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The determination of the ‘three zones’ range within the overlying strata in goaf of paramount importance for effective gas extraction in the goaf and the prevention and control of gas levels exceeding limits in both the working face and the upper corner. Due to the influence of their dip angles, the existing formula used to calculate the breaking boundary angle of the overlying strata in the goaf of horizontal coal seams is no longer suitable for steep coal seams. In response to this issue, the movement law of the overlying strata during the mining of steep coal seams was analyzed and a formula for calculating the breaking boundary angle of the overlying strata in the goaf of steep coal seams was derived. The theoretical calculation formula was applied to the 3,103 fully mechanized mining face of a certain mine in southwest China, and compared and analyzed the results with numerical simulation and on-site measurement using microseismic monitoring technology. The research findings demonstrate that the formula effectively quantifies the ‘three zones’ range within the overlying strata in the goaf of steep coal seams. The ‘three zones’ range in steep coal seams is primarily influenced by factors such as the length of the filling area in the lower part of the goaf, changes in roof lithology, coal seam dip angle, length of the working face, and overburden load. The longer the length of the filling area, the larger the upper breaking boundary angle and the smaller the lower breaking boundary angle of the fracture zone. Based on the research results of three methods, the height of the caving zone in the 3,103 fully mechanized mining face is from 6.93 m to 7.7 m, the height of the fracture zone is from 28.91 m to 34.2 m, the lower breaking boundary angle of the fracture zone is from 40° to 44.5°, and the upper breaking boundary angle of the fracture zone is from 57.7° to 62°. The research results offer robust technical support and theoretical guidance for the determination of the ‘three zones’ range within the overlying strata during the future mining of steep coal seams.
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1 INTRODUCTION
The mining of coal seams is accompanied by the movement and deformation of surrounding rock formations and surface areas, which results in the formation of caving, fracture, and curved subsidence zones within the overlying strata. In the fracture zone, where fractures are well-developed and facilitate gas circulation (Ma et al., 2013; Wang et al., 2015; Huang et al., 2018). The gas extraction boreholes in goaf are typically positioned at this location (Ye et al., 2017; Zhang Q. M. et al., 2022; Zhao et al., 2023). Therefore, it holds paramount significance to investigate the extent of the overlying strata’s caving zone, fracture zone, and curved subsidence zone (collectively referred to as the ‘three zones’), for efficient gas extraction in goaf areas, as well as for gas limit control in mining faces and upper corners. This research is instrumental in ensuring the safety of underground personnel and property.
Numerous scholars have conducted extensive and rich research on this issue. Wang et al. (Wang et al., 2022) established a prediction model for the height of horizontal coal seam fracture zone based on the quantitative relationship between the mining thickness of coal seams, the deformation amount of rock layers of caving zone and fracture zone, and the surface subsidence value. Xu et al. (Xu et al., 2023) established a relationship between the bearing strength of masonry beams and the height of the caving zone using methods such as UDEC numerical simulation and on-site 3D borehole television imaging, combined with the “S-R″ stability theory. Zhou et al. (Zhou and Yu, 2022) studied the height of the ‘three zones’ of overlying strata in the goaf of gently inclined and extremely thick coal seams through similar simulation experiments, numerical simulations, and on-site measurements. Liu et al. (Liu et al., 2019) proposed a method for predicting the height of the fracture zone based on multiple regression analysis and geographic information systems. Cheng et al. (Cheng et al., 2017) used microseismic monitoring technology to study the distribution patterns of microseismic events released from coal mine roof rock masses in both vertical and horizontal directions. Chen et al. (Chen et al., 2022) systematically studied the movement law and mining pressure of overlying strata on large-angle fully mechanized mining faces through theoretical analysis, similar material simulation, numerical calculation, and on-site monitoring methods. Lai et al. (Lai et al., 2021) used a research method that combines similarity simulation experiments, numerical simulations, and on-site monitoring to analyze the migration law of overlying strata and the distribution characteristics of fracture zone in coal seam mining under thick and loose layers. Yang et al. (Yang et al., 2021) derived a formula based on the thin plate theory for calculating the basic roof stress distribution in highly inclined coal seams. Xu et al. (Xu et al., 2018) derived a formula for calculating the fracture angle of the overlying strata in a horizontal coal seam goaf based on the theory of key layers, and verified the rationality and reliability of the formula through physical simulation experiments.
