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overlying rock of a water flowing
fracture in goaf under a karst
aquifer
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The factors leading to mine water inrush accidents are mainly sources of water, water channels, and
intensity of water inrush. Mine water rush depends mostly on whether damage leads to the overlying
strata of the working face penetrating the overlying aquifer. There is therefore a need to characterize
how the overlying strata of the coal seam roof fails and the development height of the water-
conducting fracture zone during a roof water inrush incident. This study focuses on the Longfeng Coal
Mine, northern Guizhou coalfield. Samples of rock from the roof coal seam were obtained by drilling
and coring and examined under a scanning electron microscope. The results showed an undeveloped
state of primary cracks in the overlying strata of the coal seam roof, with the water channel occurring
mainly along mining-induced cracks. Four key strata were identified, and their fracture steps were
calculated through integrating the results of the physical test of the overlying rock of the coal seam.
The key strata break when the advancing distance of the working face exceeds their fracture steps.

At this point, water-conducting cracks develop upwards. Simulation by FLAC3D allowed the analysis
of vertical displacement, vertical stress, and evolution of the plastic zone of the roof overburden rock
under different working face advancing distances. The results show that the changes in vertical stress
and displacement in overburden rock initially increased rapidly, with this rate of increase subsequently
slowing. The shape and maximum height of the plastic failure zone was typical trapezoid and 46.12 m,
respectively. Finally, the height of the water-conducting fracture zone determined on site was
42-51.8 m. The good agreement between numerical simulation and measurements confirms that the
results of this study can guide practical engineering.

Keywords Mine water inrush, Rule of overlying strata damage, Height of fractured water-conducting zone,
Key stratum, FLAC3D

China has abundant coal resources and coal accounted for 55.3% of total national energy consumption in 2023. It
is projected that coal will remain the main source of energy in China in the future!. There were 1,465 coal mining-
related accidents in China between 2008 and 2023, resulting in 5,473 deaths. Among them, there were 164 water-
related accidents which resulted in 776 deaths, accounting for 11.2% of total accidents and 14.2% of total deaths,
respectively®. Mine water disasters can also result in major geological hazards, including declines in groundwater
level and surface subsidence. These phenomena have a significant negative impact on surface infrastructure,
agriculture, and the natural environment’. Guizhou is an important coal-producing area in China* and is
known as the “coal sea in the area south of the Yangtze River”. Guizhou falls within an area of typical high karst
concentration exceeding 60%°. Underground rock shows well developed dissolution cracks, with many areas
in a transitional state between developed karst and coal resources, with the northern Guizhou coalfield being
a typical example. The northern Guizhou coalfield is the third largest in Guizhou and has experienced multi-
stage tectonic movements, contributing to complex geological conditions. Since its minable coal seams mainly
occurs in the Longtan Formation of the Upper Permian, it can be classified as marine-terrigenous sedimentary
facies®. The coal mining face has for an extended period been affected by being positioned between the overlying
Changxing Formation and the limestone karst water of the underlying Maokou Formation. While the mine
receives ample water, the aquifuge between the coal mining face and the aquifer is thin. Mining can readily result
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in the water-conducting fracture zone penetrating the overlying aquifer, causing water inrush accidents. The
water inrush incident on 21st August, 2019 in the Longfeng Coal Mine, northern Guizhou coalfield, resulting in
2 deaths; a water and sand inrush incident on 19th June, 2022 at the Tenglong Coal Mine, adjacent to Longfeng
Coal Mine, resulting in 1 death, 1 loss of contact, and 1 injury. These two incidents could be mainly attributed
to a failure to fully understand the timescales over which mining influences the water-conducting fracture zone
of the mine under complex geological conditions as well as the mechanisms of water inrush from the roof
overburden rock.

There have been many studies, both in China and internationally, on failure of overlying strata of a coal
seam roof and the development height of the water flowing fractured zone. Internationally, a Belgian study
proposed the “vertical line theory” explaining overburden failure’; a study in France proposed the “arch theory”
and “zoning theory”® explaining overburden deformation and failure; a German study proposed the “cantilever
beam theory” to explain periodic pressure’; another German study proposed the “pressure arch” hypothesis'’;
a Belgian study proposed the “pre-fracture hypothesis” explaining how the equilibrium of rock inside the
overburden is disrupted after mining, leading to the formation of various fractures'; a study in the former Soviet
Union proposed the “hinged rock block” hypothesis, which places rock strata into three categories: the irregular
caving, regular caving, and regular moving zones'?. Domestically, the “masonry beam” theory was proposed,
explaining the formation of large and small structures'?; the “transfer rock beam” hypothesis, suggested that
strata sensitive to the distribution and manifestation of mining pressure comprises “immediate roof” and “main”
roof layers, with the latter comprised of transfer rock beams. Fracturing results in the formation of internal and
external stress fields in the surrounding coal seam. Spatial variation in the stress field in relation to the direction
of the working face aligns with the fracturing direction of each rock beam in the main roof!*~'¢.

