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In order to accurately determine the location of fracture zone, optimize the design parameters of high-level boreholes, and improve the effect of gas drainage, take the No. 25030 working face of Xuehu Coal Mine, Henan Shenhuo Coal & Power Co., Ltd. as the research object to study the movement law of overburden strata in the working face. To determine the height of ‘vertical three zones’ of overburden strata by combining theoretical calculation, numerical simulation and field test. Through theoretical calculation, the maximum vertical height range of caving zone from coal seam roof is 5.5–9.2 m, and the maximum vertical height range of water flowing fractured zone from coal seam roof is 26.0–37.2 m. Through numerical simulation, the maximum height of the caving zone is 8.0 m from the roof, and the maximum height of the fracture zone is 27.0 m from the roof. Through field test, when the vertical height of the final borehole from the roof of the coal seam is 18.4–30.0 m, the gas concentration extracted by the borehole is generally high. When the vertical height of the borehole is 24.6–28.4 m from the coal seam roof, the gas concentration is in the peak area. The height distribution range of rock “vertical three zones” in Xuehu Mine No. 25030 working face obtained by three methods is roughly similar, and it is suggested to refer to the measured value in the design of goaf gas drainage. The test results show that the gas drainage effect is the best when the vertical distance from the coal seam roof is 24.6–28.4 m, and it is suggested that the high level boreholes should be arranged in this area.
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1 INTRODUCTION
Gas drainage represents a fundamental technique for the prevention of gas accidents within coal mines, simultaneously catering to modern requirements for the co-extraction of coal and gas, the utilization of coalbed methane, and the pursuit of environmentally-friendly coal mining practices (Li et al., 2023a; Li et al., 2023b). High-level borehole drainage, a widely employed technique for gas control in mined-out areas, is predicated on positioning the borehole terminus within the gas-enriched area of the fracture zone to maximize the extraction of depressurized gas from adjacent strata and the mined-out areas (Sun et al., 2017; Zhao, 2017). The accurate determination of the fracture zone’s location, the optimization of high-level borehole design parameters, and the enhancement of gas drainage efficiency hold significant practical value, particularly in addressing gas management issues at the working face and ensuring the safety of coal mine operations.
Scholars from home and abroad have extensively studied the movement patterns of overburden disturbed by mining and the strategic placement of high-level boreholes. Researchers including Minggao Qian, Jialin Xu, Liang Yuan, and Shugang Li (Yuan, 2016; Li et al., 2018; Chen et al., 2020; Chen et al., 2022; Liu and Li, 2023) have sequentially introduced classical theories such as the “key layer”, “O-ring”, “horizontal three zones”, “vertical three zones”, “returning ring”, “elliptical belt”, “trapezoidal platform”, among others. Further research by Ju et al. (Gao and Chen, 2016) examined the collapse process of overburden in extraordinarily high longwall faces, building upon the key layer theory. Jianliang Gao et al. (Lv et al., 2019) used CDEM software to identify the distribution of the “vertical three zones” in the mined-out area. Xiaobo Lü and colleagues (Li et al., 2017) pinpointed the top 1618 m of the roof as the location for high-level borehole placement based on observed roof fracture developments. Through numerical simulations paired with the key layer theory, Chunyuan Li and his team (Wang et al., 2019a) identified the layer for high-level gas drilling influenced by roof pressure and the development of macro flow channels. Shuanlin Wang et al. (Pan et al., 2023a) determined that the top 2035 m is the optimal final hole layer for high-level boreholes through the UDEC simulation analysis of overburden displacement and changes in stress parameters. Longhai Zhu (Pan et al., 2023b) conducted a numerical analysis of the developmental rules of overburden’s “three zones”, and by combining theoretical analysis with simulations of gas migration characteristics and analysis of gas influx sources on the working face, eventually ascertained the most suitable borehole placement for high-level drilling. In addition, some researchers used borehole television, ultrasonic penetration, borehole electromagnetic wave CT, and down-hole water injection leak detection (Wang et al., 2019b; Ye et al., 2023a; Ye et al., 2023b; Ma et al., 2023) to explore the damage patterns of overburden on the working face.
