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Abstract

:

In the process of working face mining, the permeability of the coal seam and the crack evolution characteristics of overlying strata are very important for efficient gas drainage. In this study, the distribution characteristics of the stress field and crack field in the working face and their relations are analyzed mainly by 3DEC numerical simulation. Furthermore, combined with the on-site measurement of coal seam stress, gas pressure, and gas seepage in front of the working face and the gas seepage in overlying strata before and after mining, the coupling effect of stress field and gas field and the law of gas migration and distribution in the working face are deeply explored. The results show that the changing trend of gas seepage and gas pressure is controlled by the stress change of the working face, and with the increase of stress, gas pressure and gas seepage also increase. The peak position of gas pressure is the farthest from the coal wall, about 22.5~25 m, followed by the peak of stress and gas seepage. When the permeability of coal and rock mass increases, the gas seepage increases and the gas pressure decreases. The coal seam stress and gas seepage in the working face and gas seepage in the overlying strata fracture zone along the tailgate side are generally greater than those on the headgate side, but the gas pressure is the opposite. Mining cracks and strata separation provide a good channel and space for gas migration and accumulation. Along the strike and tendency of the working face, gas is mainly concentrated in the overlying strata crack space above the separation zone and the roof and overlying strata crack space on the side of the tailgate, respectively. Based on this, the directional borehole gas drainage technology and borehole layout scheme in the fractured zone are put forward, which effectively reduce the gas concentration in the working face by 30~36%.
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1. Introduction


Coal mine gas disasters mainly include coal and rock gas dynamic disasters, gas explosions, gas emissions, gas suffocation, and so on. This kind of disaster seriously threatens the safety of production, and it is also the focus of many scholars. Over the years, various coal-mining countries have done a lot of research on the mechanism and prevention technology (Gas drainage) of gas disasters and also achieved some research results [1,2,3,4,5,6,7,8,9]. According to the existing research results, it can be known that the stress redistribution of surrounding rock caused by mining has great influences on the development of cracks in the roof and overlying strata, gas desorption, and seepage in coal seams. In the process of coal mining, the mining stress changes, and the overlying strata move and fracture under the influence of mining, accompanied by the development and evolution of mining cracks [10,11,12], and then the gas migrates in the cracks [13]. Therefore, it is the foundation and key to studying the stress distribution characteristics and crack evolution laws of the surrounding rock.



For the stress distribution of mining surrounding rock and the evolution law of overlying strata cracks, Professor Qian and Professor Li [14,15,16] put forward such overlying strata shapes as “O” rings, elliptical throwing belts, and rectangular terrace belts with rounded corners of mining cracks, which provided a theoretical basis for the study of overlying strata in stope. Lin et al. used 3DEC numerical simulation software to analyze the distribution law of stress and displacement of mining overlying strata and study the evolution characteristics of pressure relief gas storage areas [17]. Xu et al. comprehensively use physical similarity simulation and 3DEC numerical simulation to explore the failure characteristics, stress distribution characteristics, and crack evolution laws of overlying strata. Furthermore, the evolution characteristics of coal body cracks in the working face under the influence of mining are studied [18]. Wang et al. used physical similarity simulation and PFC numerical simulation to study the failure characteristics, crack development, and porosity change characteristics of overlying strata so as to determine the development height of the gas-conducting fractured zone of overlying strata [19]. Li et al. comprehensively used physical similarity simulation and UDEC numerical simulation to study the failure characteristics, crack evolution, and pressure relief characteristics of roofs and overlying strata in protective layer mining. It also shows that protective layer mining can effectively reduce gas pressure and is beneficial to gas release [20].



For the coupling relationship between mining stress field and gas field and the law of gas migration, Zhao et al. established the coupling model of coal seam stress field, damage field, gas diffusion field, and seepage field and carried out numerical simulations on the coal seam mining process [21]. At the same time, the evolution laws of gas pressure, coal seam stress, and permeability under different conditions are analyzed. Zhang et al. studied the development height of fractured zones in overlying strata by physical experiment and 3DEC numerical simulation and verified it by the gas drainage method. Affected by mining, the stope stress and gas migration are constantly changing, and the stable overlying strata crack is an effective channel for gas migration to ensure efficient gas extraction [22]. Zhang et al. analyzed the principle of high-level directional borehole gas drainage technology, explored the influence of fractured zones in goaf on gas drainage effect, and made it clear that the gas drainage amount is closely related to the evolution law of overlying strata cracks [23]. In order to study the characteristics of gas migration in anisotropic coal seams, Nian et al. established the Coupled Anisotropic Dual-Porosity Model and analyzed the influence of permeability anisotropy and working face stress on gas pressure, gas drainage volume, and effective drainage area [24]. At present, scholars have comprehensively used a variety of methods or monitoring equipment to effectively obtain the evolution laws of overlying strata crack fields, stress fields, displacement fields, deformation, gas seepage, and gas pressure, thus guiding the design and application of directional boreholes in gas drainage [25,26,27]. In addition, according to the dynamic change of gas drainage concentration, it can also be directly used to judge the stress distribution characteristics of the working face [28].