Previous Chinese studies applied traditional empirical simulation methods to characterize the height of the
water-conducting fracture zone!”!8. These previous studies identified the cubic function polynomial curve as
optimal for predicting the height of the water-conducting fracture zone of the coal seam roof for mechanized
caving mines. There have also been many previous applications of numerical models to determine the height
of water-conducting fracture zone. Currently, the commonly used numerical simulation software includes
UDEC, FLAC3D, 3DEC, and PFC. Studies applying these models include integrating the shaking table test and
FLAC3D numerical simulation to simulate the seismic response of the active ground fissure site and to analyze
the dynamic characteristics of the ground fissure site!?; the application of UDEC to simulate mining-induced
uplift?%; the calculation of inter-block force based on the rigid body displacement constraint method of 3DEC
platform and the creation of 3DEC-KBM to analyze the stability of fractured rock slopes and fractured rock
masses around underground caverns®'; the application of PFC3D to identify the relative influences of different
fracture characteristics on rock strength and to identify the effect of dip angle on rock crack propagation?’
the application of FLAC3D to study the development and evolution of fractures and the three-dimensional
distribution of water-conducting fracture zones, which led to the development of the elastic wave exploration
method for predicting the height of water-conducting fracture zones?’.

While the above studies have contributed significantly to improved understanding of overburden failure and
water-conducting fractures, further research is needed given the complex geological conditions of northern
Guizhou coalfield. Using the 120,905 working face of Longfeng Coal Mine as a study area, the present study
aimed to characterize failure roof overburden and the height of the water-conducting fracture zone. The results
of the present study can contribute to the prevention and amelioration of water disasters in mines in northern
Guizhou and those under similar hydrogeological conditions.

Materials

Engineering situations

Longfeng Coal Mine is located in the northern Guizhou Plateau, with a production scale of 900,000 tons/year.
At present, the main mining 9# coal seam is fully mechanized and fully mechanized. The coal seam adopts the
strike longwall mining method, one-time mining full height, retreating mining, and the roof is managed by the
full caving method. The mining area is dominated by karst peak cluster landform. The karst development in
the area is strong and uneven. The strata of the mining area from old to new are: Maokou Formation, Longtan
Formation, Changxing Formation, Shabaowan Section of Yelang Formation, Yulongshan Section of Yelang
Formation, and Jiujitan Section of Yelang Formation, as shown in Fig. 1. Among them, Yulongshan section,
Changxing Formation and Maokou Formation are soluble rocks, with developed dissolution fissures and strong
water richness. The surface faults in the area are not developed. Except that one fault running through the
production roadway in the mining area has good water conductivity, the other faults do not conduct water
and have little influence on coal mining. The strike of coal seam in the whole area is relatively gentle, and the
average dip angle of coal seam is 7°, which belongs to the near horizontal coal seam. The roof lithology is mainly
sandstone, mudstone and argillaceous siltstone. The roof of the coal seam is mostly less than 80 m from the
bottom boundary of the limestone aquifer of the Changxing Formation. The mining fissure is easy to conduct
the overlying Changxing Formation aquifer, which threatens the safety of the working face.

Analysis of roof overburden characteristics of working face

Analysis of microstructure characteristics of overlying strata rock

The macroscopic mechanical behavior of rock is usually controlled by its microstructure, and the deformation
and failure of rock under load are affected by its microscopic morphological characteristics?*~°. In order to
understand the microstructure of overlying strata of No.9 coal seam roof in Longfeng Coal Mine, the rock
samples obtained by drilling coring were observed by electron microscope scanning technology, and the results
were shown in Fig. 2. In the Fig. 2, the pink ellipse represents holes and pores, and the yellow ellipse range
represents cracks. A and B are siltstones. The rock is dense, and micro-cracks are locally developed. The fracture
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Fig. 1. Hydrogeology of mining area.

morphology is irregular, with a maximum extension of about 30 um. The micro-holes are more developed,
and the size of the holes is about 2-6 um. C is sandstone, its rock is dense, local development of micro-cracks,
fracture morphology into a linear, the maximum extension of about 35 pum, micro-holes are more developed,
the size of the hole is about 3-8 pum ; D is mudstone, its rock is dense, local development of micro-cracks, crack
shape into a linear, the maximum extension of about 12 pm, no micro-holes found ; E is argillaceous siltstone,
the rock is dense, local development of micro holes, hole size is about 1-3 pum ; F is limestone, its rock is dense,
local development of micro-cracks, irregular fracture morphology, the maximum extension of about 20 pm,
micro-holes are more developed, the size of the hole is about 2-8 um. The observation results show that the
primary cracks in the overlying strata of the coal seam roof are not developed.
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Fig. 2. Microscopic characteristics of roof overburden rock.

