

  water-15-02191




water-15-02191







Water 2023, 15(12), 2191; doi:10.3390/w15122191




Article



Precise Judgment of Reverse Fault-Induced Water Inrush Hazard under Influence of Roof Goaf Water



Minglei Zhai 1,2, Dan Ma 1,3,*, Haibo Bai 2, Zhenhua Li 4, Chen Wang 5, Yinlong Lu 2, Nan Zhou 3, Wen Zhong 6 and Kun Wu 3





1



State Key Laboratory of Water Resource Protection and Utilization in Coal Mining, Beijing 100010, China






2



State Key Laboratory of Geomechanics and Deep Underground Engineering, China University of Mining and Technology, Xuzhou 221116, China






3



School of Mines, China University of Mining and Technology, Xuzhou 221116, China






4



School of Energy Science & Engineering, Henan Polytechnic University, Jiaozuo 454000, China






5



School of Mining, Guizhou University, Guiyang 550025, China






6



School of Resources and Environment Engineering, Jiangxi University of Science and Technology, Ganzhou 341000, China









*



Correspondence: dan.ma@cumt.edu.cn; Tel.: +86-176-2650-0518







Academic Editor: Giuseppe Pezzinga



Received: 27 April 2023 / Revised: 23 May 2023 / Accepted: 7 June 2023 / Published: 10 June 2023



Abstract

:

Previous research recognized the threat of faults to safe mining and the importance of identifying fault failure patterns, and began to use theoretical research and numerical simulations to study the activation laws of faults during mining. Conventional wisdom may suggest that the height of the fractured water-conducting zone (FWCZ) of the overburden strata over goaf will be increasingly caused by fault activation, thereby causing roof water inrush, in particular, goaf water existing in the roof of working face. Therefore, the FWCZ in the overburden strata make accurate judgments that are regarded as a key foundation to evaluate the safety of coal mining under water bodies. In view of this problem, the 15,103 working face of Wenzhuang Coal Mine in Shanxi Province were taken as the engineering background, the height of the FWCZ of the adjacent 15,100 working face was observed by drilling fluid leakage method and drilling television method, the observed results provided a reference for judgment of the height of the FWCZ of 15,103 working face. Additionally, the drilling method was adopted to conduct exploration on the terminal location of F6 reverse fault in overburden strata of No. 15 coal seam, the result showed that the disturbance range of F6 reverse fault was located in the FWCZ formed after mining the 15,103 working face. Furthermore, the method of numerical simulation analysis was used to study the failure height of overburden strata after mining the 15,103 working face through F6 reverse fault. The height of the FWCZ of F6 reversed fault was basically equal to that of the upper and lower plates, and F6 reverse fault had no influence on the height of the FWCZ after mining the 15,103 working face. There was a sufficient thick overburden strata between the maximal elevation of the fractured zone and the roof goaf water, and mining through F6 reverse fault under old goaf was safe and reliable. The research results can provide reference for the safe mining of passing through reverse faults under the influence of roof goaf water.
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1. Introduction


Coal mining has a long history in China. Previously, due to the backward mining methods and technologies, some small coal mines used roadway and room pillar methods to excavate the upper coal seams at will to facilitate mining and control roof, resulting in a large number of mined-out areas [1,2,3,4]. Due to the lack of historical management accounts, these mined-out areas threatened the safe mining of coal mines greatly. To maximize the recovery of resources in the background of current coal resource consolidation, there is a need to adopt the downward mining method to re-mine the lower coal seam [4]. The water inrush disasters are induced easily on account of the mining activity of lower coal destroying the rocks between coal seams and communicating the goaf water, especially when there are fault structures between coal seams (Figure 1) [5,6,7]. It was demonstrated that water inrush disaster caused by fault structures account for a considerable proportion [8,9].



