses with low strength [20].
It is necessary to perform a comprehensive assessment of the response mechanism of
weakly cemented stones under triaxial compression loading conditions, in order to ensure
water-preserved mining and reflect the fact that the confined pressure is highly sensitive to
the characteristics of the weakly cemented rock [21]. Despite the macroscale, a scanning
electron microscope has been used to observe the composition and pore development [22].
The understanding of aquiclude responses to mining excavation is crucial in evaluating the
reliability of water-conserved mining in a weakly cemented rock environment [23].

Scholars have conducted extensive research on the developmental laws of WCF zones
under mining disturbances. The failure mechanism and fracture evolution law of weakly
cemented rock under mining and excavation disturbances has been studied by investi-
gating the stress distribution released by the roof rock mass induced by coal mining in
both the vertical and horizontal directions, with a particular emphasis on monitoring
displacement in these two directions [24]. A study of longwall mining-induced strata
movement comprehensively considering the stress changes and fractures was conducted to
reveal the displacement law of the overburden layer [25]. The subsidence of the ground
surface is controlled by the deformation of the weakly cemented key strata. Therefore, the
deformation characteristics of the weakly cemented rock mass under this loading condition
play a crucial role in determining the efficiency in controlling strata movement and surface
subsidence [26]. The phenomenon of water-conducting fractures is closely associated with
water hazards. By studying the movement of aquifer layers, we can enhance our under-
standing of the mechanisms and processes involved in water inrushes from underlying
confined aquifers. This knowledge will be invaluable in predicting and preventing water
inrush hazards in practical applications [27]. The prediction of the WCF height is tradi-
tionally based on empirical formulas derived from single-slice mining conditions, where
the mining height is less than 3 m and the total slice mining height is limited to within
15 m [28]. Moreover, related research has indicated that the excavation speed has a great
influence on the damage of the overburden rock layers, so the possibility of rock layer
disasters should be considered when conducting underground mining activities [29,30].
The key to maintaining the stability of the surrounding rock lies in gaining insights into the
roadway layout through coal seam and cross-layer excavation, as well as deepening our
understanding of the deformation mechanism of weakly cemented rock [31,32]. Previous
research has indicated that the key strata layer is vital to controlling the height of the WCF
zone [33].

The previous research has primarily focused on the mechanical properties, failure
behavior, and dynamic migration laws of weakly cemented rock masses. However, there
has been insufficient mention of the evolutionary laws pertaining to WCF zones within
weakly cemented rock strata. The development and evolution characteristics of the WCF
zone in weakly cemented overlying rock during comprehensive mechanized top-caving
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coal mining were analyzed using a combination of physical similarity model testing and
numerical simulation methods. Furthermore, based on the results of field measurements,
the empirical prediction formula has been modified to enhance its accuracy when applied
in weakly cemented rock layers. This provides a theoretical reference for the predic-
tion and prevention of water inflow in mining area roof aquifers and the protection of
water resources.

2. Weakly Cemented Characteristics
2.1. Geological Characteristics of the Mining Area

The mine was specifically designed for an inclined shaft, and the working face utilizes
the comprehensive caving coal mining technique. The structure of the coal seam in the
mining area is simple, where the rock layers show obvious weakly cemented characteristics.
The main roof is fine sandstone, while the immediate roof consists of a combination of
siltstone and fine sandstone. The development of internal joint cracks is absent in a portion
of the roof, while the compressive strength of both the roof and floor rock significantly
deteriorates under saturated conditions. The water resistance of the rock layer is poor
due to the high permeability of mudstones and argillaceous siltstones, which makes them
susceptible to water softening. The comprehensive column diagram of the mine is shown
in Figure 2.
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Figure 2. Geological diagram in coal mine area.

The coalfield contains four aquifers, and the indirect water-filled aquifer within the
coal seam exhibits high permeability due to the development of internal pores and cracks,
thus qualifying as a weak but water-rich aquifer. The sandstone aquifer in the coal seam
roof contains void cracks and the distance between the aquifer and the roof is 20.82~28.81 m,
with an average distance of 23.47 m.

2.2. Weakly Cemented Characteristics of Key Strata

The samples of weakly consolidated siltstone were obtained from the coalmine and
scanning electron microscopy was carried out with a field emission scanning electron
microscope. The microscopic structure characteristics of the weakly consolidated siltstone
amplified by 1000 and 10,000 times were observed. The observation results are shown in
Figure 3.
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Figure 3. Microstructure of siltstone with different magnification times. (a) 1000 times (b) 10,000 times.