Analysis of macroscopic structural characteristics of overlying strata rock

Most of the coal-bearing rock series in Longfeng Coal Mine belong to concealed strata, and only some outcrops
are exposed on the surface. Therefore, the boreholes are systematically observed. It is found that the rock bedding
is developed, the fissures are not developed, and the rock is relatively dense and complete. Through the statistics
of the core recovery rate of the boreholes between the top of No.9 coal seam and Changxing Formation in

Longfeng Coal Mine, the recovery rate is high, indicating that the rock integrity is good, and the core recovery
rate distribution is as shown in Fig. 3.
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Fig. 3. Distribution of core extraction rate.

Physical and mechanical parameters test of overlying strata rock

The rock physical and mechanical properties of overlying strata are important factors affecting the failure
law of roof overlying strata and inducing mine water inrush accidents, and are also the premise of accurately
constructing numerical simulation models. Therefore, a specific location in the working face was selected for
drilling sampling, and a series of rock mechanics parameter test tests were carried out indoors. The test was
carried out on the RMT-301 rock mechanics test system. Three standard rock specimens were prepared for each
lithology for testing, and the average value was taken as the test result. The axial load of the testing machine is
controlled by displacement loading, and the loading rate is 0.005 mm/s. The test results are shown in Table 1.

Methodology

Basics of key stratum

Position analysis of roof hard rock stratum

In the process of coal seam mining, the relatively hard and thick rock strata are usually used as the main bearing
body in the overburden rock, which controls the load transfer and interaction between the rock strata of the
overlying rock mass. The key stratum controls the activity of the overlying rock layers in the excavation working
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Compressive strength Internal friction
Lithology (Mpa) Modulus of elasticity (Gpa) | Poi ’s ratio | Cohesion (Mpa) | (°) Tensile strength (Mpa)
Siltstone 44.55 18.50 0.29 3.80 39.50 2.39
Fine sandstone 50.75 38.70 0.28 3.70 38.90 8.06
Mudstone 18.50 11.90 0.20 1.40 34.10 1.59
Silty mudstone 29.30 14.90 0.21 2.90 27.20 2.57
Argillaceous limestone | 37.50 26.40 0.20 3.70 41.50 3.87
Limestone 42.20 40.00 0.20 4.00 40.30 8.80

Table 1. Rock test results of overlying strata.

face and even all the rock layers up to the surface””. The fracture of the key stratum will affect the deformation
and failure of the roof overburden rock?-32

According to the theory of “key stratum’, the load of the strata adjacent to the coal seam is calculated first,
and the first layer of hard rock is determined. When the first layer to the mth layer of the upper part of the first
layer of hard rock moves and deforms, while the m + Ist layer of rock does not deform, the m + st layer of rock
is the second layer of hard rock of the roof overburden, and so on to obtain all the hard rock in the mining roof
overburden.

The load of the first layer of hard rock is :

Eihi Z?:l hivi

7 (1)
i=1 Eih%

(gn)r =

where (qn)1 is the load of the nth stratum to the hard stratum, Mpa; hi is the thickness of the i-th rock layer, m; ¥;
is the bulk density of the ith stratum, MN/m?; E;is the elastic modulus of the i-th rock layer, GPa.

Calculation of fracture distance of roof hard rock stratum

After determining the position of the hard rock strata in the roof of the working face, it is also necessary to
calculate whether the hard rock strata meet the strength conditions of the key stratum. In the process of coal
seam mining, before the hard rock stratum of the roof breaks down, both ends are supported by the coal walls on
the left and right sides. At this time, the key stratum can be regarded as a “fixed beam” to calculate the fracture
step of the rock stratum. Then the fracture step Ls of the hard rock stratum of the sth layer can be calculated by
Eq. (2).

2R,
Ls=hey | ——(s=1,2,--- .k (2)
(qn)s( )

where h_is the thickness of the s-th hard rock layer, m; R is the tensile strength of the sth layer of hard rock, MPa;
(q,), represents the load from the n-th layer on the s-th layer of hard rock, MPa.