The research findings mentioned above have significantly advanced the study of the ‘three zones’ within the overlying strata in goaf, playing a pivotal role in both theoretical research and practical engineering applications. However, much of the existing research predominantly focuses on analyzing the height of the ‘three zones’, with limited attention directed toward the determination of the breaking boundary angle of the fracture zone. The breaking boundary angle of the fracture zone represents a crucial parameter for accurately defining the ‘three zones’ range within the overlying strata in the goaf and for planning the layout of gas extraction boreholes in the goaf (Cui et al., 2019a; Hu and Cai, 2020; Zhu et al., 2020). In the case of steep coal seams, rock blocks that collapse due to the influence of the coal seam’s dip angle will slide downward along the inclined direction of the working face, filling the lower section of the goaf (Yao et al., 2017; Ye et al., 2018; Liu et al., 2020). Given the stabilizing influence of these rock blocks in the filling area on the roof, the conventional calculation formula for the breaking angle of the overlying strata in goaf based on the horizontal coal seams, is no longer suitable for steep coal seams. Consequently, it is particularly imperative to research the breaking boundary angle of the overlying strata in the goaf of steep coal seams.
Numerous studies have confirmed the effectiveness of numerical simulation methods in studying fracture evolution, such as reference (Huang et al., 2022; Luo et al., 2022; Zheng et al., 2022; Huang et al., 2023). In reference (Yang et al., 2023a), based on microseismic monitoring technology, the author studied the height of the fracture zone in the goaf of steep coal seams and compared with numerical simulation results. The obtained results are consistent, which presents a new technical approach for determining the height of the ‘three zones’ within overlying strata in the goaf of steep coal seams. On this basis, starting from the movement law of the overlying strata during the mining of steep coal seams, this article derives a formula for calculating the breaking boundary angle of the overlying strata in the goaf of steep coal seams. And in theory, the ‘three zones’ range of the overlying strata in the goaf of steep coal seams is quantified. Taking the 3,103 fully mechanized mining face of a certain mine in southwestern China as the background, a combination of theoretical calculation, numerical simulation, and on-site measurement via microseismic monitoring technology was used to study the ‘three zones’ range of overlying strata in the goaf of steep coal seams. The research outcomes supply robust technical support and theoretical guidance for the determination of the ‘three zones’ range within the overlying strata during future mining operations in steep coal seams.
2 THEORETICAL DERIVATION OF THE ‘THREE ZONES’ RANGE WITHIN THE OVERLYING STRATA IN THE GOAF OF STEEP COAL SEAMS
2.1 Movement law of overlying strata during mining of steep coal seams
During the mining of steep coal seams, the overlying strata are repeatedly disturbed and cause damage under their gravity load. As the mining face progresses, certain segments of the overlying strata at a particular height undergo collapse (Zhang et al., 2023). Owing to the influence of the seam’s inclination angle, the collapsed rock blocks will slide toward the lower portion of the working face and subsequently fill the goaf. The lower filling area of the goaf plays a certain supporting role in the roof (Lai et al., 2020). After the completion of mining in the steep coal seam working face, it can be categorized into distinct sections, namely, the compacted filling area, the fully filling area, and the partial filling area, in a bottom-to-top arrangement along the direction of the working face inclination, as illustrated in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic illustration of overlying strata movement during mining of steep coal seams.
In the figure, [image: image] and [image: image] represent the lower and upper breaking boundary angles of the fracture zone, respectively; L represents the length of the inclined working face of the coal seam, m; [image: image] and [image: image] are the distances from the highest point of the fracture zone to the origin of the working face, respectively, m. The breaking boundary angles [image: image] and [image: image] of the fracture zone can be obtained by the following formula:
[image: image]
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Where [image: image] is the height of the fracture zone, m.
2.2 Mechanical derivation of breaking boundary angle for the fracture zone
When analyzing the fracture characteristics of the fracture zone, the overlying strata in the goaf can be simplified as a combination of two rock beams, namely, the caving zone and the fracture zone, as shown in Figure 2.
[image: Figure 2]FIGURE 2 | Analysis model for fracture characteristics of fracture zone.
The disintegration of rock layers within the caving zone results in the filling of the goaf. It is important to note that the fully filled area offers less supporting ability to the roof in comparison to the compacted filling area. Consequently, the analysis of rock beams within the fracture zone focuses exclusively on the supporting ability by the compacted filling area for the rock beams. Reference (Wang et al., 2016) provides a calculation formula for the length of the compacted filling area in the goaf, as follows:
[image: image]
Where [image: image] is the length of the compaction area for filling in the goaf, m; [image: image] is the thickness of the rock beams for caving zone, m; [image: image] is the coefficient of collapse and expansion of the rock beams for caving zone; [image: image] is the ultimate span of the caving zone along the inclined direction, m; [image: image] is the thickness of the coal seam, m.