According to the scanning results of the electron microscope, various degrees of
surface cracks and internal granular cracks are observed in the weakly cemented siltstone
at a magnification of 1000 times.

By magnifying the internal crack to a scale of 10,000 times, the obviously layered
and stacked surface of the siltstone, accompanied by different sizes of particles arranged
loosely and disordered, could be observed. The microstructure of the weakly cemented
siltstone displayed by electron microscopy reflected the development of the pore size of
the overlying rock and the arrangement of rock particles in the mining area, which further
verified the weakly cemented characteristics of the key layer of siltstone.

3. Physically Similar Simulation of the Development of Water-Conducting
Fracture Zone
3.1. Similar Simulation Test Design

Based on the occurrence conditions of the coal seam in the mine and utilizing the
mechanical parameters obtained from both field investigations and laboratory tests of coal
and rock, and considering the similarity criterion, a physical similarity simulation test
platform of 2.5 m × 0.3 m × 1.5 m was created to carry out this test, and the laying was
conducted according to the sequence and height of the rock strata in Figure 1.

• According to the physically similar simulation criteria and the calculation formula,
the geometric similarity ratio was determined to be 100:1.

• Material selection and proportions. Sand with an average particle size between
0.25 and 0.35 mm, gypsum, and calcium carbonate were selected to simulate the rock
layer, and mica powder was used to separate the layers.

• Excavation methods. The overall length and height of the model were 250 cm and
131.7 cm, respectively, and a protective coal pillar of 20 cm was reserved on both sides.
The bottom coal layer with a thickness of 4 cm was excavated first, and then the bottom
coal layer of the next step was excavated, and the top coal layer with a thickness of
4.6 cm in the previous step was excavated at intervals of half an hour after moving the
shield. The model diagram is depicted in Figure 4.
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• Arrangement of the observation lines. The displacement of the overlying strata during
the excavation process was monitored by a remote full-scene strain testing system to
analyze the extended height of the WCF.

3.2. Analysis of the Results of Physical Similarity Simulation

The caving of the immediate roof is shown in Figure 5. The immediate roof collapsed
at the 6th and 10th excavations, respectively; however, cracks did not develop in the
overlying rock during the collapse. Small transverse cracks occurred in the basic roof,
and a cantilever beam structure formed at the goaf side after the 16th excavation. In the
process of the 17th excavation, the original cracks further expanded, and longitudinal shear
fissures appeared with the collapse of the roof. After the third collapse of the roof, the
microfractures generated in the main roof strata further developed into obvious fractures.
Longitudinal cracks were also produced in the middle of the rock, but the cracks did not
penetrate the entire main roof rock layer and could not conduct water.
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Figure 5. Collapse process of immediate roof at (a) the initial and fourth excavations and (b) the 20th
excavation.

The development process of water-conducting cracks in the main roof is shown in
Figure 6. The initial collapse of the main roof occurred during the 20th release of coal, with
a maximum subsidence height of 14.5 cm from the coal seam, while no expansion was
observed in the fracture of the overlying rock layer. The second collapse of the main roof
occurred during the 24th excavation, resulting in an increase of 3 cm in the caving height.
Additionally, the crack extended to a distance of 46 cm from the coal seam. Meanwhile, a
portion of the immediate roof remained cantilevered, creating a separation space between
it and the main roof. The immediate roof underwent bending and rotation, while the main
roof gradually sank and compacted.
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the main roof.
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During the 17th to 25th advances of the working face, the main roof caved twice, with
an average caving step distance of 22.4 cm. A large-scale failure and caving occurred at the
main roof, which was located 48 cm away from the coal seam. After the 27th excavation,
a separation layer with a maximum distance of 4 cm appeared above the rock layer after
collapse. The WCF zone extended up to 67 cm above the coal seam, while the transverse
fracture of the underlying stratum extended towards the working face. The WCF zone
developed up to 67 cm above the coal seam, and the transverse fracture of the overlying
stratum extended beyond the working face. The immediate roof collapsed and the main
roof caved a third time after the 30th excavation; the longitudinal fracture penetrated
through the main roof and tended to be water-conducted.

The results indicated that the average step distance of the four collapses was 23.2 cm.
Additionally, the WCF was extended to seal off the weakly cemented key layer, resulting
in a height of 48 cm. The weakly cemented key layer developed a separation layer, which
represents the potential development area for WCF zones. Therefore, further investigation
is required to determine the final height of the developed WCF zone based on the collapse
behavior of the weakly cemented key layer. The overburden fracture process of the weakly
cemented key layer is shown in Figure 7.
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Figure 7. Collapse of weakly cemented key strata.