The impact of fault on coal mining under water bodies is mainly reflected in the height of the fractured water-conducting zone (FWCZ) near the fault increasing significantly, and which is more likely to cause water inrush accident [10,11,12]. Under the combined action of mining pressure and water pressure, the fault is activated by dislocation and fractures that are produced, which provide important conditions for water inrush channels [13,14,15]. The existence of a fault changes the complete continuity of rock strata, and makes the fractures failure process of rock strata different from that of continuous rock masses [16,17,18]. Under the influence of the fault, the supporting capacity of surrounding rock masses to the overburden strata is reduced, resulting in the height of the FWCZ at fault being higher than that in other places [19,20].



The fault Is activated easily under the influence of mining, and the rock masses are broken within the fault and its influencing areas [21,22]. Generally, fault protection pillar will be reserved in working face to avoid the influence when encountering a fault with large drop [23]. However, there are still some problems: (1) fault activation will lead to roof water inrush disaster irreversibly if the width of reserved coal pillar is too small; (2) the height of the FWCZ in the working face will not increase due to the influence of fault if the width of the reversed coal pillar is large enough, but the coal pillar will cause the loss of coal resources [24]. At the same time, many scholars conduct their research from many different angles, and yielded many results [25,26,27,28]. Therefore, the evaluate of the influence of fault on the breaking law of stope roof and the height of the FWCZ when working face crossing reverse fault has vital significance.



Some scholars studied the mechanism of water inrush from faults from different perspectives and achieved some research results. Huang [11] simulated the dynamic fracture process of overlying strata, mining-induced stress and fissure of roof reversed fault in the working face for advancing form lower plate to upper plate. Zhang [29] used UDEC software to simulate the movement and failure process of overlaying strata in the goaf at different dip angles and different horizontal fault distances, and the influence of faults on the failure, permeability of faults on the failure and permeability of overlaying strata in goaf was analyzed. The above research mainly focused on the factors affecting the stress evolution of rock layers, and there is insufficient understanding of the impact characteristics of fault activation on the migration and failure of overlying strata in goaf under the influence of mining.



With that in mind, the 15,103 working face of Wenzhuang Coal Mine were taken as a typical example in this paper, the height of the FWCZ in overburden strata was judged in this paper through engineering analogy methods, e.g., drilling fluid leakage method and drilling television method, the method of numerical simulation analysis was then used to study overlying strata failure height after mining of 15,103 working face through F6 reverse fault from the hanging wall to the footwall, providing a theoretical support for the prevention of goaf water disaster and to protect the ecological environment around the Wenzhuang Coal Mine. The research results can provide reference for the safe mining of passing through reverse faults under the influence of roof goaf water.




2. Geology and Hydrology of the Study Area


The Wenzhuang Coal Mine is situated in Wuxiang County, Shanxi Province, China, with a mining area of 9.94 km2, which is subordinate to Shanxi Lu’an Mining Group Co., Ltd. (Figure 2). The method of strike longwall retreating full-mechanized mining was adopted. No. 2 Coal seam was located in the middle strata of Shanxi formation, the coal thickness was 0 to 1.59 m, with an average of 0.64 m, and the coal seam floor was mostly mudstone, sandy mudstone and fine sandstone. No. 15 Coal seam was located in the middle and upper part of the first section of Taiyuan formation, and the coal thickness was 3.08 to 4.91 m, with an average of 4.0 m, the coal seam roof was mainly composed of sandy mudstone, mudstone and siltstone. The aquifers between No. 2 and 15 coal seams were sandstone fractured aquifers of Shanxi formation with the characteristics of poor supply conditions and weak water yield, and limestone karst fractured aquifer of Taiyuan formation with the characteristic of weak water yield. There were stable aquifers dominated by argillaceous rocks between the aquifers, which can play a good role of interval water (Figure 3).



The 15,103 working face was located in the west of No. 15 coal seam, with an elevation of +750 to +838 m (National Height Datum 1985), the corresponding ground elevation was +1015 to +1130 m. A goaf of No. 2 coal seam was about 120 m in the heading directly above it. It showed that there was ponding in the goaf by transient electromagnetic method. In addition, there was a F6 reverse fault in 15,103 working face, which strikes NW and dips NE, and whose maximum fault throw was 3.7 m. It was necessary to investigate the influence of F6 reverse fault on the height of the FWCZ, and whether goaf water will threaten the safe mining of the 15,103 working face through the FWCZ.