When calculating the ultimate span of the caving zone, the rock beam in the caving zone is considered a fixed beam structure. The load exerted by the overlying strata on the rock beam in the caving zone is simplified as a uniformly distributed load, as shown in Figure 3.
[image: Figure 3]FIGURE 3 | Stress analysis of rock beams in the caving zone.
In the figure, [image: image] is the uniformly distributed load on the rock beam in the caving zone, MPa; [image: image] is the thickness of the rock beam in the caving zone, m; [image: image] is the length of the working face, m. The width of the rock beam in the caving zone is selected as a unit length of 1 m. According to the force analysis of the mechanical model of the rock beams of the caving zone in Figure 3, the maximum bending moment [image: image] and maximum tensile stress [image: image] of the rock beam are obtained as follows:
[image: image]
[image: image]
When the maximum tensile stress [image: image] of the rock beam reaches the tensile strength limit [image: image], according to formula (5), the ultimate span of the rock beams for the caving zone can be calculated as:
[image: image]
Combining formulas (3) and (6), it can be obtained that the length [image: image] of the compacted filling area in the goaf is:
[image: image]
The mechanical analysis of the rock beam in the fracture zone is carried out using a fixed support beam structure. The load of the overlying strata and the supporting force load of the compacted filling area are simplified as uniformly distributed loads acting on the rock beam in the fracture zone, as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Stress analysis of rock beams in fracture zone.
In the figure, [image: image] represents the uniformly distributed load on the rock beam in the fracture zone, MPa; [image: image] is the load of the support force at the bottom of the rock beam in the fracture zone, MPa; [image: image] is the thickness of the rock beam in the fracture zone, m. According to material mechanics, the bending moments [image: image] and [image: image] generated by [image: image] and [image: image] acting on the rock beam in the fracture zone are:
[image: image]
[image: image]
According to the principle of superposition of bending moments, the bending moment [image: image] at any point x on the rock beam in the fracture zone is:
[image: image]
According to formula (10), the tensile stress [image: image] at any point [image: image] on the rock beam in the fracture zone can be obtained as:
[image: image]
Where [image: image] is the ultimate span of the rock beam for the fracture zone in the strike direction, m. The calculation formula for [image: image] is:
[image: image]
Where [image: image] is the thickness of the rock beam in the fracture zone, m; [image: image] is the Poisson’s ratio of the rock layer, [image: image] is the ultimate tensile strength of the rock layer, MPa; [image: image] is the geometric shape coefficient of the goaf, [image: image].
When the tensile stress at [image: image] reaches the tensile strength limit [image: image] of the rock beam for the fracture zone, the fracture failure positions [image: image] and [image: image] of the rock beam in the fracture zone are obtained by combining formulas (11) and (12). By incorporating it into formulas (1) and (2), the breaking boundary angles [image: image] and [image: image] of the fracture zone can be calculated. The range of fracture zone in the goaf of steep coal seams can be determined by the height [image: image] of the fracture zone and the breaking boundary angles [image: image] and [image: image] of the fracture zone.
3 NUMERICAL SIMULATION OF THE ‘THREE ZONES’ RANGE WITHIN OVERLYING STRATA IN THE GOAF OF STEEP COAL SEAMS
3.1 Model establishment and parameter settings
The discrete element method is a commonly used method for studying the ‘three zones’ range of overlying strata in goaf (Qin et al., 2023). 3DEC, as a numerical simulation software that uses the discrete element method to simulate the mechanical properties of discrete media, can effectively simulate the movement and fracture structure of overlying rock layers during coal mining. To verify the reliability of the theoretical formula of the fracture zone range within overlying strata in the goaf of steep coal seam, 3DEC software was used to simulate the fracture characteristics of overlying strata in steep coal seam mining. The geometric parameters and physical parameters of the model were selected from the K1 coal seam of 3,103 fully mechanized mining face in a mine in southwest China. The coal seam has a dip angle of 47° with an average thickness of 2.3 m. The inclined length of the working face is 135 m, the strike length of the working face is 1,190 m, and the buried depth of the coal seam is 550 m. To ensure calculation precision, the model was set to a length of 200 m along the strike direction of the working face and 200 m along the dip direction. Solid coal pillars, measuring 50 m in width, were retained on both sides of the working face’s strike direction. The coal seam was excavated along the strike direction of the working face, covering an excavation length of 100 m. Among them, the X direction is the strike direction of the working face, and the Y direction is the tendency direction of the working face. The total size of the calculated model is: length × width × height is 200 m × 200 m × 270 m. According to the actual geological conditions of the coal seam and rock layer in the 3,103 working face, the model is divided into rock blocks of different thicknesses. At the same time, cut the rock blocks above the coal seam to form joints. After the formation of rock joints, the entire model is meshed using a tetrahedral mesh. The established model consists of 1,364,797 elements, as shown in Figure 5.