The weakly cemented key layer experienced its initial failure during the 33rd excava-
tion process, with a breaking distance of 92.6 cm from the coal seam. The separation layer
resulting from the third roof collapse was compressed and sealed off. The rock stratum
exhibited an increased collapse height of 3.7 cm upon coal extraction, presenting an overall
failure shape resembling a trapezoid.

The immediate roof and main roof fully collapsed after the 38th excavation, while the
weakly commented key layer and overlying strata exhibited slight bending and sinking
without the occurrence of any new cracks. During the 33rd~37th advances of the working
face, a single occurrence of fracture and collapse was observed in the weakly cemented
key layer and overlying strata. The resulting fracture extended up to a distance of 96.3 cm
from the coal seam, indicating that the determined final height of the WCF zone in weakly
cemented rock through physical simulation was 96.3 m. The height variation of the WCF is
shown in Figure 8.

It can be observed that the height of the WCF zone exhibited an upward trend and
finally stabilized at a peak value. The overall development process can be divided into three
stages: initial slow generation, subsequent rapid development, and eventual stabilization.
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4. Numerical Simulation of Development of Water-Conducting Fracture Zone
4.1. Model Establishment

Flac3D was used to simulate the fracture development law of the overlying strata
in the process of advancing the working face, and then the evolution law of the WCF
zone in the process of mining was analyzed. A three-dimensional mesh model with a
length × width × height of 700 m × 360 m × 152.3 m was established considering the rock
mechanic characteristics and actual construction conditions. Considering the boundary
effect, a 100 m coal pillar was reserved on both sides of the advancing direction of the
working face, and the initial length of the working face was 105 m, which was increased to
155 m after advancing 65 m, and stopped at the protection coal pillar. The model diagram
is shown in Figure 9.
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Figure 9. Sketch of model establishment.

The distribution of the plastic zone in the overburden rock layer at advancing distances
of 100 m, 150 m, 300 m, and 500 m was investigated. The displacement and stress changes
at the location of the measuring point were extracted to comprehensively analyze the
development characteristics of the water-conducting fractures.
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4.2. Simulation Results

The development of the plastic zone of the overlying rock at the advanced distance of
the working face of 100 m~500 m was studied to determine the height evolution character-
istics of the WCF zone, and the simulation results are shown in Figure 10.

Water 2023, 15, x FOR PEER REVIEW 10 of 17 
 

 

 

Figure 9. Sketch of model establishment. 

The distribution of the plastic zone in the overburden rock layer at advancing dis-

tances of 100 m, 150 m, 300 m, and 500 m was investigated. The displacement and stress 

changes at the location of the measuring point were extracted to comprehensively analyze 

the development characteristics of the water-conducting fractures. 

4.2. Simulation Results 

The development of the plastic zone of the overlying rock at the advanced distance 

of the working face of 100 m~500 m was studied to determine the height evolution char-

acteristics of the WCF zone, and the simulation results are shown in Figure 10. 

 
(a) 

 
(b) 

中砂岩

砂砾岩

细砂岩

下5 煤

粉砂岩

粉砂岩
细砂岩

粉砂岩

细砂岩

砂砾岩

粗砂岩
细砂岩

粗砂岩

01 Medium Sandstone

02 Conglomerate

03 Fine Sandstone

04 Lower No.5 coal

05 Siltstone

06 Siltstone

07 Fine Sandstone

08 Siltstone

09 Fine Sandstone

10 Conglomerate

11 Coarse Sandstone

12 Fine Sandstone

13 Coarse Sandstone

Water 2023, 15, x FOR PEER REVIEW 11 of 17 
 

 

 
(c) 

 
(d) 

Figure 10. Plastic zone of working face advancing 100~500 m: (a) 100 m, (b) 150 m, (c) 300 m, (d) 500 

m. 

When the working face advanced by 100 m, the maximum height of the plastic zone 

experiencing shear failure reached 41 m, while the overburden fracture extended to a 

depth of 75 m without fully penetrating the entire rock layer. When the working face ad-

vanced 150 m, the fracture penetrated through the overall strata. The overlying strata un-

derwent significant flexure and subsidence, resulting in a separation zone located 75 m 

above the coal seam. Simultaneously, the overlying rock experienced both tensile and 

shear failure from top to bottom. When the working face advanced to 300 m, there was a 

slight decrease in the development of the plastic zone due to the overall subsidence of the 

overlying rock. Finally, when the working face advanced to a distance of 500 m, the overall 

plastic zone of the overlying rock exhibited a distinct saddle shape, while the plastic zone 

on both sides of the goaf extended up to 76 m. In summary, the overburden fracture that 

occurred continuously extended upward and maintained stability during the advance-

ment of the working face, which was consistent with the observed overburden fracture 

pattern in the physical similarity simulation.  