Previous research work has achieved fruitful results in the crack evolution and failure movement of overlying strata induced by coal seam mining, forming a recognized theoretical system. However, the coupling relationship between mining stress fields and gas fields and the law of gas migration are complex and still need further study. In this paper, the stress distribution characteristics of stope, the evolution law of overlying strata cracks, and the evolution characteristics of the pressure relief gas accumulation area are studied by using 3DEC numerical simulation software. Combined with the on-site measurement of coal seam stress, gas pressure, and gas seepage in front of the working face and the gas seepage in overlying strata before and after mining, the coupling effect of stress field and gas field and the law of gas migration and distribution in the working face are deeply explored. Based on this, the gas drainage technology and directional borehole layout scheme in the fractured zone are put forward, and the experimental working face is designed and applied in engineering. This study further enriches the relevant theoretical system of gas migration and distribution under the coupling effect of multiple fields in the working face and provides a reference for gas drainage technology for pressure relief. So as to accelerate the realization of safe and efficient coal and gas co-mining in high-gas mines.




2. Distribution Characteristics of Mining Stress in Working Face


Mining will cause stress redistribution in the surrounding rock of the stope. With the advance of the working face, the roof collapses, and the gangue behind the goaf is gradually compacted. The “horizontal three zones” as shown in Figure 1a are formed in the working face and mainly involve the coal wall abutment pressure zone (I), the roof separation zone (II), and the recompression zone (III). At the same time, roof caving and overlying strata subsidence will also form “vertical three zones”, namely the caving zone, fractured zone, and continuous bending zone [29,30]. With the disturbance of mining, when the stress reaches the secondary balance, the stress-stable area (A), the stress-concentration area (B), and the stress-relaxation area (C), as shown in Figure 1b, are respectively formed in the front and back of the working face. The coal wall in front of the working face supports most of the load of the fractured zone above the working face and its overlying strata, which causes the advance abutment pressure in front of the working face to be much greater than that behind the working face. At the same time, the working face keeps advancing, and the coal wall is also in the process of dynamically moving in the advancing direction, so the abutment pressure before and after the working face is in a moving state. Because the fractured zone has formed an arch-shaped balanced structure supported by the coal wall and the caving gangue in the goaf, the working face is in the range of the stress reduction zone. With the working face advancing forward, roof caving, and overlying strata subsidence, the gangue in the goaf behind the working face is compacted again, and its stress will further increase. When the gangue in goaf is compacted to a stable state, its stress will also be in a stable state.




3. Numerical Simulation of Failure Field and Stress Field in Working Face


3.1. Numerical Model Establishment


At present, the main coal seam in a mine in Shanxi is 9# coal seam. The dip angle of the coal seam is about 2°, and it is a flat seam with a thickness of 2.53~4.28 m. The coal seam is relatively stable, with a simple structure and no special geological structure. This study is based on working face 9102, which is close to the goaf of working face 9101. The length of the working face is 180 m along the inclined direction, and it is mined forward along the strike. The average mining height of the working face is 3.8 m, and the buried depth is about 300 m, as shown in the specific coal seam histogram (Figure 2). The roadway layout with goaf-side entry retaining without coal pillars is adopted in this working face. The mining technology is longwall retreating fully-mechanized coal mining, and the roof is managed by the full caving method. Physical and mechanical parameters and joint mechanical parameters of coal and rock mass in the working face are shown in Table 1 and Table 2.