[image: Figure 5]FIGURE 5 | Schematic diagram of numerical model.
The overlying and underlying strata of the coal seams primarily consist of sandy mudstone, mudstone, limestone, and siltstone rock materials. In the graphical representation, the yellow area corresponds to sandy mudstone, the purple area to siltstone, the blue area to limestone, the gray area to mudstone, and the black area represents the coal seams. The Mohr-Coulomb model is selected for the constitutive model of the blocks in the numerical model, and the Coulomb slip model is selected for the constitutive model of the joints. Subsequently, the rock mechanics parameters of the unit grids were set. These parameters were determined based on both the actual geological conditions of the coal seam at the site and rock mechanics experiments measurements. The physical and mechanical properties of different coal rocks and joint mechanics properties are shown in Table 1 and Table 2.
TABLE 1 | Physical and mechanical parameters of different coal rocks.
[image: Table 1]TABLE 2 | Mechanical parameters of different coal rock joints.
[image: Table 2]Due to the height of the model not reaching the surface, the original rock stress load of 6.86 MPa was applied above the model through calculation. According to the lateral pressure coefficient of the coal seam being 1.2, the applied confining pressure was 8.4 MPa. The four sides of the model were fixed, the bottom was fixed, and the top was a free surface. Set the initial velocity of the plane at X = 0 m and X = 200m–0 m/s, the plane displacement at Y = 0 m and Y = 200 m–0m, and the plane displacement at Z = 0m–0 m.
3.2 Analysis of numerical simulation results
After the coal seam is extracted, the overlying strata in goaf are affected by mining damage and stress disturbance of surrounding rocks, forming a certain range of caving zone and fracture zone (Tu et al., 2018; Zhang H. D. et al., 2022). Accurately predicting the range of fracture zone is great significance for the layout of gas extraction boreholes in the goaf. The structural characteristics of the ‘three zones’ of the overlying strata in the goaf, namely, the separation fissure above the fracture zone, are one of the methods for distinguishing the range of fracture zones. Meanwhile, due to the completion of coal seam mining, the overlying strata will exhibit varying degrees of displacement distribution in the vertical direction. By analyzing the range of different displacement zones, the range of the caving zone can be determined. Therefore, by analyzing the vertical displacement distribution of the model after excavation and combining it with the structural characteristics of the ‘three zones’ of the overlying strata, the range of the ‘three zones’ obtained from numerical simulation can be accurately determined. To facilitate the comparison of the ‘three zones’ range of the overlying strata in the goaf, the upper threshold in the displacement cloud map was set to 0m, and the lower threshold was set to 8 m. The parts with displacement exceeding 0 m in the cloud map are all blue, and the parts below 8 m are all red (Yang et al., 2023b). When the working face is excavated for 100m, the displacement cloud map along the inclined direction of the working face is shown in Figure 6.
[image: Figure 6]FIGURE 6 | Displacement cloud map of the inclined direction during 100 m excavation of the working face.
From Figure 6, it can be seen that the overlying strata exhibit obvious ‘three zones’ structural features, namely, the caving zone, fracture zone, and the appearance of obvious separation fissure above the fracture zone. Based on this, it is determined that the green part in the figure is the caving zone, and the light blue part is the fracture zone. After analysis, the goaf caving zone is located in the mudstone above the K1 coal seam, with a height of 6.93 m. The fracture zone is located in the siltstone and sandy mudstone above the caving zone, with a height of 28.91 m. The lower breaking boundary angle of the fracture zone is 40°, and the upper breaking boundary angle is 61°. From the breaking boundary angle of the fracture zone, it can be seen that the lower breaking boundary angle is significantly smaller than the upper breaking boundary angle. This indicates that due to the influence of the dip angle, the collapsed rock blocks in the caving zone fill the lower area of the goaf. The supporting effect of the filling area causes the overall range of the fracture zone to move upwards, presenting an asymmetric feature. The numerical simulation results conform to the movement law of the overlying strata during the mining of steep coal seams.