The height of the plastic zone stabilized and eventually formed a distinct saddle 

shape as the working surface continued to advance. The surface above the corresponding 

positions at both ends of the goaf was shear-damaged, indicating that this area has strong 

potential for the development of water-conducting fractures.  

The measuring points were strategically positioned at 25 m intervals within the cen-

tral section of a weakly cemented siltstone layer, which was 19.2 m thick. This placement 

allowed for a more accurate depiction of the vertical displacement of overlying rock dur-

ing excavation, specifically capturing the changes in measuring points as the working face 

advances. The vertical displacement of weakly cemented siltstone is shown in Figure 11. 

Figure 10. Plastic zone of working face advancing 100~500 m: (a) 100 m, (b) 150 m, (c) 300 m, (d) 500 m.



Water 2023, 15, 4173 11 of 16

When the working face advanced by 100 m, the maximum height of the plastic zone
experiencing shear failure reached 41 m, while the overburden fracture extended to a depth
of 75 m without fully penetrating the entire rock layer. When the working face advanced
150 m, the fracture penetrated through the overall strata. The overlying strata underwent
significant flexure and subsidence, resulting in a separation zone located 75 m above the
coal seam. Simultaneously, the overlying rock experienced both tensile and shear failure
from top to bottom. When the working face advanced to 300 m, there was a slight decrease
in the development of the plastic zone due to the overall subsidence of the overlying rock.
Finally, when the working face advanced to a distance of 500 m, the overall plastic zone
of the overlying rock exhibited a distinct saddle shape, while the plastic zone on both
sides of the goaf extended up to 76 m. In summary, the overburden fracture that occurred
continuously extended upward and maintained stability during the advancement of the
working face, which was consistent with the observed overburden fracture pattern in the
physical similarity simulation.

The height of the plastic zone stabilized and eventually formed a distinct saddle
shape as the working surface continued to advance. The surface above the corresponding
positions at both ends of the goaf was shear-damaged, indicating that this area has strong
potential for the development of water-conducting fractures.

The measuring points were strategically positioned at 25 m intervals within the central
section of a weakly cemented siltstone layer, which was 19.2 m thick. This placement
allowed for a more accurate depiction of the vertical displacement of overlying rock during
excavation, specifically capturing the changes in measuring points as the working face
advances. The vertical displacement of weakly cemented siltstone is shown in Figure 11.

Water 2023, 15, x FOR PEER REVIEW 12 of 17 
 

 

 

Figure 11. Vertical displacement curves of weakly cemented key strata. 

The vertical displacement of the weakly cemented key layer remained relatively sta-

ble during the 100 m advancement of the working face, indicating the minimal occurrence 

of rock failure. When the working face advanced to a distance of 150 m, the key strata 

experienced maximum subsidence of 8.5 m. During the advancement process from 200 m 

to 400 m, the weakly cemented key layer exhibited an expansion in subsidence along the 

direction of advancement, with no change in its maximum displacement. Then, the maxi-

mum vertical displacement of the key strata reached approximately 8.9 m when the work-

ing face advanced to a distance of 500 m. The vertical displacement of the key strata ex-

hibited a uniform distribution over a specific length, implying the extensive collapse of 

the overlying rock due to the release of internal stress and stagnation in fracture develop-

ment. When the working face advanced to 200 m, the cracks of the weakly cemented key 

strata approached the maximum vertical displacement, and as the working face continued 

to advance to 500 m, the vertical displacement of the rock gradually stabilized. After reach-

ing a distance of 500 m, the development of cracks in the overlying rock ceased, and its 

maximum vertical displacement stabilized without a further increase. This indicates the 

gradual compaction of the overlying rock and suggests that no new fractures would be 

generated during this process. 

5. Actual Field Measurement of Water Conduction Fracture Zone in the Mining Area 

5.1. Observation Borehole Layout 

In order to comprehend the development of water conduction fracture zones in 

weakly cemented rock, the leakage in a borehole after water injection was monitored. 