According to the conditions of working face 9102, the numerical model as shown in Figure 3 is established by using 3DEC numerical simulation software. The length (X direction), width (Y direction), and height (Z direction) of the model are 200 m, 10 m, and 85 m, respectively. 40-m coal pillars are set at both ends of the model to avoid boundary effects, and 120-m coal seam mining is simulated by advancing along the X direction. The boundary of the model is constrained by a fixed displacement, and the displacement and velocity are set to zero. At the same time, in order to simulate the rock mass load above the model to the surface, the equivalent vertical stress of 7.5 MPa is applied above the model. The elastic-plastic constitutive model based on the Mohr-Coulomb strength criterion is adopted for each stratum [17,18].




3.2. Failure Characteristics of Roof and Overlying Strata


The failure characteristics of the roof and overlying strata under different advancing lengths of working face are shown in Figure 4. When the working face advances 20 m forward, the immediate roof and the main roof only produce local separation phenomena, and the roof has not obviously failed at this time. When the working face advances 40 m, the immediate roof begins to be slightly failed and caving, and the main roof also fractures in the middle of the goaf. At the same time, an obvious separation occurred on the upper roof. When the working face advances 60 m, the immediate roof caves in a large range, and the main roof behind the working face also appears to have fracture instability. The main roof above the coal wall in the working face fractures, forming a stable masonry beam structure. The phenomenon of roof separation continues to spread to the upper roof. When the working face advances 80 m, the main roof periodically fractures with the working face advancing forward. At this time, the phenomenon of roof separation is intensified, accompanied by the subsidence of overlying strata. In addition, the roof and overlying strata vertically above the coal wall in front of the working face also failed, which was caused by the large-scale subsidence of the overlying strata. When the working face advances 100 m and 120 m, the failure of the roof and overlying strata is basically the same. With the continuous advance of the working face, the roof caving continues to extend to the overlying strata. At this time, the phenomenon of the roof separation zone (II) above the coal wall of the working face is more obvious.




3.3. Evolution Law of Cracks in Roof and Overlying Strata


Figure 5 shows the development of cracks in the roof and overlying strata under different advancing lengths of the working face, and the statistics of the crack development height and the number of vertical cracks are shown in Figure 6. When the working face advances 20 m forward, the cracks at the roof position above the goaf begin to develop. When the working face advances 40 m, the roof cracks continue to develop and extend to the overlying strata. At this time, the development of cracks is concentrated in the middle of the goaf, and most of them are horizontal cracks; vertical through cracks are bred only at the immediate roof and main roof. When the working face advances 60 m, cracks in the roof and overlying strata develop continuously, and the distribution of cracks occupies the whole area of roof collapse in Figure 4c. At this time, the development of cracks is still concentrated in the middle of the goaf, and most of them are horizontal cracks. The vertical cracks are not only developed in the middle of the roof but are also mainly distributed in the position of the roof in front of the working face. When the working face advances 80 m, cracks in the roof and overlying strata above the goaf continue to develop. At the same time, a large number of vertical cracks are developing in the roof above the overlying strata in the middle of the goaf and the coal wall in front. On the whole, the cracks in the roof and overlying strata in front of the working face are concentrated. When the working face advances between 100 m and 120 m, due to the subsidence and compaction of overlying strata, the cracks in the caving roof and overlying strata in the back and middle goaf of the working face are gradually closed. At this time, cracks are mainly distributed in the roof and overlying strata in front of the working face and continue to develop to a height of about 60 m. At the same time, with the advancement of the working face, the vertical cracks in the roof and overlying strata continue to develop, and the working face, goaf, roof, and overlying strata continue to communicate.




3.4. Distribution Characteristics of Stress Field in Working Face


The vertical stress distribution characteristics of the working face under different advancing lengths are shown in Figure 7. And vertical stress monitoring is carried out in the range of 40 m away from the coal wall in front of the working face, as shown in Figure 8. When the working face advances 20 m forward, the stress is released due to the separation crack of the roof above the goaf. However, there is a small degree of stress concentration at the coal pillar behind the working face and the coal wall in front. As the working face advances to 40 m, 60 m, or even 80 m, the stress peak position at the coal wall in front of it also moves forward. At the same time, the peak value of stress is increasing, and the range of stress-relaxation area is roughly consistent with the distribution range of cracks in the roof and overlying strata, and it is expanding. When the working face advances between 100 m and 120 m, the peak stress increases and remains basically stable. At this time, due to the large-scale destruction, subsidence, and compaction of the roof and overlying strata, the stress in the central goaf of the working face is stabilized again and transmitted downward. Therefore, the stress in the central part of the goaf increases relative to the primary rock stress and even produces a small degree of stress increase. This phenomenon is consistent with the distribution characteristics of roof and overlying strata cracks (opening-closing) in the working face. In addition, the monitoring results of the abutment pressure of the coal wall in front of the working face in Figure 8a are consistent with the theory in Figure 1b, indicating the reliability of the numerical simulation results. With the advance of the working face, the peak stress position in front of the working face is about 12.5 m away from the coal wall. The peak stress is about 1.56~1.97 times the primary rock stress.