4 ON-SITE TEST OF THE ‘THREE ZONES’ RANGE WITHIN OVERLYING STRATA IN GOAF OF STEEP COAL SEAM BASED ON MICROSEISMIC MONITORING
4.1 Microseismic monitoring technology for fracture of overlying strata in goaf
Coal rock is a stress medium, under the influence of coal seam mining, generates elastic waves when the overlying strata rupture (Cui et al., 2019b; Hou et al., 2020). These elastic waves propagate within the coal rock mass, constituting microseismic events. Based on microseismic monitoring systems, these elastic waves can be identified, captured, and collected. Processing and analyzing elastic waves can locate the location of microseismic events in three-dimensional space. By using the P-wave (longitudinal wave) localization algorithm, the time, location, energy, and amplitude of microseismic events can be determined. Subsequently, based on the spatial distribution of microseismic events, the distribution status, evolution process, and trend of fractures can be analysed. Then the ‘three zones’ range of overlying strata in the goaf can be determined. The principle of microseismic monitoring is shown in Figure 7.
[image: Figure 7]FIGURE 7 | Schematic diagram of microseismic monitoring principle.
4.2 Arrangement of microseismic monitoring
The key components of a microseismic monitoring system include sensors, collectors, and hosts. Sensors can identify and capture the elastic waves generated by coal and rock mass fractures. The acquisition instrument can collect and record the captured microseismic signals. The host can view, analyze, and process the collected microseismic signals. To ensure the effectiveness of monitoring, a total of 4 collection instruments and 12 sensors are arranged in combination with the mine tunnel system. Two acquisition devices and six sensors are respectively arranged in the 3,103 haulage roadway and the 3,103 return air roadway, with each acquisition device equipped with three sensors. The position of the first arranged sensor is 50 m ahead of the working face, with a sensor spacing of 50m, as shown in Figure 8.
[image: Figure 8]FIGURE 8 | Layout of microseismic monitoring in the working face.
4.3 Analysis of microseismic monitoring results
After the completion of coal seam mining in the working face, microseismic data recorded by the four acquisition instruments is extracted. The specific acquisition instrument used is the YTZ-3 (B) type microseismic monitor. Since each acquisition instrument simultaneously records microseismic signals captured by three sensors, the microseismic signals from the same sensor are considerably dispersed. To facilitate the analysis and processing of microseismic data recorded by each sensor, dedicated YTZ-3 data decoding software is employed to decode this information. Throughout the coal seam mining process, various types of noise will be generated, leading the microseismic monitoring system to collect a considerable amount of invalid data. During practical testing, thousands of event data points were identified in each work shift. To obtain effective data more accurately, manual identification and selection of microseismic data captured by each sensor are carried out. Calculate the position coordinates and energy values of the seismic source using the YTZ-3 system software for manually identified and selected microseismic data. The vertical distance from the seismic source point to the coal seam and the projected coordinate on the inclined section can be calculated from the position coordinates of the seismic source, as shown in Figure 9.
[image: Figure 9]FIGURE 9 | Seismic source distribution of microseisms in the inclined direction of coal seams.
From the figure, it can be seen that the maximum height of a typical microseismic event is 34.2m, the minimum height is 6.8m, and the average height is 23.6 m. Therefore, the height of the caving zone is 6.8m, and the height of the fracture zone is 34.2 m. After measurement, the lower breaking boundary angle of the fracture zone is 44.5°, and the upper breaking boundary angle is 62°.
5 ANALYSIS AND DISCUSSION
According to the coal and rock parameters of the 3,103 fully mechanized mining face, the height of the caving zone is calculated by empirical formula (13) to be 5.5–9.9m, with an average of 7.7 m. Formula (14) calculates that the height of the fracture zone is 26.0–37.2m, with an average of 31.6 m.
[image: image]
[image: image]
Where [image: image] is the height of the caving zone, m; [image: image] is the height of the fracture zone, m; [image: image] is the thickness of the coal seam, m.
From this, the fracture positions [image: image] = 34.2 m and [image: image] = 115 m of the rock beam in the fracture zone are obtained through formula (11). By incorporating it into formulas (1) and (2), the breaking boundary angles of the fracture zone are calculated to be [image: image] = 42.7° and [image: image] = 57.5°. Compare and analyze the calculation results of the three methods, as shown in Table 3.