Based on the outcomes of the physical similarity simulation and numerical simulation, 

one pre-mining comparative borehole and three post-mining observation boreholes were 

established. The layout of the borehole for face observation is shown in Figure 12. 

−2

0

−4

−6

−8

−10

Figure 11. Vertical displacement curves of weakly cemented key strata.

The vertical displacement of the weakly cemented key layer remained relatively stable
during the 100 m advancement of the working face, indicating the minimal occurrence
of rock failure. When the working face advanced to a distance of 150 m, the key strata
experienced maximum subsidence of 8.5 m. During the advancement process from 200 m
to 400 m, the weakly cemented key layer exhibited an expansion in subsidence along
the direction of advancement, with no change in its maximum displacement. Then, the
maximum vertical displacement of the key strata reached approximately 8.9 m when the
working face advanced to a distance of 500 m. The vertical displacement of the key strata
exhibited a uniform distribution over a specific length, implying the extensive collapse of
the overlying rock due to the release of internal stress and stagnation in fracture develop-
ment. When the working face advanced to 200 m, the cracks of the weakly cemented key
strata approached the maximum vertical displacement, and as the working face continued
to advance to 500 m, the vertical displacement of the rock gradually stabilized. After
reaching a distance of 500 m, the development of cracks in the overlying rock ceased, and
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its maximum vertical displacement stabilized without a further increase. This indicates
the gradual compaction of the overlying rock and suggests that no new fractures would be
generated during this process.

5. Actual Field Measurement of Water Conduction Fracture Zone in the Mining Area
5.1. Observation Borehole Layout

In order to comprehend the development of water conduction fracture zones in weakly
cemented rock, the leakage in a borehole after water injection was monitored. Based on the
outcomes of the physical similarity simulation and numerical simulation, one pre-mining
comparative borehole and three post-mining observation boreholes were established. The
layout of the borehole for face observation is shown in Figure 12.
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Figure 12. Observation drill hole layout.

5.2. Comparative Analysis of Measured Results

The borehole water quantity measured by the lateral leakage method of water injection
in the underground overhead hole is shown in Figure 13.
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Figure 13. Curves of water injection and leakage of borehole.

The water leakage curve reveals that the flow rate of the S-2 borehole remained
relatively stable within a height range of 90 m, suggesting that the elevation angle of the S-2
borehole was excessively steep and did not intersect with the WCF zone. The water leakage
of the S-3 and S-4 boreholes increased in the range of 70 m~85 m above the working face,
and the average flow rates reached 0.73 L·min−1 and 0.95 L·min−1, respectively, indicating
that the injected water was lost through the water conduction fracture zone. The flow rate
of holes S-3 and S-4 decreased sharply from 85 m and 87 m to 0.5 L·min−1 or less, which
was similar to the amount of water boreholes in comparison. The results indicate that the
measured height of the overburden water-conducting fracture zone ranged from 85 m to
87 m. However, when observing long-distance boreholes, it is challenging to avoid drifting
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drilling issues. Additionally, the final hole’s position did not align with the highest point of
the water conduction fracture zone (near the saddle, close to the working face boundary).
Therefore, based on the comprehensive analysis, it can be inferred that the actual height of
the water conduction fracture zone should range from 88 m to 95 m.

5.3. Prediction Method of the Height of Water-Conducting Fracture Zone

The height of the water conduction fracture zone is directly related to the mining
height. Referring to the empirical calculation formula [34] to obtain the height of the
water-conducting zone,

Hli =
100M

0.26M + 6.88
± 11.49 (1)

where M is the effective mining thickness, m.
The effective mining thickness of 8.6 m has been substituted, resulting in a calculated

maximum height range for the water conduction fracture zone of 82.85 m~105.83 m, which
exhibits some deviation when compared to the measured data. As mentioned above, the
weakly cemented characteristic is the primary reason for the error. Therefore, this formula
should be modified to precisely predict the height of the WCF zone in the weakly cemented
rock strata. The prediction formula of the water conduction fracture zone can be assumed
as follows:

Hli =
100M

aM + b
± c (2)

where Hli is the height of the water conduction fracture zone, m; M is the thickness of the
coal seam, m; a and b are coefficients; and c is the error parameter.

The height of the water conduction fracture zone measured in multiple weakly ce-
mented overburden mines [35,36] was used for univariate linear regression fitting to obtain
the main body of the equation for the prediction of the height of the fracture zone.