Based on the numerical simulation study of the failure field and stress field of the working face, it can be seen that with the working face moving forward, the failure, cracks, and stress of the roof and overlying strata evolve synchronously, and their distribution ranges are basically the same. Especially when the working face reaches critical mining, the overall crack development height and stress peak value are basically stable. Among them, vertical cracks develop rapidly and penetrate through the goaf and overlying strata. At this time, the cracks in the middle of the goaf are gradually compacted and closed, and the stress is gradually increased. In this process, the crack experienced the state of “opening-closing”, and the stress experienced the state of “relaxation-concentration-stable”. Based on the above research, it lays the foundation for further exploring the influence of stress fields on gas distribution laws and directional borehole gas drainage technology in fractured zones.





4. Analysis of Coupling Effect between Stress Field and Gas Field


In order to further explore the coupling relationship between stress field and gas field and the influence of the law of stress field on gas pressure and permeability, 20 m deep on-site boreholes are constructed in the coal body of working face 9102 through tailgate and headgate, and four sets of survey lines are arranged. A borehole stress gauge, gas pressure gauge, and flowmeter are installed in the tailgate and headgate, respectively, and the distribution of abutment pressure, gas pressure, and gas seepage within 70 m from the coal wall of the working face is tested. Two sets of survey lines are arranged at the sides of the tailgate and headgate, respectively, and the distance between each set of survey lines is 10 m. There are 19 measuring points in each group of survey lines, and the distance between the monitoring points is 5 m. Among them, the monitoring points within 30 m of the coal wall are densely arranged with a spacing of 2.5 m. The site monitoring points on the working face are arranged as shown in Figure 9.



The on-site monitoring results of abutment pressure distribution, gas pressure distribution, and gas seepage in front of the working face are shown in Figure 10. The gas seepage and gas pressure in the working face 9102 are closely related to the stress distribution in the working face. The maximum peak stress of the coal body on the side of the tailgate can reach 17.9 MPa, which is about 15 m away from the coal wall of the working face. The area with a larger stress value is 7.5~22.5 m. The maximum peak stress of the coal body at the side of the headgate can reach 15.3 MPa, which is about 12.5 m away from the coal wall of the working face. The area with a larger stress value is 10~20 m. The peak stress and influence range of the coal body on the side of the tailgate are larger than those on the side of the headgate. The distribution trend of gas seepage in the advancing direction of the working face is basically consistent with the stress distribution, but the peak position is different. The maximum gas seepage value is generally within the range of 10~12.5 m from the working face. Affected by the goaf of the working face 9101, the maximum gas seepage of the coal body at the side of the headgate is about 1.9 m3/min, and that at the side of the tailgate is about 2.4 m3/min. The gas seepage from the coal body at the side of the tailgate is generally greater than that at the side of the headgate. The distribution law of gas pressure in the advancing direction of the working face is basically the same as that of stress, and the peak area of gas pressure is ahead of the peak area of stress. Affected by the goaf of the working face 9101, the maximum gas pressure of the coal body at the side of the headgate is about 0.55 MPa, and that at the side of the tailgate is about 0.25 MPa. The gas pressure of the coal body at the side of the tailgate is generally lower than that at the side of the headgate. In addition, compared with Figure 8a, the distribution trend of abutment pressure in front of the working face obtained by numerical simulation is basically consistent with the on-site measurement results, which can be compared and verified.



According to the above analysis, it can be known that stress disturbance is the main factor affecting gas seepage and gas pressure, and the changing trend of gas seepage and gas pressure is controlled by the stress change of the working face. With the increase in stress in the advancing direction of the working face, the gas pressure and gas seepage also increase. There is a positive correlation between gas fields and stress fields. Under the action of high stress near the working face, the pores and cracks of coal and rock mass further develop [18,31,32], providing a large space for gas to migrate. With the permeability of coal and rock mass increasing, the gas seepage increases, and the gas pressure decreases at this time. The peak position of gas pressure is the farthest from the coal wall, about 22.5~25 m, followed by the peak stress and the peak gas seepage. Influenced by the mining of the previous working face, the influence range of stress value and high stress of the coal body in the working face on the side of the tailgate is generally larger than that in the working face on the side of the headgate, and the gas pressure of the coal body in the working face on the side of the headgate is generally larger than that in the working face on the side of the tailgate, but the gas seepage is the opposite. The gas pressure, gas seepage, and permeability of coal seams are all controlled by the development and change of stress. For reasonable control of coal and rock gas dynamic disasters, the first condition is to control the gas pressure of the coal body and fully ensure the discharge of displaced gas.