3. Analysis of the Mining-Induced Fracture


3.1. The Floor Failure Depth (FFD) of No. 2 Coal Seam


The rock layers of floor will move and failure occurs within a certain range after coal seam mining [30]. The range of floor damage is related to the mining range and the distribution of support pressure around the goaf. The FFD caused by mining can generally be determined using an empirical formula and the plastic mechanics method [31,32,33]. Here, the results obtained by these two methods are presented separately.



3.1.1. Empirical Formula Method


There are usually three empirical formulas for calculating the FFD of a working face, which are [33]:


    h   1   = 0.0085 H + 0.1665 α + 0.1079 L − 4.3579  



(1)






    h   2   = 0.7007 + 0.1079 L  



(2)






    h   3   = 0.303   L   0.8    



(3)




where H, α and L are the buried depth of the coal seam, the angle of the coal seam and the length of the working face, respectively, taking 137 m, 10°, 82 m for H, α and L according to site condition. To ensure safety, the maximum value of h1, h2 and h3 was 10.29 m, as the FFD.




3.1.2. Plastic Mechanics Method


The FFD caused by mining can generally be determined using the calculation method of foundation in soil mechanics. According to the plasticity theory, the limited equilibrium area in the foundation is divided into three zones, namely active stress zone, transition zone and passive stress zone (the numeric symbols, 1, 2 and 3 in Figure 4), respectively. The following calculation formula can be obtained [33]:


    h   4   =   m l n ( 10 γ H ) ( 1 + s i n   ϕ   0   )   e   (   π   4   +   ϕ   2   ) · t a n ϕ   c o s ϕ   4 s i n   ϕ   0      1 + s i n   ϕ   0     1 − s i n   ϕ   0      ( 1 +   2 s i n   ϕ   0      1 + s i n   ϕ   0     1 − s i n   ϕ   0        t a n   − 1      1 + s i n   ϕ   0     1 − s i n   ϕ   0        1 − s i n   ϕ   0     ) c o s ⁡ (   π   4   +   ϕ   2   )    



(4)







Table 1 shows calculation parameters measured by a laboratory test and site conditions. The maximum FFD can be obtained by Equation (4): h4 = 7.82 m. Comparing the FFD obtained from the above two calculation methods, 10.29 m was taken as the value of FFD of No. 2 coal seam for safety reasons.





3.2. The Height of the FWCZ of No. 15 Coal Seam


At present, the height of the FWCZ is always investigated with empirical formula, underground borehole observation and geophysical method [30,34,35,36,37,38]. Next, the height of the FWCZ is calculated using the above three methods.



According to the literature, the lithology of the overburden rock stratum of No. 15 coal seam is medium hard. The empirical calculation formula for the height of the FWCZ under medium hard overburden conditions is as follows [36,39,40]:


    h   l 1   =   100 m   0.23 m + 6.1   ± 10.42  



(5)






    h   l 2   = 20 m + 10  



(6)




where hl1, hl2 are the height of the FWCZ, m; m is the average mining height, m.



According to Equations (5) and (6), the range of the height of the FWCZ of 15,103 working face was 46.56 to 90 m. Therefore, water injection leakage within this area should be observed specially when the underground observation is adopted.



3.2.1. Detection of Borehole Segmented Liquid Injection System


The borehole leakage method is a new approach to observe the height of the FWCZ by using the drilling device with double-head water-stopped machine function, which can either observe the FWCZ by upward-inclined drillhole above the goaf, or by downward-inclined borehole in the special roadway that was excavated above the coal seam. The application of the borehole leakage method has certain advantages according to the mining conditions of Wenzhuang Coal Mine.



	(1)

	
Observation scheme







To increase the contrast between the boreholes, opening position of the two boreholes all arranged in ventilation roadway 770 m away from terminal mining line in working face 15,106. Among them, DL01 and DL02 boreholes were observation and comparison boreholes, respectively. The location of the drilling site and parameters is shown in Figure 5 and listed in Table 2, respectively. The lithology and hydrological conditions of each drill pipe passing through was recorded in detail in the process of drilling, and the whole drilling hole was sketched.