Hli =
100M

0.36M + 5.47
(3)

The value of c in the formula is obtained by back-calculating the main calculation
formula with the actual measured value and solving by the Bezier formula:

c = ±

√√√√√ n
∑

i=1
(li − l)2

n − 1
(4)

where li is the measured height of the water conduction fracture zone, m; l is the calculation
height of the main body of the formula, m; n takes 20; and c is the error parameter
(deviation value).

Bringing every parameter into the formula, the prediction formula for the development
height of the water conduction fracture zone suitable for the weakly cemented rock layer
is obtained:

Hli =
100M

0.36M + 5.47
± 13.50 (5)

where Hli is the height of the water conduction fracture zone, m; and M is the thickness of
the coal seam, m.

In order to verify the reliability of formula (5), the measured data of five western,
weakly cemented mines were counted [33,34,36]. The results calculated by the empirical
formula and the revised predicted formula were obtained, and the average values of the
predicted heights were compared with the measured heights of the water conduction
fracture zone. The error results are shown in Table 1.
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Table 1. Parameters of formula for prediction of the height of water-conducting fracture zone.

Coal Mine Actual Height
(m)

Empirical
Result (m)

Relative Error
(%)

Predicted
Result (m)

Relative Error
(%)

Dananhu 47.59 39.16 −17.7 45.80 −3.8
Yili No. 1 51 47.18 −7.49 54.40 6.7

Xiagou 97.47 95.17 −2.36 101.14 3.77
Binchang 109 104.72 −3.9 109.6 0.5

Hanglaiwan 98.1 92.34 −5.8 98.60 0.5

In Table 1, the error range between the heights obtained by the empirical equation
is −17.7% to −3.9%, and the predicted result is smaller than the measured result and the
error is relatively large.

The new prediction equation obtained after revising the empirical formula was used
for calculation, and the error range was basically between −3.8% and 6.7%, i.e., the height
of the WCF zone obtained by the predicted formula was basically within the allowable
error range and consistent with the measured data. Compared with the empirical equation,
the error value is relatively small, and it can be used as a reference for the height prediction
of the weakly cemented water conduction fracture zone in western coal mines.

6. Conclusions

In order to investigate the developmental patterns of WCF zones in weakly cemented
strata in western mining areas, a comprehensive approach was employed, including physi-
cal modeling, numerical simulation, and field investigation, to analyze the evolutionary
behavior of fracture zones in weakly cemented rock under mining-induced influences. A
modified formula was proposed to predict the height of WCF zones in weakly cemented
rock formations in the western mining area, providing a theoretical reference to resolve the
issue of misalignment in predicting the water-conducting heights of weakly cemented rock
strata in such regions. The main conclusions are as follows.

(1) A physical similarity simulation test with a 100:1 similitude ratio was carried out
based on laboratory tests, and the deformation and fracture characteristics of the overlying
strata above the working face were obtained. The development process of the WCF zone
was categorized into three stages: initial slow generation, subsequent rapid development,
and eventual stabilization. The collapse distances of the immediate roof and main roof
measured 20 m and 22.4 m, respectively. The maximum height of caving reached 48 m,
while the WCF zone in the weakly cemented rock layer extended up to a maximum height
of 96.3 m.

(2) The internal factors influencing the development of weakly cemented WCF zones
at different stages were elucidated by analyzing the evolution pattern of the plastic zone
and the vertical displacement variation in the key overburden layer through numerical
simulation. During the initial mining phase, the plastic zone development was limited and
there was only slight damage in the overburden strata. As a result, fracture propagation
occurred at a slow rate without penetrating through the rock layer. However, as the working
face advanced further, the plastic zone eventually encompassed the entire main roof. This
led to a severe shear failure in the overburden strata, causing rapid crack propagation that
penetrated through the entire layer. When the fracture reached its maximum height, the
vertical displacement of the key strata remained constant, indicating the large-scale collapse
of the upper layer and the cessation of further growth in the height of the fracture zone.

(3) The precise determination of the vertical extent of the WCF zone was achieved by
monitoring the leakage in the underground overhead borehole after water injection. The
flow rate of observation holes S-3 and S-4 exhibited a significant increase within the height
range of 70 m to 80 m. However, at heights of 85 m and 87 m, respectively, there was a
sharp drop in flow rate to 0.5 L·min−1. By comparing these rates with those observed at
the reference hole, it could be deduced that the WCF zone was located between the heights
of 85 m and 87 m.
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(4) The empirical formula of the coal mine was utilized to propose a modified formula
to predict the height of the WCF zone. The findings demonstrated a significant enhancement
in accuracy in predicting the height of the zone within weakly cemented rock strata through
this method.
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