5. Gas Migration Law and Drainage Engineering Test in Working Face


5.1. Gas Migration and Accumulation Law in Roof and Overlying Strata Failure Field


In order to further explore the gas accumulation and migration in the roof and overlying strata of the goaf, two groups of roof boreholes (d1, d2, d3, and d4) were respectively arranged in the tailgate and headgate of the working face in 1902 at a distance of 100 m from the coal wall, and the borehole inclination depth was 100 m. The included angle between each borehole and the working face in the horizontal direction is 70°. That is to say, along the axis direction of the mining roadway, it is inclined to the coal seam by 30°. In addition, the included angle between boreholes d1 and d3 and the strike direction of the coal seam is 20°, and the included angle between boreholes d2 and d4 and the strike direction of the coal seam is 45°. The specific borehole layout is shown in Figure 11. Firstly, monitoring the gas seepage of roof boreholes with different depths before coal mining and, secondly, monitoring the gas seepage of roof boreholes with different depths after coal mining.



The monitoring results for roof gas seepage are shown in Figure 12. Before the working face is mined to the borehole position, the trend of gas seepage in the roof and overlying strata is basically the same, and the gas seepage is small. With the increase in borehole depth, gas seepage decreases. This is because the roof and overlying strata are less disturbed, and the degree of crack development is low when the roadway is excavated in the working face. When the working face is mined to the borehole position, the gas seepage in each borehole is large. At the same time, there is a big difference between the gas seepage of roof boreholes before and after mining in the working face, and the gas seepage increases gradually with the increase in borehole depth in the fractured zone. This is because, under the influence of mining, the overlying strata cracks are highly developed, which provides favorable channels and spaces for gas migration and accumulation.



After mining in the working face, the larger gas seepage of boreholes d1 and d2 in the tailgate is 2.9~3.5 m3/min and 3.2~4.2 m3/min, respectively, and the larger gas seepage of boreholes d3 and d4 in the headgate is 1.8~2.1 m3/min and 2.1~2.9 m3/min, respectively. This shows that the gas seepage from the roof and overlying strata failure field on the side of the tailgate is greater than that on the side of the headgate. This is due to the influence of the return air flow in the working face, and there is gas accumulation in the roof and overlying strata of the tailgate side. According to the boreholes d1 and d3, the gas seepage is 1.8~3.5 m3/min and 0.9~2.1 m3/min, respectively, and the overall gas seepage is increasing. After conversion, the vertical height of the deepest part of the two groups of boreholes is 34 m, and the horizontal length goes deep into the goaf at 94 m (the vertical distance from the roadway wall is 47 m). Therefore, it can be known that the boreholes d1 and d3 are completely in the fractured zone of the goaf in the vertical direction. According to the boreholes d2 and d4, the gas seepage is 1~4.2 m3/min and 0.3~2.9 m3/min, respectively. With the increase in borehole depth, the gas seepage first increases, then stabilizes, and finally decreases. After conversion, the vertical height of the deepest part of the two groups of boreholes is 70.7 m, and the horizontal length is 70.7 m deep into the goaf (the vertical distance from the roadway wall is 35.35 m). However, the instantaneous reduction positions of gas seepage in boreholes d2 and d4 are at borehole depths of 90 m and 80 m, respectively, so it can be judged that cracks in the roof and overlying strata developed before this position. At the same time, there are still some cracks at the depths of 95 m and 85 m. The crack development degree is poor in the range of 95~100 m depth in borehole d2 and 85~100 m depth in borehole d4. Therefore, the corresponding vertical heights of boreholes d2 and d4 at this position are calculated to be 67.2 m and 60.1 m, respectively, which is the development height of the fractured zone, and the monitoring and judgment results are basically consistent with the numerical simulation results.