	(2)

	
Observation process







A self-designed double-head water-stopped machine was used to monitor the water injection leakage of boreholes before and after mining, and determined the distribution of fractures in each rock stratum after mining. The system was mainly composed of test probe, drilling rig, pressure hose, observation platform, etc. The simplified diagram of observation equipment is shown in Figure 6.



The observation process is described as follows: (1) All parts of the equipment were assembled before observation to ensure that all interfaces were well sealed, and the water-plugging device was then pushed to the observation position through the drilling rig. (2) During observation, injected water into the capsule to make the sealing pressure reached 1.8 MPa and completed the plugging of the drilling section, then water was injected into the drill pipe to keep the injection pressure at 1.2 MPa. If the water injection flow and leakage reached a dynamic balance, the water injection volume in unit minute was measured through the flow meter, that is, the leakage. (3) After observation, the drain valve of capsule was opened to unload the pressure, water in the hole section was then discharged with the contraction of the capsule. (4) The above steps were repeated until the observation was achieved.



	(3)

	
Observation results







According to the above observation scheme, DL01 and DL02 boreholes were observed on 14 January 2021. The water injection leakage data observed in each borehole and the column shape of nearby borehole were drawn into Figure 7 to analyze the change of water injection leakage in the borehole section and, finally, determine the height of water diversion fracture zone. Figure 7 is the distribution map of water injection leakage in DL01, DL02 boreholes. As we can see from Figure 7, the average change of water injection flow in DL02 borehole was 3.32 L/min, indicating that rock stratum has the characteristics of small permeability.



For DL01 borehole, the water injection leakage was in the range of 1.6–3.8 L/min within the drilling depth of 115–125 m (the vertical height was 82–90 m), which showed that the rock stratum in this section was not damaged compared with DL01 borehole. Nevertheless, the water injection leakage was in the range of 12.0–28.5 L/min within the drilling depth of 85–115 m (the vertical height was 61–82 m), indicating that the borehole penetrated the FWCZ at this time, for the water seepage of the rock stratum increased significantly. The rock stratum in this area was affected by mining to produce secondary fracture, and the water conductivity of rock stratum was relatively stronger. The rock stratum corresponding to the position of the FWCZ was medium sandstone, which were 85 m high from the coal seam.




3.2.2. Detection of Borehole TV


	(1)

	
Observation equipment







The downhole TV system is an observation system used for internal imaging of borehole, which includes a camera, an imager, extension elements, a signal line, etc. The geological structure in the borehole can be directly observed on the monitor by placing a waterproof camera with its own light source into the underground borehole. It can be used to identify lithology, fractures, cavities, weak interbeds and other conditions according to the shape, color, brightness and other information of the image. Figure 8 shows the borehole TV developed by Gude Technology Company (Wuhan, China).



	(2)

	
Analysis on the observation results







On 14 January 2021, DL01 borehole was observed by builders with the borehole TV. The borehole depth of field observation was 125 m, of which the first 10 m included the borehole casing, and the actual effective observation depth was 115 m. Figure 9 shows 20 representative photos of the development of overlying rock fractures through the DL01 borehole. The numbers behind the figure number were the vertical distances between the coal seam roof and this location.



According to the on-site observation records, there were no obvious fractures in the overlying rock within the vertical depth range of 3.21–12.27 m from No. 15 coal seam (Figure 9a–c), indicating that the borehole section within this range did not yet enter the area of FWCZ. Obvious mining fractures began to appear in the overlying rock starting from the vertical depth of 15.42 m from No. 15 coal seam (Figure 9d–g), indicating that the rock strata within this range were significantly affected by mining, but the width and number of fractures were relatively small. At the vertical depth of 32.89 m from No. 15 coal seam (Figure 9h), the rock layer was severely damaged and the rock blocks were broken, which indicated that should be the overlying rock caving zone. As the vertical depth of No. 15 coal seam increased (Figure 9i), the degree of overlying rock failure significantly decreased and showed a certain regularity. Fractures intersect longitudinally or layer wise, indicating that the borehole passed through the overlying rock caving zone. Further increasing the drilling depth (Figure 9j–m), the identification of fracture direction and width increased, with oblique fractures being the main trend and showing obvious regularity. As the distance from No. 15 coal seam increased, the overlying rock fractures decreased, as shown in Figure 9n–q. At the vertical depth of 85.39 m from No. 15 coal seam (Figure 9r), the fractures completely disappeared (Figure 9s,t), indicating the height of the FWCZ was 85.39 m. The height of the caving zone and the FWCZ observed through borehole television were 32.89 m and 85.39 m, respectively, and the caving/mining ratio and fractures/mining ratio were 8.2 and 21.3, respectively. This was consistent with the height of the FWCZ determined by the borehole leakage method.