These studies demonstrate that methods to ascertain the layer positioning of high-level drilling encompass empirical formula calculation, physical simulation, numerical simulation, and field experiments. Most previous studies have employed a single method, and considering the limitations of each approach, this paper focuses on the 2-25030 working face of Xuehu Coal Mine, Henan Shenhua Group Co., Ltd. The study investigates the movement patterns of the working face’s overburden in the mining field. By integrating theoretical calculations, numerical simulations, and field testing, we determine the height of the “vertical three zones” in the overlying rock layer and identify the gas-rich areas within the fracture zone. This study holds significant practical value, especially in improving the efficiency of gas drainage and ensuring safe mining operations.
2 PRELIMINARY CALCULATION OF THE HEIGHTS OF CAVED AND FRACTURED ZONES IN THE GOAF
Xuehu Coal Mine is located in the northern part of Yongcheng City, Henan Province, and is under the jurisdiction of Yongcheng City. The thickness of the coal seam mined in the 2-25030 working face ranges from 0.6 to 3.7 m, with an average thickness of 2.3 m. The structure of the coal seam is simple, with an inclination of 15°–2° and an average of 10°. The coal seam within the working face area is stable and belongs to the category of simple-structured, medium-thick stable coal seams. The coal is of low quality, mainly bright coal with high hardness, classified as Class II∼III, and structural coal is not developed. The main components of the roof are fine-grained sandstone, mudstone, and carbonaceous mudstone, and the roof management method is to mine the full height at once in a fully caved manner.
Combining the dip angle of the coal seam and the condition of the overlying rock strata in the 2-25030 working face of Xuehu Coal Mine, the maximum heights of the caved zone and the water-conducting fracture zone are preliminarily estimated based on empirical formulas. Taking M as 2.3 m, the maximum height of the caved zone Hc and the maximum height of the water-conducting fracture zone (including the maximum height of the caved zone) Hf are calculated as:
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Therefore, according to the empirical formula, it can be preliminarily determined that the maximum vertical height range of the caved zone in the roof of the No. 2 coal seam of Xuehu Coal Mine is 5.59.9 m, and the maximum vertical height range of the water-conducting fracture zone from the roof of the coal seam is 26.037.2 m.
3 RESEARCH ON OVERLYING STRATA MOVEMENT IN THE GOAF AND DIVISION OF THE VERTICAL THREE ZONES
This model, (Figure 1) set against the engineering background of the 2-25030 working face in Xuehu Coal Mine, Henan Shenhuo Coal and Electricity Co., Ltd., is located in the eastern wing of the 25th mining area of the mine. The horizontal elevation is −780 m and the ground elevation is +37.5 m. The composition of the rock layers of the top and bottom of the coal seam is shown in Table 1. Combined with the actual coal-rock distribution of the working face, the physical model size for simulation was determined to be 600 m (length) × 60 m (height). The simulated coal seam is buried at a depth of 817.5 m, and a vertical stress of 20.4 MPa is uniformly applied to the top. The horizontal displacement of the left and right boundaries is set to zero, and the vertical displacement of the lower boundary is set to zero. The Mohr-Coulomb constitutive model is adopted, starting to excavate from the 150 m mark. A coal pillar of 150 m is left at the left boundary to eliminate boundary effects. Each step is excavated by 10 m, and after equilibrium is reached, the next step is excavated. The mechanical parameters of the coal and rock layer models are determined in accordance with the mine geological report, as shown in Table 2.
[image: Figure 1]FIGURE 1 | Geological Geometric Model of Coal and Rock.
TABLE 1 | Composition and lithology of the top and bottom rock layers of the coal seam.
[image: Table 1]TABLE 2 | Mechanical parameters of coal and rock.