According to the gas seepage monitoring of the roof and overlying strata in the goaf in Figure 12, combined with the numerical simulation results of roof failure and overlying strata crack distribution (Figure 4 and Figure 5), the gas distribution law and migration path of the overlying strata fractured zone are analyzed along the working face advancing direction and the working face layout direction, respectively. According to the monitoring of gas seepage in the roof borehole, the roof was not disturbed and failed before coal mining, and the gas seepage was small. It can be considered that the gas distribution content of the roof above the solid coal body in the working face is extremely low, and the gas distribution is mainly the failed roof and overlying strata above the goaf in the working face. Under the influence of mining, the roof and overlying strata form separation layers and cracks, which provide a good channel and space for gas migration. As we all know, the density of gas is lower than that of air. When a large amount of gas accumulates in the stop, its pressure rises. There is a certain gas concentration and pressure difference in the crack channel of the rock stratum, so the gas will float upward along the crack in the vertical direction under the action of pneumatic power [33].



Along the advancing direction of the working face, the gas migration path in the fractured zone is shown in Figure 13. The gas is first released by the coal wall abutment pressure zone (I) in front of the working face and then mainly migrates to the roof and overlying strata above it along the crack channel of the roof separation zone (II). Among them, when the gas migrates to the large separation layer or dislocation space of the rock stratum, it will form a certain degree of accumulation phenomenon here. At the same time, the gas will also migrate to the recompression zone (III) behind the working face in the horizontal direction, but the gas migration degree is relatively small because of the recompression of the cracks in the goaf. Finally, the gas forms a stable accumulation at the highest positions A and B in the fractured zone, and the gas content is huge. However, as the working face moves forward, the coal wall abutment pressure zone (I), the roof separation zone (II), and the recompression zone (III) move forward continuously, so the main gas accumulation positions A and B are also moving forward. At the same time, it is clear that with the mining of the working face and the accumulation of time, the gas content at position A will be higher than that at position B.



Along the layout direction of the working face, the distribution of cracks in the roof and overlying strata is shown in Figure 14. The overall development height of the cracks is about 61 m, and the cracks are mainly developed in horizontal separation. Basically, the upward penetration in the inclined direction is realized. Combined with the coal seam gas seepage and roof gas seepage monitored from the tailgate and the headgate in Figure 10 and Figure 12, the gas migration path in the fractured zone is analyzed as shown in Figure 15. The gas is first released from the coal wall abutment pressure zone (I) in front of the working face, diffused along the tailgate and the headgate of the working face, and then migrated from the crack channel of the goaf to the roof and overlying strata above it. Among them, when the gas migrates to the large separation layer or dislocation space of the rock stratum, it will form a certain degree of accumulation. Finally, the gas forms a stable accumulation at the highest positions C and D in the fractured zone, and the gas content is huge. Among them, position C is the upper corner of the working face, and the gas content at this position is higher than that at position D.




5.2. Test Study on Gas Drainage Technology by Directional Borehole in Fractured Zone


Based on the analysis of the law of gas accumulation and migration in the roof and overlying strata fractured zone, firstly, the development height of the fractured zone can reach 60~67.2 m, and secondly, the gas distribution and accumulation are mainly in the roof and overlying strata crack on the tailgate side. In this paper, aiming at working face 9102, not mined coal seam, gas drainage boreholes with a depth of 150 m are arranged at positions about 30 m and 45 m away from the vertical height of coal seam from the coal body side of the tailgate and headgate, respectively, as on-site tests. The direction of boreholes points to the back of the working face, and the designed dip angle of each borehole is about 30°. The specific arrangement scheme is shown in Figure 16.



According to the gas drainage boreholes arranged in Figure 16, the relationship between gas drainage volume and time is obtained, as shown in Figure 17. As the working face moves forward, the gas drainage amount of borehole T1 shows a decreasing trend as a whole. At the same time, before the working face advances 25 m, the gas drainage amount of borehole T1 is the largest. This phenomenon is due to the fact that the borehole T1 is close to the goaf of the previous working face, and the gas extracted at this position includes not only the working face but also the goaf of the previous working face. Moreover, due to the undeveloped cracks in the borehole T1, the gas extracted is mainly from the goaf of the previous working face. The gas drainage boreholes T2, T3, T4, H1, H2, and H3 are advancing with the working face, and the overall gas drainage volume shows a trend of increasing first and then decreasing. It shows that each borehole is affected by periodic roof caving, and the variation law of rock cracks near the borehole is that the primary cracks develop first and the secondary cracks are derived in large quantities. These cracks gradually penetrated to form a gas flow channel, and then some cracks were closed due to the influence of mining, which reduced the gas drainage amount in the borehole. Among them, the crack closure has the greatest influence on the gas drainage quantity of boreholes T2, T3, and H1. In addition, the gas drainage amount of boreholes T2, T3, and T4 on the tailgate side is larger in turn, and the gas drainage amount of boreholes H1, H2, and H3 on the headgate side is larger in turn. At the same time, the gas drainage amount at the side of the tailgate is greater than that at the side of the headgate. This phenomenon is basically consistent with the law of gas migration and distribution in fractured zones.