4. Spatial Distribution of F6 Reverse Fault


Due to the lack of perfect geological data during the time that No. 2 coal seam was mining, the very existence of F6 reverse fault in No. 2 coal seam was uncertain. Figure 10 shows the four space relationships between F6 reverse fault and the mining-induced fractures, as follows:



(a) If Dh ≥ hi + hz + hl (Figure 10a), it means that F6 reverse fault cuts through the rock strata between No. 2 and 15 coal seams completely, then the FFD of No. 2 coal seam will be deepened along the fault zone, and also the height of the FWCZ of working face 15,103 will be increased due to fault activation. As a result, the goaf water of working face 2071 flows downward along the fracture into the 15,103 working face.



(b) If hz + hl ≤ Dh < hi + hz + hl (Figure 10b), it means that the rock strata between No. 2 and 15 coal seams are not cut through completely by F6 reverse fault, the goaf water of 2071 working face may then flow slowly downward along the fractures and F6 reverse fault, and then enter the 15,103 working face in the form of dripping and drenching.



(c) If hl < Dh < hz + hl (Figure 10c), the goaf water of 2071 working face cannot enter the 15,103 working face, according to the prediction results of the height of the FWCZ in the 15,103 working face.



(d) If Dh ≤ hl (Figure 10d), F6 reverse fault has no effect on the FWCZ of the 15,103 working face, that is, the height of FWCZ is the same as that without fault. Intact curved rock strata between the FWCZ of the 15,103 working face and the floor failure area of 2071 working face had enough thickness to play the role of water-resistance.



The drilling method was adopted to explore the cut through degree of F6 reverse fault in the overburden strata of the 15,103 working face, which can provide a basis for the prevention of goaf water disaster. The designed boreholes were constructed from the footwall to the hanging wall of F6 reverse fault. If the iconic rock stratum was cut through by the fault, its exposure will appear repeatedly in the borehole; otherwise, it will not (Figure 11). No. 8 coal seam was 70 m above the 15,103 working face, the distance was less than the height of the FWCZ (85.39 m). If No. 8 coal seam was cut through by F6 reverse fault, it will appear repeatedly in the borehole. Therefore, No. 8 coal seam can be used as the iconic rock stratum for analyzing the cut through degree of F6 reverse fault.



Four boreholes were constructed from the footwall to the hanging wall of F6 fault in return-air roadway and haulage roadway of the 15,103 working face. Figure 12 and Figure 13 show the boreholes position and the photo of rock core specimens near No. 8 coal seam exposed by TD01 borehole, respectively. It can be seen that the No. 8 coal seam and its roof and floor rock-layers exposed were not repeated, nor were there fault planes and broken rock masses. Therefore, the No. 8 coal seam was not cut through by F6 reverse fault.



To make further verification of the rock stratum where F6 reverse fault disappeared in the overburden strata of No. 15 coal seam, K4 limestone, 34.64 m above No. 15 coal seam, was regarded as the iconic rock stratum to detect F6 reverse fault. The detection results also showed that K4 limestone was not repeated, nor were there fault planes and broken rock masses, indicating that K4 limestone was not cut through by F6 reverse fault. It can be seen that the disturbance range of F6 reverse fault was generally within the caving zone of the 15,103 working face from the above analysis (Figure 10d); it is on account of the hanging wall of F6 reverse fault had weak cutting ability and released small amounts of energy in the process of being formed, and the total thickness of rock strata cut was small.