[image: Table 2]From the data of previous backfill mining faces, we find that the range of the initial pressure step of the main roof is 38.8–49.04 m, and the range of the periodic pressure step is 15.8–20.0 m. However, due to the thickness of the immediate roof, the goaf can be filled with gangue after collapse, so the increase in support pressure from the initial and periodic loading of the main roof is not very pronounced. When 50 m of simulated excavation was conducted, the overlying strata of the roof experienced the initial loading phenomenon (Figure 2A). The immediate roof rock, subjected to its own gravity and the squeeze from the rock layer above, gradually collapses into the goaf. Its displacement is largest in the middle of the goaf, reaching 2.0 m. As mining continues, the overlying strata in the goaf undergo a cyclic rupture process of “stable-unstable-re-stable”. After excavating to 200 m, the collapse pattern of the overlying strata in the goaf becomes stable, and the displacement cloud diagram of the overburden presents a trapezoidal distribution, wide at the bottom and narrow at the top. Because the overall displacement rule of the overburden is quite clear, the simulation is no longer continued. The exported displacement vector diagram of the overburden shows that when the initial loading phenomenon occurs, the central part of the overburden in the goaf has the largest subsidence, and the immediate roof almost entirely collapses into the goaf. The displacement on both sides is relatively small due to the support effect of the coal walls. After simulating the excavation of 200 m, the displacement vector of the overburden presents a trapezoidal distribution (Figure 3), wide at the bottom and narrow at the top, with the edge of the overburden in the goaf descending 0.2 m and the middle part sinking 2.1 m.
[image: Figure 2]FIGURE 2 | Overlying Strata Movement in the Mining Field. (A). Advance 50 m (B). Advance 100 m. (C). Advance 150 m (D). Advance 200 m.
[image: Figure 3]FIGURE 3 | Division of the “Vertical Three Zones” in the Overlying Rock.
Upon analyzing the displacement vectors, we find that after the overburden in the goaf becomes stable following the excavation of 200 m, there is a significant decrease in the density of the displacement vectors at heights of 8.0 m and 27.0 m from the roof. After the rocks in the caving zone above the goaf fully settle into the goaf, the rock layers above the caving zone exert pressure on it and then compress and compact it, causing the rocks in the caving zone to arrange tightly. Therefore, the displacement vectors of the rocks in the caving zone are the most densely packed. As for the fracture zone above the caving zone, because its own subsidence is less than that of the caving zone, the length of the displacement vector in the fracture zone is shorter than that of the caving zone, and the pressure on the rock layer is lighter than that of the caving zone. Therefore, in the vector diagram, it is manifested as a smaller displacement vector density. Similarly, the displacement vector density of the rock layer in the bending subsidence zone is the smallest. According to the vector density in the overburden subsidence vector diagram, there is a pattern in the overburden subsidence vectors in the diagram, where the vector density changes significantly at two heights. This should be regarded as the dividing lines of the “vertical three zones” in the overburden of the goaf. That is, the maximum height of the caving zone is 8.0 m from the roof, the maximum height of the fracture zone is 27.0 m from the roof, and the division of the “vertical three zones” in the overburden of the goaf is shown in Figure 3.
4 FIELD TESTING OF GAS-RICH ZONES IN THE FRACTURE ZONE OF THE GOAF
Common methods for field inspection of the height of the “vertical three zones” in the mining field overburden include the borehole water injection method, borehole gas injection method, roof observation method, borehole television method, etc. In this study, the borehole drainage effect inspection method was selected.
4.1 Principle of field inspection of gas-rich zones in the goaf fracture zone by borehole drainage effect method
Generally speaking, the entire extraction process of high-level drilling is divided into three stages [21]: 1) As shown in Figure 4A, when the end hole of the drilling falls near the top of the mining face, gas extraction from the goaf begins. During the process of advancing the working face to Figure 4B, the gas extraction concentration and flow rate are constantly increasing. At this time, it is in the intensification stage of gas extraction, and the gas extraction efficiency will reach its maximum in this process. 2) As the mining face continues to move forward, the end hole location gradually enters the compaction zone. As shown in Figure 4C, the gas storage and spatial position are not conducive to gas extraction, and the gas extraction concentration and flow rate begin to decline. This stage is the decay stage of gas extraction. 3) As the goaf continues to move towards the drilling field, the end hole location has completely fallen into the compaction zone (Figure 4D), and the borehole gradually approaches the caving zone of the goaf, leading to borehole collapse and failure. At this stage, the borehole has completely failed.