TABLE 3 | Calculation results of the ‘three zones’ range of different methods.
[image: Table 3]From Table 3, it can be seen that the results of the ‘three zones’ range of the overlying strata in the goaf of the steep coal seam calculated by the three methods are in good agreement, and the differences are all within 5. This indicates that the theoretical calculation formula derived in this article can accurately calculate the ‘three zones’ range of the overlying strata in the goaf of steep coal seams. From the research results of the three methods, it can be found that due to the influence of the coal seam dip angle, the lower breaking boundary angle of the fracture zone of the overlying strata in the goaf is smaller than the upper breaking boundary angle. Compared with the ‘three zones’ within overlying strata in the goaf of horizontal coal seams, the overall upward movement of the fracture zone in steep coal seams presents an asymmetric feature. The final determination is that the height of the caving zone in the 3,103 fully mechanized mining face was from 6.93 m to 7.7m, the height of the fracture zone was from 28.91 m to 34.2m, the lower breaking boundary angle of the fracture zone was from 40° to 44.5°, and the upper breaking boundary angle of the fracture zone was from 57.5° to 62°. According to this scope, three strike long boreholes were constructed in the 3,103 working face for gas extraction, as shown in Figure 10.
[image: Figure 10]FIGURE 10 | Section diagram of inclined direction of boreholes arrangement in the 3,103 working face.
The borehole spacing is 10m, the aperture is 120 mm and they are all located above the 3,103 return air roadway. During the entire extraction process, the average gas extraction concentration was 53.55% and the average gas extraction amount was 5.37 m³/min. After extraction, the gas concentration in the upper corner of the return air roadway was about 0.4%, and the gas concentration in the return air roadway was about 0.3%, which achieves a good gas prevention and control effect. The research methods and results can provide guidance and reference for the prediction of the ‘three zones’ range of overlying strata in goaf of similar coal seams.
On the other hand, the theoretical calculation of the upper breaking boundary angle of the fracture zone on the overlying strata of steep coal seam will be slightly lower than the numerical simulation and on-site measurement values. This is because in the theoretical derivation process, to simplify the calculation formula, only the support of the compacted filling area for the rock beam of the fracture zone was considered. In fact, the fully filled area also has a certain support for the rock beam of the fracture zone. From formula (11), it can be seen that the ‘three zones’ range of steep coal seams is mainly limited by various factors such as the length of the filling area in the lower part of the goaf, changes in roof lithology, coal seam dip angle, coal seam thickness, working face length, overburden load, etc. When all conditions remain unchanged and only increase the value of [image: image], the upper breaking boundary angle of the fracture zone obtained will increase. In the future, it is possible to further refine theoretical calculation formulas.
6 CONCLUSION
To study the ‘three zones’ range within overlying strata in the goaf of steep coal seams, a formula for calculating the breaking boundary angle within overlying strata fracture zone in the goaf of steep coal seams was derived based on the movement law of overlying strata during mining. Taking the 3,103 fully mechanized mining face of a certain mine in southwestern China as the background, the ‘three zones’ range within overlying strata in the goaf was studied through three methods: theoretical calculation, numerical simulation, and on-site measurement based on microseismic monitoring technology. Draw the following conclusion:
(1) The derived formula for calculating the breaking boundary angle of the overlying rock strata in the goaf of steep coal seams can effectively quantify the ‘three zones’ range of the overlying rock strata in the goaf of steep coal seams.
(2) From the theoretical formula, it can be seen that the scope of the ‘three zones’ in steep coal seams is mainly limited by various factors such as the length of the filling area in the lower part of the goaf, changes in roof lithology, dip angle of the coal seam, thickness of the coal seam, length of the working face, and overburden load. Among them, the longer the filling area, the larger the upper breaking boundary angle of the fracture zone and the smaller the lower breaking boundary angle.
(3) Based on the research results of three methods, the height of the caving zone in the 3,103 fully mechanized mining face is from 6.93 m to 7.7m, the height of the fracture zone is from 28.91 m to 34.2m, the lower boundary of the fracture zone is from 40° to 44.5°, and the upper boundary of the fracture zone is from 57.7° to 62°. The research methods and results can provide guidance and reference for the prediction of the ‘three zones’ range of overlying strata in goaf of similar coal seams.
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