In order to evaluate the effect of gas drainage by boreholes in fractured zones, the gas concentration in the upper corner and tailgate during the process of the working face advancing 150 m when gas drainage is carried out in fractured zones and no gas drainage is compared, as shown in Figure 18. When gas drainage boreholes are not arranged in the fractured zone, the larger gas concentrations in the upper corner and tailgate are about 0.35~0.5% and 0.3~0.4%, respectively. There is obvious gas accumulation in the upper corner. When the gas drainage boreholes as shown in Figure 16 are arranged, the gas concentrations in the upper corner and tailgate are about 0.14~0.32% and 0.19~0.28% respectively, and the gas concentrations are reduced by 30~36%. After gas drainage by borehole in the fractured zone, the gas concentration is low and the drainage effect is remarkable. Thus, it shows that the directional borehole in the fractured zone is reasonable, which can effectively reduce the gas concentration in the upper corner of the working face and the tailgate and provide a guarantee for safe mining in the mine.





6. Conclusions


Through the combination of 3DEC numerical simulation and on-site monitoring, the distribution characteristics of stress field, fracture field, gas pressure, and gas seepage in the working face are deeply explored; the coupling effect of stress field and gas field in the working face and its influence on gas migration and distribution are revealed; and effective gas drainage technology in the fracture zone is put forward. The main conclusions are as follows:




	(1)

	
With the working face advancing forward, the roof cracks experienced the process of “opening-closing”, and the stress experienced the process of “relaxation-concentration-stable”. When the height of crack development and the peak stress of the roof of the working face reach a stable state, the height of crack development is about 60~67.2 m and the peak stress is about 1.56~1.97 times the original rock stress.




	(2)

	
The changing trend of gas seepage and gas pressure is controlled by the stress change of the working face, which has a typical coupling effect. With the increase in stress in the advancing direction of the working face, the gas pressure and gas seepage also increase. The peak position of gas pressure is the farthest from the coal wall (22.5~25 m) ahead of the working face, followed by the peak of stress (12.5~15 m) and the peak of gas seepage (10~12.5 m).




	(3)

	
There is a certain correlation between coal seam permeability and gas seepage. Under the action of high stress near the working face, the pores and cracks in the coal and rock mass further develop. The permeability of coal and rock mass increases, the gas seepage increases, and the gas pressure decreases at this time.




	(4)

	
The stress value and the influence range of high stress on the coal body in the working face on the tailgate side are generally larger than those in the working face on the headgate side, but the gas pressure is opposite. Generally, the gas seepage of the coal body in the working face and the fractured zone above the tailgate side is higher than that on the headgate side.




	(5)

	
Mining cracks and strata separation spaces provide a good channel and space for gas migration and accumulation. Along the advancing direction of the working face, the gas is mainly concentrated in the crack space above the roof separation zone, and the accumulation position moves forward. Along the layout direction of the working face, there is gas accumulation in the roof of the tailgate side and the crack space of overlying strata.




	(6)

	
Based on the law of gas migration and distribution, the gas drainage technology of directional boreholes in fractured zones is put forward. The overall gas drainage effect is remarkable, which effectively reduces the gas concentration of 30~36% in the upper corner of the working face and the tailgate.
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Figure 1. Schematic diagram of the abutment pressure of the working face (a) transverse three-zone, (b) abutment pressure. 
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Figure 2. Coal seam histogram of working face. 
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Figure 3. Numerical model. 
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Figure 4. Failure characteristics of roof and overlying strata, (a) Advance 20 m, (b) Advance 40 m, (c) Advance 60 m, (d) Advance 80 m, (e) Advance 100 m, (f) Advance 120 m. 
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Figure 5. Development of cracks in the roof and overlying strata, (a) Advance 20 m, (b) Advance 40 m, (c) Advance 60 m, (d) Advance 80 m, (e) Advance 100 m, (f) Advance 120 m. 
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Figure 6. Statistics of crack development under different advancing lengths in the working face: (a) Cracks development height; (b) Number of vertical cracks. 