[image: Figure 4]FIGURE 4 | Schematic of high-level drilling with coal body mining.
Under normal circumstances, the concentration and extraction volume of borehole gas extraction depend on the sealing quality of the borehole, the negative pressure of extraction at the borehole, and the location of the borehole (Figure 5). When the quality of borehole sealing and the negative pressure of extraction at the borehole are constant, the mixed volume (concentration) of gas extraction from high-level drilling varies with the location of the end hole of the drilling in the shape of a parabolic curve. That is, when the extraction starts, the mixed volume and concentration of the extracted gas are small. This is because the coal (rock) layer around the high-level drilling has not yet been unloaded, and the gas in the neighboring layer has not been desorbed. As the working face gradually advances, the coal (rock) layer around the high-level drilling is fully unloaded, and the extraction concentration and mixed volume gradually increase to the highest, indicating that the borehole has entered the fracture zone. After a period of stable extraction, it begins to decline, which is due to the high-level borehole gradually entering the caving zone and sucking in air and the decrease of the unloaded gas source in the neighboring layer. Therefore, the height of the caving zone is analyzed and determined according to the initial extraction section, high extraction volume section, and attenuation section during the extraction process, thereby providing a basis for optimizing drilling parameters.
[image: Figure 5]FIGURE 5 | Change curves of borehole gas concentration, extraction negative pressure, and extraction volume.
4.2 Field inspection of gas-rich zones in the goaf fracture zone
To investigate the height of the “vertical three zones” in the overburden layer of the mining field, 4 sets of high-level boreholes with different end-hole heights were designed and constructed in the 25030 air lane, as shown in Figure 6. The high-level borehole construction was conducted on the roof at the junction of the coal wall and the roof in the lower side of the air lane. Each group of high-level boreholes was drilled with 8 boreholes, with a hole spacing of 0.7 m, a hole depth of 55–57 m, a high-level hole group spacing of 15 m, and the end hole locations were 20 m, 25 m, 30 m, and 35 m away from the coal seam roof, respectively.
[image: Figure 6]FIGURE 6 | Schematic Diagram of High-level Borehole Construction Design.
The extraction effect of each group of high-level boreholes was investigated on-site, and the data during borehole extraction was organized to draw the change curves of borehole extraction volume and gas concentration. Among them, 35-2#, 35-8#, and 30-4# are shown in Figures 7–9 respectively.
[image: Figure 7]FIGURE 7 | Change curves of gas concentration and extraction volume of 35-2# borehole.
[image: Figure 8]FIGURE 8 | Change curves of gas concentration and extraction volume of 35-8# borehole.
[image: Figure 9]FIGURE 9 | Change curves of gas concentration and extraction volume of 30-4# borehole.
Comparing Figures 7–9, it can be seen that the extraction changes of the three boreholes are basically the same. From the time when the working face advances to the end hole of the borehole until it exceeds the opening of the borehole, the gas extraction volume of each borehole increases from small to large, then decreases, conforming to a parabolic distribution. When the working face pushes a short distance past the end hole of the borehole, the extraction volume and gas concentration of the borehole significantly increase, and a high extraction volume and extraction concentration are maintained, indicating that the bottom of the borehole begins to enter the fracture zone. However, when the working face pushes past a certain distance of the borehole, the gas concentration of the borehole significantly reduces, indicating that the borehole starts to enter the caving zone. And as the borehole enters the goaf caving zone, the collapse of the overburden causes the borehole to be blocked, and the extraction volume of the borehole also significantly decreases.