5. Numerical Simulation Analysis


Based on the geological and mining conditions of the 15,103 working face in Wenzhuang Coal Mine, to test the rationality of the above analysis, the failure form of overburden strata and the height of the FWCZ during mining were analyzed using the numerical simulation method.



5.1. Numerical Simulation Model


The overburden failure law during mining of the 15,103 working face was simulated through FLAC3D numerical simulation software. The established model is shown in Figure 14 and the size was 700 m × 1 m × 200 m (length × width × height). The two sides and bottom of the model were fixed boundaries, and the top was free boundary. Mohr–Coulomb yielding criterion was adopted in the excavation simulation [35]. The length of the working face in advancing direction was 600 m in Figure 14. To reduce the boundary effect, coal pillars 50 m wide were intentionally left on both sides of the working face.



In accordance with a previous study [28], an initial vertical principal stress (Ps ≈ 3.4 MPa) was applied to the top of model to simulate the weight of 136 m of overlying strata. The mechanical and physical parameters of the overburden were determined based on the experimental data and model calibration, and the mechanical parameters used in the simulation are shown in Table 3.




5.2. Results and Analysis of Numerical Simulation


The study showed that the roof rock easily formed a plastic zone in shear or tensile state, because it was damaged after the coal mining operation was completed. Therefore, the numerical simulation in this paper mainly analyzed the distribution of the plastic zone of the roof rock after coal mining. Figure 15 is a sectional view of the plastic zones when the longwall face advanced 100 m, 200 m, 300 m, 320 m, 400 m, 500 m, and 600 m.



The results showed that the plastic and destressed zone distribution in the surrounding rock was Hf = 13 m when the working face advanced 100 m, a plastic zone appeared near the F6 fault but the overburden failure of working face 15,103 was not affected by the fault (Figure 15a). Periodic roof weighting in coal mine face appeared and the plastic zone developed to the basic roof with Hf = 45 m, when the working face advanced 200 m. At this time, the range of the plastic zone near the fault increased (Figure 15b). With the progress of coal mining, the working face gradually approached the F6 fault. When the working face advanced 300 m (the distance from the F6 fault was 20 m), the plastic zone of the roof was locally connected with the plastic zone near the fault (Figure 15c, Hf = 60 m). When the working face advanced 320 m to the fault (Figure 15d), the plastic zone of the roof was completely connected with the plastic zone near the fault, the height of the plastic zone remained the same (Hf = 60 m). When the working face advanced 400 m (distance across the F6 fault was 80 m), the height of the FWCZ was increased to 80 m (Figure 15e). Figure 15f,g show the simulated vertical cross-sections as the 15,103 working face’s advanced distances were 500 m and 600 m. The distributions of plastic zone in the vertical direction were almost the same, indicating that the plastic zone was fully developed, and the working face reached the super-critical mining stage and the FWCZ was fully developed and stabilized.



It can be considered that overburden caving was fully carried out when the working face crossed F6 reverse fault and reached the supercritical mining stage at 400 m advance, the plastic zone of the roof of hangingwall and footwall of F6 reverse fault was continuous as a whole, which showed that the fracture form of the roof was little affected by the existence of fault plane. Fault and structural fractures were mainly in closed form outside the roof breaking range when the 15,103 working face across F6 reverse fault from hangingwall to the lowerwall, for the mechanical mechanism of reverse fault was a compressive fault. The height of the FWCZ in F6 reverse fault plane was nearly equal to the height of the FWCZ of the two sides in fault.





6. Conclusions


In this paper, the height of the FWCZ in overburden strata of 15,103 working face of Wenzhuang Coal Mine was judged using engineering analogy methods, e.g., the drilling fluid leakage method and drilling television method. Then, a drilling method was adopted to conduct exploration on the terminal location of F6 reverse fault in overburden strata of No. 15 coal seam. Based on this, a numerical simulation analysis method was used to study the failure height of overburden strata after mining of 15,103 working face through F6 reverse fault from the hanging wall to the footwall. The main conclusions are as follows:



(1) The method of drilling fluid leakage method and drilling television method was used to observe the height of the FWCZ of the 15,100 working face, and the height of the FWCZ was determined to be 85.39 m, which provided a reference for the mining overburden failure height of the 15,103 working face.