Numerical simulation

The model applied in the present study was established using FLAC3D and represents the geological prototype
of the 120,905 working face in Longfeng Coal Mine. This working face concentrates on the No. 9 coal seam at a
depth 0of 200-300 m and dip angle of 6 °. Given the near horizontal dip angle, its influence on the coal seam is not
considered. The model represents an area of 480 m x 240 m x 150 m, comprising 385,000 units. The boundary
effect was negated by setting a 70-m protective coal pillar around the working face. The coal seam excavation in
the model was designed to have a once-off full mining height and excavation at 10 m per step for 20 steps. Roof
support was not represented in the numerical model to increase the probability of overburden failure due to coal
seam mining. The natural caving method was included in the model to manage the roof to ensure that an empty
space is formed after mine excavation. The model represented the upper mine stratum by applying the upper
load. Displacement constraints were applied in the front-back, left-right, and bottom directions of the model.
As shown in Table 1, the results of the physical tests confirmed the assignment of rock layers in the numerical
model. Figure 4 shows the conceptual structure of the established numerical model.

Engineering measurement analysis

The present study integrated the high-density electrical and borehole imaging fine detection methods to detect
and analyze the height of the water-conducting fracture zone of the mining roof of the working face, with the
results verified against the 120,905 working face of Longfeng Coal Mine.

The high-density electrical method uses the E60D high-density electrical instrument to survey the
deformation and failure of the rock layer according to the electrical sounding method. The electrical sounding
method mainly increases the measurement depth by gradually increasing the power supply electrode distance,
so as to obtain the variation law of the apparent resistivity value from the surface to the coal mining face in the
vertical direction. Through the analysis of the electrical sounding phAs curve, the characteristics of the deep
geological section from the surface to the mine can be obtained. In the electrical sounding method, symmetrical
quadrupole devices are commonly used, as shown in Fig. 5 (a). During the detection, the ratio of the power
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Fig. 4. Numerical model.

supply electrode to the measurement electrode gradually increases from a certain value. Each time the power
supply electrode changes, a AU, ;,; and I, are output correspondingly, and then the resistivity value of each
point is calculated. Using the double logarithmic coordinate system, according to the resistivity value of the
measuring point, taking 0.5 times of the power supply electrode as the abscissa, and the resistivity value of the
measuring point as the ordinate, the high-density electrical sounding curve is drawn, as shown in Fig. 5(b).
When the water-conducting fracture zone and the upper aquifer are connected and the groundwater enters the
goaf along the water-conducting fracture zone, the water-conducting fracture zone is water-bearing, and its
electrical performance is relatively low resistance. When the water flowing fractured zone and the water without
aquifer or aquifer above have entered the goaf through the water flowing fractured zone, the water flowing
fractured zone is weakly water-bearing, and its resistivity is relatively high. Therefore, the change of resistivity
value in the measured area is measured by E60D high-density electrical instrument, and the development height
of water-conducting fracture zone can be inferred.

Borehole imaging uses CXK12 mine borehole imager. Based on DSP technology, the internal conditions
of the borehole are observed and the borehole trajectory is tracked. The borehole trajectory map and three-
dimensional core map are automatically generated to form a digital borehole core. In the measurement, the
depth counter and the probe play a key role. The probe captures the hole wall image through its built-in LED
white light emitting diode and camera, and the depth counter records the depth of the probe. The image signal
and the probe signal are transmitted to the host through the transmission cable, and the host calculates the
position of the probe according to the received signal.

Results and discussion
Determination of key stratum and analysis of fracture characteristics
Determination of key stratum of roof overburden in working face
Based on Egs. (1) and (2) and the composition of the overlying rock layers on the working face, it can be judged
that the second layer of 4.90 m thick fine sandstone, the ninth layer of 6.57 m thick fine sandstone, the 16 th layer
of 33.00 m thick limestone, and the 18th layer of 129.55 m thick limestone above the 120,905 working face are
hard rock layers, and the breaking step distance is 34.62 m, 41.92 m, 121.89 m, 1526.76 m respectively. Because
the mining length of the working face is 590 m, which is less than the fracture step distance of the 18th stratum,
the 18th stratum will not break during the mining process of the working face.

From the above, it can be judged that the second layer of rock is a inferior key stratum, the 16th layer of rock
is the main key stratum, the 9th layer of rock and the 18th layer of rock are the key stratums, and the distribution
of the roof of the working face is shown in Fig. 6.

Analysis of fracture characteristics of key stratum in roof overburden rock

According to the above calculation, the second layer of 4.90 m thick fine sandstone above the 120,905 coal
mining face is the main roof, which controls the deformation and fracture of the rock strata within the range
of 10.36 m above it. After the open-off cut of the coal seam, the direct roof of the working face will gradually

Scientific Reports |

(2025) 15:2473 | https://doi.org/10.1038/s41598-025-86676-7 natureportfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Ps

P

AB

(b) 2

Fig. 5. Working principle of high density electrical method.

collapse in a suspended state due to the influence of the advancing distance of the working face. When the
suspended distance of the main roof reaches the limit breaking step, the fracture will occur, and the rock strata
controlled by it will deform and sink synchronously in the range of 10.36 m above it.