As can be seen from Figure 7, with the working face advancing to the end hole of the 35-2# borehole, the vertical height of the end hole of the borehole from the coal seam roof gradually decreases. The gas concentration and extraction volume of the borehole overall gradually increase and then gradually decrease. When the end hole of the borehole is 20.0–30.0 m vertically above the coal seam roof, the gas concentration of the borehole is generally high (38.5%65.5%). When the vertical height of the end hole of the borehole from the coal seam roof is 25.928.4 m, the gas concentration is in the peak area (average 63.3%). With the gradual advancement of the working face, the borehole gradually enters the roof caving zone, causing the extraction volume to gradually decrease. Throughout the service period of the borehole, the gas extraction change curve of the borehole is generally parabolic.
As can be seen from Figure 8, the gas extraction change curve of the 35-8# high-level borehole is still generally parabolic throughout its service period. When the vertical height of the end hole of the borehole from the coal seam roof is 18.6–29.2 m, the overall gas concentration of the borehole is relatively high (34.9%–63.2%). When the vertical height of the end hole of the borehole from the coal seam roof is 25.9–27.7 m, the gas concentration is in the peak area, with an average value of 62.1%.
As shown in Figure 9, during the service period of the 30-4# high-level borehole, when the vertical height of the end hole of the borehole from the coal seam roof is 18.4–29.0 m, the overall gas concentration of the borehole is relatively high (36.9%–65.2%). When the vertical height of the end hole of the borehole from the coal seam roof is 24.6–27.6 m, the gas concentration is in the peak area, with an average value of 61.7%.
4.3 Gas control effect of the working face
During the inspection period, the gas extraction, return wind concentration, and upper corner concentration of the 25030 working face are shown in Figure 10.
[image: Figure 10]FIGURE 10 | Changes in the gas concentration in the upper corner and return wind lane of the 25030 working face.
As shown in Figure 10, due to the extraction of the high-level boreholes, the upper corner concentration is controlled between 0.35%–0.67%, with an average of 0.51%, and the return wind lane concentration is controlled between 0.20%–0.39%, with an average of 0.30%. Therefore, the issue of gas exceeding the limit in the upper corner and the working face is basically eliminated, ensuring the safe production of the 25030 working face.
5 CONCLUSION

(1) The preliminary calculation of the “vertical three zones” height of the goaf overburden was conducted using empirical formulas, obtaining that the maximum vertical height of the caving zone from the coal seam roof is within the range of 5.5–9.2 m, and the maximum vertical height of the water-conducting fracture zone from the coal seam roof is within the range of 26.0–37.2 m.
(2) The preliminary calculation of the “vertical three zones” height of the goaf overburden was conducted using empirical formulas, obtaining that the maximum vertical height of the caving zone from the coal seam roof is within the range of 5.5–9.2 m, and the maximum vertical height of the water-conducting fracture zone from the coal seam roof is within the range of 26.0–37.2 m.
(3) The field investigation and analysis were conducted using the borehole gas extraction effect method. High-level boreholes were arranged for detection, and the results showed that as the vertical height of the end hole of the borehole from the coal seam roof gradually decreases, the gas concentration and extraction volume of the borehole overall gradually increase and then decrease, and the change curve of the borehole gas extraction is generally parabolic. When the vertical height of the end hole of the borehole from the coal seam roof is 18.4–30.0 m, the overall gas concentration of the borehole is relatively high. When the vertical height of the end hole of the borehole from the coal seam roof is 24.6–28.4 m, the gas concentration is in the peak area.
(4) The distribution ranges of the “vertical three zones” of the overlying strata in the 2-25030 working face of Xuehu Mine obtained by the three methods are roughly close. It is suggested to refer to the measured values in the design of gas extraction in the goaf. The test results show that the gas extraction effect is best when the vertical distance from the coal seam roof is 24.6–28.4 m. It is suggested that the mine arrange high-level boreholes in this area.
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