(2) The results of drilling method showed that F6 reverse fault was not cut through K4 limestone, the disturbance range of F6 reverse fault was located in the FWCZ formed after mining the 15,103 working face.



(3) The results of numerical simulation analysis method showed that the height of the FWCZ was determined to be 80 m. It is indicated that F6 reverse fault had no influence on the height of the FWCZ after mining the 15,103 working face. The thickness of the safety coal pillar of roof after mining was 28.77 m, indicating that there was a very thick overburden strata between the maximal elevation of the fractured zone and the roof goaf water, and mining under old goaf was safe and reliable.
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Figure 1. Description about fault water inrush in mining. 
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Figure 2. Location of the study area. 
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Figure 3. Composite column between No. 2 and 15 coal seams. 
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Figure 4. Area of floor failure zone due to support pressure [33]. 
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Figure 5. Plan of the drilling site position. 
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Figure 6. Simplified diagram of observation equipment. 
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Figure 7. Distribution of water leakage in borehole. 
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Figure 8. Detection equipment of borehole TV [41]. 
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Figure 9. Photos of the overburden fractures after mining: (a) 3.21 m (b) 6.17 m (c) 12.27 m (d) 15.42 m (e) 18.29 m (f) 22.23 m (g) 25.39 m (h) 32.89 m (i) 35.14 m (j) 42.14 m (k) 50.14 m (l) 56.23 m (m) 62.38 m (n) 66.87 m (o) 72.21 m (p) 75.78 m (q) 82.48 m (r) 85.39 m (s) 88.16 m (t) 91.23 m. 
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Figure 10. Four space relationships between F6 reverse fault and the mining-induced fractures: (a) Dh ≥ hi + hz + hl; (b) hz + hl ≤ Dh < hi + hz + hl; (c) hl < Dh < hz + hl; (d) Dh ≤ hl. 
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Figure 11. Layout of exploratory boreholes. 
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Figure 12. Location map of exploratory boreholes. 
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Figure 13. Photo of rock core specimens exposed by TD01 borehole. 
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Figure 14. FLAC3D number calculation model. 
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Figure 15. Sectional view of plastic zone when the panel 15,103 advanced (a) 100 m; (b) 200 m; (c) 300 m; (d) 320 m; (e) 400 m; (f) 500 m; (g) 600 m. 
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Table 1. Calculation parameters.
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	Average Internal Friction Angle of Floor Rock Mass

/°
	Average Mining Height

/m
	Rock Mass Density

/kN·m−3
	Internal Friction Angle of Coal

/°





	φ
	m
	γ
	ϕ0



	40
	0.64
	40
	28
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Table 2. Drilling parameters.
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	Borehole

Number
	Diameter

/mm
	Elevation

/°
	Azimuth

/°
	Hole Depth

/m
	Vertical Depth

/m





	DL01
	113
	46
	N65
	125.2
	90



	DL02
	97
	47
	N245
	125
	91
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Table 3. Physico-mechanical parameters of coal and rocks in numerical simulation.
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	Lithology
	Density

/kg·m−3
	Bulk Modulus

/GPa
	Shear Modulus

/MPa
	Cohesion

/MPa
	Internal Friction Angle

/°
	Tensile Strength

/MPa





	Siltstone
	2580
	4.33
	3.2
	1.77
	35
	2.55



	Coal
	1400
	1.16
	0.73
	1.54
	22
	1.03



	Mudstone
	2540
	1.23
	1.06
	2.16
	24
	1.26



	Sandy mudstone
	2580
	3.72
	1.62
	3.53
	25
	2.06



	Limestone
	2800
	4.45
	8.9
	4.2
	39
	3.1



	Fine sandstone
	2610
	3.28
	2.46
	2.5
	36
	2.32



	Fault
	1500
	0.0083
	0.0038
	0.3
	15
	0.002
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