Affected by the deformation and subsidence of the main roof, the supporting point of the suspended main
roof moves forward and backward. At this time, the state of the main roof rock beam is between the fixed beam
and the simply supported beam??. Combined with the actual geological conditions of the 120,905 working face,
two kinds of rock beam models are established, and the mechanical analysis is carried out. The mechanical model
is shown in Fig. 7. The mechanical analysis of the two beam structure models is carried out, and the ultimate
breaking step distance of the key stratum of the basic roof is about 40.86 m. Under the mining disturbance, the
key stratum of the basic roof will be broken and accompanied by the formation of water-conducting fissures.
The water-conducting fissures will continue to develop upward, but the final development height remains to be
determined.

Overburden stress field evolution law
Each rock mass structure is in a state of stress equilibrium under natural stress. Due to the formation of goaf after
coal seam excavation, the equilibrium state of rock mass is destroyed and the stress changes. With the continuous
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advancement of coal mining face, the goaf is expanding. When the stress state of the rock mass exceeds the load
limit it can withstand, collapse will occur. Therefore, it is necessary to analyze the stress variation law of overlying
strata of coal seam roof under different advancing distances of working face. The numerical simulation results
are shown in Fig. 8.

Figure 8 shows the evolution process of the vertical stress of the overlying strata of the coal seam when the
working face advances to 50 m, 80 m, 110 m, 140 m, 170 m and 200 m. When the working face is advanced to
50 m, there is a pressure relief zone on the roof and floor of the goaf, and a small pressure relief arch appears
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Fig. 7. Mechanical analysis model of key stratum of overburden rock.

above the coal mining face, and it continues to expand upward in the vertical direction. The vertical stress of
the roof overburden is symmetrically distributed with the midpoint of the goaf as the symmetrical center. This
shows that the rock strata adjacent to the goaf collapses, and stress concentration occurs at the open-off cut and
the stop line, and the maximum concentration stress value is about 16.8 MPa; when the working face advances
to 80 m, the influence of coal seam mining on the stress distribution of overlying strata is more significant. The
main roof of the working face further collapses, and the pressure relief area extends to the rock strata above the
main roof. The vault is relatively high above the goaf, and the overburden stress is symmetrically distributed
along the arch axis. The stress concentration appears at both ends of the goaf, and the maximum concentrated
stress value is about 17.9 MPa. When the working face advances to 110 m away from the open-off cut, the
pressure relief zone extends upward and forward. The pressure relief arch above the goaf is still symmetrically
distributed along the arch axis, and the stress concentration value at the open-off cut and the stop line increases
to 18.5 MPa. When the working face advances to 140 m, there is still a pressure relief arch above the goaf and the
stress concentration still appears at the end of the goaf, and the maximum concentrated stress value is 19.0 MPa.
When the working face is advanced to 170 m, the pressure relief arch continues to expand forward, and the
maximum concentrated stress value is 19.3 MPa ; when the coal mining face is excavated to 200 m, with the
subsidence, collapse and compaction of the overlying strata of the coal seam mining roof, the pressure in the
pressure relief area is gradually stabilizing, and the stress balance of the overlying strata in the goaf will be re-
established. At this time, the maximum concentrated stress value at both ends of the goaf is 19.4 MPa.

The key stratum of overlying strata in the 120,905 coal mining face were identified as fine sandstone and
limestone 3.01 m, 18.27 m, 34.98 m, and 83.72 m away from No.9 coal seam. Therefore, the monitoring line was
arranged horizontally on the upper surface of the key layer S2 and the key layer S9 to represent the basic roof,
whereas the lower left corner of No.9 coal seam was set as the origin. Given that the protective coal pillar was
set at 70 m, the starting point in the x-direction is 70, and the endpoint is 270. To make the observation results
more precise, the midpoint in the y-direction was selected, which is 120. The z-direction is defined as the total
thickness of the coal and rock layers above the coal seam base and below the upper surface of key layers S2 and
S9. Thus, The starting and end points of line S2 were set as (70,120,10.79) and (270,120,10.79), respectively;
those of survey line S9 were set as (70,120,70.86) and (270,120,70.86), respectively. A monitoring point was
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Fig. 8. Evolution law of stress field of overlying strata in coal seam mining roof.

arranged every 10 m of the monitoring line, consistent with each excavation extending for 10 m, for a total of 21
monitoring points. These monitoring points were used to monitor changes in vertical stress in the roof under
different advancing distances of the working face.