Figure 6. Statistics of crack development under different advancing lengths in the working face: (a) Cracks development height; (b) Number of vertical cracks.



[image: Energies 16 06672 g006]







[image: Energies 16 06672 g007a][image: Energies 16 06672 g007b] 





Figure 7. Vertical stress distribution characteristics of the working face, (a) Advance 20 m, (b) Advance 40 m, (c) Advance 60 m, (d) Advance 80 m, (e) Advance 100 m, (f) Advance 120 m. 
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Figure 8. Evolution characteristics of vertical stress in front of the working face: (a) Vertical stress curve; (b) Peak stress. 
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Figure 9. Schematic diagram of measuring points in coal body of working face. 
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Figure 10. Variation curve of working face stress and gas pressure and seepage, (a) Monitoring line ① (b) Monitoring line ②, (c) Monitoring line ③ (d) Monitoring line ④. 
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Figure 11. Schematic diagram of roof boreholes layout. 
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Figure 12. Gas seepage of roof and overlying strata, (a) Borehole d1, (b) Borehole d2, (c) Borehole d3, (d) Borehole d4. 
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Figure 13. Gas migration path in front of working face. 
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Figure 14. Cracks distribution characteristics of the roof and overlying strata in the layout direction of working face. 
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Figure 15. Gas migration path in layout direction of working face. 
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Figure 16. Schematic layout of the test boreholes. 
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Figure 17. Gas drainage from boreholes in fractured zones: (a) Borehole on the side of the tailgate; (b) Borehole on the side of the headgate. 
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Figure 18. Comparison of concentration before and after gas drainage, (a) Upper corner, (b) Tailgate. 
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Table 1. Physical and mechanical parameters of coal and rock mass.
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	Lithology
	Unit Weight kN/m3
	Average Thickness/m
	Elastic Modulus/GPa
	Poisson Ratio
	Cohesion/MPa
	Internal Friction Angle/°
	Tensile Strength/MPa





	Fine sandstone
	2.54
	14.6
	18
	0.29
	5.2
	39
	7.2



	Argillaceous siltstone
	2.5
	10.8
	16
	0.15
	4.6
	36
	6.2



	Siltstone
	2.46
	12.5
	16.6
	0.17
	5.5
	38.7
	7.15



	Mudstone
	2.37
	2.6
	15.6
	0.18
	2.2
	40
	7.05



	Muddy sandstone
	2.32
	0.6
	7.35
	0.16
	2.99
	26.2
	1.1



	Mudstone
	2.35
	1.2
	16
	0.17
	2.2
	25
	1.5



	Siltstone
	2.44
	8.8
	18.6
	0.17
	3.5
	32
	2.8



	Fine sandstone
	2.54
	11.4
	18
	0.29
	5.2
	39
	7.2



	Siltstone
	2.44
	5.6
	18.6
	0.17
	3.5
	32
	2.8



	Mudstone
	2.1
	1.8
	13
	0.21
	2.2
	35
	3.15



	9# coal seam
	1.35
	3.8
	1.7
	0.32
	1.8
	20
	0.8



	Mudstone
	2.1
	3.24
	13
	0.21
	2.1
	35
	3.18



	Fine sandstone
	2.54
	8.8
	18
	0.29
	5.2
	34
	2.2










 





Table 2. Joint mechanical parameters of coal and rock mass.
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	Lithology
	Elastic Modulus/GPa
	Normal Stiffness/GPa
	Tangential Stiffness/GPa





	Fine sandstone
	2.34
	4.7
	3.6



	Argillaceous siltstone
	1.62
	3.22
	2.39



	Siltstone
	1.54
	3.01
	2.28



	Mudstone
	1.07
	2.41
	1.96



	Muddy sandstone
	1.26
	2.52
	2.1



	Mudstone
	1.07
	2.41
	1.96



	Siltstone
	1.54
	3.01
	2.28



	Fine sandstone
	2.34
	4.7
	3.6



	Siltstone
	1.54
	3.01
	2.28



	Mudstone
	1.07
	2.41
	1.96



	9# coal seam
	0.33
	1.25
	1.02



	Mudstone
	1.07
	2.41
	1.96



	Fine sandstone
	2.34
	4.7
	3.6
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