According to the vertical stress data obtained from the monitoring line distributed above, the vertical stress
variation curve of the roof under different advancing distances of the working face is drawn as shown in Fig. 9.

Figure 9 (a) and (b) are the vertical stress evolution diagrams of the monitoring points of the two survey lines.
The abscissa represents the excavation step distance, the ordinate represents the vertical stress, the negative value
represents the tensile stress, the positive value represents the compressive stress, and the curve represents the
stress of each monitoring point when the excavation is at a certain distance. It can be seen from Fig. 9 (a) that
after the excavation of the coal seam, the S2 pressure of the key stratum of the immediate roof is maintained at
about 1.7Mpa.As the working face advances, the peak stress in front of the working face gradually increases from
9.28Mpa to 11.1Mpa, and the longer the advancing distance, the smaller the influence of mining disturbance
on the front of the working face, indicating that the mining face gradually tends to be stable. The peak stress at
the key stratum S9 is smaller than the direct peak stress, and there is a certain lag, as shown in Fig. 9 (b). This is
mainly related to the stability of the key stratum structure. On the whole, the vertical stress change law at the key
stratum S9 is similar to the vertical stress change law of the direct roof, but the stress peak curve is more gentle
due to the pressure relief of the direct roof.
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Fig. 9. Stress variation law at different advancing distances of working face.

Evolution law of overburden rock displacement field

After the coal seam is mined, with the continuous excavation of the working face, the overlying strata are
continuously destroyed, and the overlying strata of the roof gradually deform, sink, collapse, and compact to the
goaf, so that the space of the goaf is gradually reduced, and the caving zone, fracture zone and bending subsidence
zone are formed from the bottom to the top of the goaf, and the bottom drum appears on the floor. Through the
numerical simulation results, the migration and evolution law of overlying strata of coal seam mining roof under
different advancing distances of working face is analyzed and summarized, as shown in Fig. 10. The diagram
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Fig. 10. Evolution law of displacement field of overlying strata in coal seam mining roof.

shows the evolution process of vertical displacement of overlying strata in coal seam mining when the working
face is advanced to 50 m, 80 m, 110 m, 140 m, 170 m and 200 m. It can be seen that with the advancement of
the working face, the strata adjacent to the working face sink, and the amount of subsidence increases with the
increase of the advancing distance, and the displacement cloud map shows an “arch” shape. At the same time,
under the influence of the extrusion of the confined rock strata on both sides, the floor heave occurs below the
goaf, and the displacement value of the floor heave also increases with the increase of the advancing distance.

Evolution law of plastic zone of overlying strata
The dynamic process of overburden movement, deformation and failure during coal seam excavation and
the prediction of the development height of roof water-conducting fracture zone are obtained by FLAC3D
simulation. It is mainly based on the fact that the overlying strata of coal seam roof will have certain tensile or
shear failure under the influence of mining disturbance, thus showing the characteristics of failure zone in the
model. Therefore, the development height of the water flowing fractured zone can be obtained by analyzing the
evolution of the plastic zone of the overlying rock of the coal seam roof under different advancing distances of
the working face, as shown in Fig. 11.

Figure 11 shows the distribution of the plastic zone of the overlying strata of the coal seam mining roof when
the working face is advanced to 50 m, 80 m, 110 m, 140 m, 170 m and 200 m. The failure range of the plastic
zone of the overlying strata of the mining roof continues to expand with the increase of the advancing distance
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Fig. 11. Evolution law of plastic zone of overlying strata in coal seam mining roof.

of the working face. When the coal mining face is excavated to 50 m, due to the emergence of the goaf, the roof
rock layer is deformed and destroyed. The upper rock layer immediately adjacent to the working face is first
subjected to tensile failure. The height of the plastic zone is 19.61 m, and it continues to develop upward. When
is advanced to 80 m, the plastic failure in the middle of the goaf is more serious. Shear failure occurs along the
side of the mining eye and the side of the stop line above the working face, and extends to the mudstone. The
plastic failure zone begins to show a classic “trapezoid” shape, and the height of the plastic zone is 26.38 m. When
mining to 140 m, the shear failure at 34.98 m above the working face extends from the middle to the side of the
mining eye and the stop line, and because the advancing distance is greater than the breaking step of the main
key stratum at this time, the shear deformation of the main key stratum S16 begins to occur, and the height of the
plastic zone is 38.27 m. When the working face advances to 170 m, the plastic zone on the left side of the upper
part continues to extend horizontally and vertically, and the failure height of the plastic zone of the roof begins
to stabilize. At this time, the height of the plastic zone is 42.21 m. When the working face advances to 200 m,
the lateral development of the plastic zone is more obvious than the longitudinal development. At this time, the
maximum development height of the plastic zone is 46.12 m.

Analysis of development height of water flowing fractured zone

When using numerical simulation software to study the failure law of roof overburden under different advancing
distances of working face, in order to be closer to the failure of overburden after coal seam mining in engineering
practice, roof support has not been designed in numerical simulation. Therefore, in the process of expanding
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the scope of goaf, the corresponding stress concentration area is bound to be formed in the process of roof
overburden failure caused by coal seam mining.

The plastic zone in FLAC3D represents the area in which tensile or shear failure in the rock mass produces
cracks. According to the stress field and plastic zone conceptually represented in Figs. 8 and 11, these can occur
through loss of the lower support of the roof overburden due to excavation of the coal seam. During this process,
redistribution of the overburden results in the gradual release of pressure by the weight of the rock layer. Fracture
and collapse occur in each rock layer when the limit to breaking step distance is exceeded. Corresponding to the
numerical simulation, the stress of the overburden changes and the rock layer is destroyed. The plastic zone of
the roof overburden develops horizontally and vertically with the expansion of the goaf range. With the increase
of the advancing distance of the working face, the damage area above the goaf gradually expands, and the vertical
stress distribution of the overlying strata of the coal seam roof changes. With the increase of the excavation
step distance of the working face, the goaf continues to advance, and the stress and displacement in the vertical
direction of the overlying rock show a “rapid increase-slow increase’, indicating that the initial damage of the
overlying rock of the mining roof is more severe. Then, as the overlying rock layer breaks and falls gravel, it
gradually fills and compacts the rear of the goaf, and the vertical stress and vertical displacement of the overlying
rock of the mining roof slow down.

In the prediction of the height of the water flowing fractured zone by numerical simulation, the “plastic
zone” method and the “principal stress” method are commonly used to judge the development height of the
water flowing fractured zone*~%". The former determines the maximum height of the water-conducting fracture
zone according to the range and height of the plastic failure zone, while the latter determines the height of the
water-conducting fracture zone according to the distribution of the maximum and minimum principal stresses.
The present study applied the plastic zone method, represented in FLAC3D as the area in which the rock mass
undergoes tensile or shear failure to produce cracks. The vertical height of the plastic zone area represented the
height of the water-conducting fracture zone. The volume of the plastic failure zone was calculated by FLAC3D,
following which the development height of the water-conducting fracture zone was determined by combining
the vertical height of the plastic zone (see Fig. 12 for the results).

As shown in Fig. 12, the advancing distance of the working face directly affects the development of the water-
conducting fracture zone, which can be divided into three stages: (1) slow growth; (2) rapid growth; (3) stable
growth. After completion of the open-off cut of the coal seam, the roof overburden is sporadically damaged,
resulting in a few cracks. When the working face advances from 0 m to 30 m, the overburden failure gradually
appears. Because the key stratum S2 of the roof overburden has a certain supporting effect on the upper rock
layer, the development of the water-conducting fracture zone is inhibited, and the longitudinal extension speed
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Fig. 12. Development height of water flowing fractured zone of roof overburden rock.
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is relatively slow. At this time, the water-conducting fracture zone is slowly developed. When the working face
advances from 30 m to 130 m, affected by the fracture of key stratum S2, S9 and S16, the fracture of overlying
strata on the roof extends upward rapidly, and the height of water-conducting fracture zone increases suddenly,
from 8.99 m to 38.27 m. After 130 m, the fracture instability of the main key stratum S16 may lead to the
occurrence of dynamic water inrush accident. With the release of the kinetic energy of the main key stratum,
the height of the water-conducting fracture zone tends to be stable, and the final height of the water-conducting
fracture zone is 46.12 m.

Measured analysis of development height of water flowing fractured zone

While the current study conducted a relatively detailed examination on the development height of the water-
conducting fracture zone, the practical significants of the results for guiding engineering need to be validated.
These results were validated against the 120,905 working face of Longfeng Coal Mine using the integrated
high-density electrical and borehole imaging methods to detect and analyze the height of the water-conducting
fracture zone of the mining roof of the working face.

The high-density electrical method uses the E60D high-density electrical instrument to survey the
deformation and failure of the rock layer according to the electrical sounding method. The change of resistivity
value in the measured area is measured by E60D high-density electrical instrument, and the development height
of water-conducting fracture zone can be inferred. This survey is based on the survey line, and all the data
obtained from the survey line are systematically analyzed. It is found that the fracture height is 42-44 m.

Borehole imaging uses CXK12 mine borehole imager. The arrangement of the observation hole of the borehole
imager should first consider whether the position of the observation hole of the borehole imager can detect the
highest point of the “trapezoid”, which is the development form of the overlying rock fracture zone of the mining
roof. Based on the empirical formula and numerical simulation calculation, a borehole is arranged in 120,905
working face to predict the development height of water flowing fracture in overlying strata of mining roof. The
CXK12 borehole imager was used to observe the borehole in real time, and the camera was peeped for 26 min.
The actual detection hole depth was 58.2 m. By watching the video repeatedly, the more representative segments
are intercepted as the detection results for analysis. The main snooping results are shown in Fig. 13. It can be
seen from Fig. 13 that the borehole imager probe has a crack at 0.8 m into the hole, the rock is broken, and there
is crack development. The hole depth is 0.8 m ~58.1 m, the internal cracks of the rock layer are developed, and
the average elevation angle of the borehole is 70 °. According to the trigonometric function transformation, the
hole depth of 0.8 m ~55.1 m corresponds to the upper part of the coal seam of 0.7 m~51.8 m. Combined with
the spatial distribution of the overlying strata on the roof borehole histogram, it shows that the water-conducting
fracture of the overlying strata has penetrated the bottom of the overlying Changxing Formation aquifer, but has
not penetrated the entire aquifer. Since the hole depth is 55.1 m, the cracks on the hole wall gradually decrease,
and the probe continues to advance to the deep part. The deep hole wall is relatively complete and smooth, and
there is no crack, indicating that the water-conducting fracture reaches the maximum extension height at the
hole depth of 55.1 m. The vertical height of the water-conducting fracture is 51.8 m by trigonometric function
transformation.

Discussion

Application of comprehensive detection technology identified the maximum development height of water-
conducting fracture in the mining roof to be between 42 m and 51.8 m, while the maximum height of the
water-conducting fracture zone obtained by numerical simulation was 46.12 m, in the range of measurements.
The above result confirms that the plastic zone method is reliable for characterizing the evolution of water-
conducting fractures. The results of the present study can help improve the predictions of height and the
measurements of water-conducting fracture zones in coalfields in northern Guizhou. The distance of 34.98 m
between the bottom of the aquifer in the overlying Changxing Formation of the coal seam from the top of the
No.9 coal seam indicates that the water-conducting fracture of the overlying strata of the mining roof interacts
with the aquifer in the overlying Changxing Formation of the roof, contributing to risk of water inrush.

There are also cases internationally where numerical simulations have been used to confirm the height of
the water-conducting fracture zone. For instance, at the International European Rock Mechanics Symposium in
Russia, the numerical simulation results for the formation height of the water-conducting fracture zone during
mineral extraction were discussed. The results indicate that using numerical simulations to assess the height
of the water-conducting fracture zone is feasible, and that the formation height is closely related to the length
of the goaf, coal seam thickness, and rock mechanics properties®. The technology can quickly obtain on-site
information from the mining area, providing a basis for the design of waterproofing measures.

Conclusions

(1) The high recovery rate of each rock layer indicates good integrity of the overlying rock layer. The primary
fissures of all rocks types in the overlying strata of No.9 coal seam were undeveloped, indicating that the water
flowing fissures in the overlying strata of the roof are undeveloped in the natural state.

(2) Overlying strata of the No.9 coal seam roof have predominantly hard outer layers encompassing a soft
inner layer. Four key strata were identified in the roof of 120,905 coal mining face: (1) fine sandstone (thickness
0f 4.90 m, 3.01 m above No.9 coal seam); (2) fine sandstone (6.57 m; 18.27 m); (3) limestone (33 m; 34.98 m); (4)
limestone (129.55 m; 83.72 m). After introducing the beam structure, the ultimate breaking step distance of the
key stratum of the basic roof was 40.86 m.

(3) Highest stress concentrations were identified at the mining shaft and the stop line of the working
face. Pressure and energy release of the upper strata in the goaf contributed to generally low and high stress
distributions in the middle and ends, respectively. The goaf increases with continuous advancement of the
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Fig. 13. Borehole imaging results.

working face. Subsidence of the overburden rock also gradually increases, with the displacement curve taking
on an “arch” shape. The vertical stress peak and stability of the key stratum of the roof increases with increasing
working face advancing distance.

(4) The process of water-conducting fracturing of the mining roof rock can be divided into three stages:
(1) slow growth; (2) rapid growth; (3) stable growth. The key stratum of the overburden rock has a significant
influence on the development of water-conducting fractures, with a maximum development height of the water-
conducting fracture zone of 46.12 m. The actual development height of the water-conducting fracture zone is
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42-51.8 m. The results of this study confirm that the plastic zone method is reliable for the analysis of evolution
of water-conducting fractures, and are of great significance for guiding practical engineering.

Data availability

All
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some of the data in this article will be used in the research team’s next research program, the datasets generated
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