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The mining of coal resources and the protection of water resources are often in opposition, and this contradiction is more prominent in the mining of thick coal seams due to the difficulty of controlling the overburden deformation. Based on the mining conditions of thick coal seam under the main aquifer of a coal mine in the water shortage area of Northwest China, this paper puts forward the short-wall coordinated filling mining (SCFM) of thick coal seam. The stress analysis of the overall structure consisting of the top and bottom plates, coal pillars and filler at each stage of the mining process was carried out, the length of the short-walled working face suitable for this coal mine was derived, and the key parameters for the mining of the three pan areas of the mine were designed. The analysis results show that the sensitivity of the maximum tensile stress in the roof to the length of the working face is better than the filling rate in the case of short-walled working face arrangement. When the design coal mine working face length is 40 m and the filling rate is 95%, the overburden fissure development height can be controlled to 58.45 m after the whole area of three pan area is retrieved. It is verified by the downhole injection method that the requirement of non-conducting aquifer is satisfied after using SCFM. The research in this paper is of great significance to achieve safe and efficient recovery of coal resources and water conservation under strongly water-rich rock formations.
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1 INTRODUCTION
With its inherent characteristics, coal resources will remain an important source of energy supply for some time in the future, but due to its endowment characteristics and mining methods, most of the mines are facing the problem of massive groundwater loss and ecological environment damage caused by mining activities (Zhang et al., 2014; Fan et al., 2019; Yao et al., 2020). For ecologically fragile areas where water resources are scarce, the decline in groundwater level due to the breakage of aquifers after mining will make the ecological damage on the surface more serious, and currently backfill mining is widely used as a form of green mining to protect the loss of groundwater resources brought about by the impact of mining (Shen et al., 2021; Zhang et al., 2021). However, it is more difficult to control the overburden for thick seam mining, and the traditional filling mining method often faces the contradiction between the overburden control effect and mining efficiency. Too long working face will result in poor overburden control, while too short will affect mining efficiency (Wen et al., 2019; Tai et al., 2020; Chen et al., 2022). Therefore, the SCFM technology is proposed to control the overburden deformation by reducing the size of the working face together with the filling body filling, which provides a new way for “water conservation mining” (Chi et al., 2019). Systematic study of the influencing factors of overburden deformation of thick coal seam mining under water-bearing seams and establishment of the design process of SCFM parameters are of great significance to improve the safety of thick coal seam mining under water-bearing seams and protect groundwater resources.
Aiming at the filling mining of thick coal seam under aquifer, Deng et al. (2017) proposed a filling mining method of upward slicing longwall-roadway cemented backfilling, and studied the compression performance of cemented backfill materials with different mixing ratios and curing time. The recovery rate and safety of thick coal seam under aquifer are greatly improved by filling mining in layered roadway (Deng et al., 2017). Wen et al. (2022) comparatively analyzed the traditional longwall mining and longwall paste filling mining of thick coal seam, and obtained the key parameters such as mining thickness and filling rate under the critical state of water inrush (Wen et al., 2022). Bai et al. (2018) focused on the effect of backfilling mining under shallow thick coal seams on controlling groundwater loss and reducing surface subsidence, and obtained the optimal ratio of backfilling materials and slurry concentration (Bai et al., 2018).
For the study of the development height of hydraulic fracture zone by backfill mining, Xu et al. (2022) proposed a new method of water-preserved coal mining with long-wall continuous mining and partial filling, and studied the influence of multiple factors on the development height of water flowing fractured zone by analytic hierarchy process, and established a prediction model (Xu et al., 2022). Li et al. (2017) measured and numerically analyzed the development of water-conducting fracture zone in fully mechanized solid filling mining under aquifer, which provided design basis for fully mechanized solid filling (Li et al., 2017). Zhang et al. (2020) studied the controlling effect of short-wall block filling mining method on the development of water flowing fracture and strata movement, established the mechanical development model of water flowing fracture zone, and deduced the development height of water flowing fracture zone (Zhang et al., 2020). Wang (2015) studied the law of water-conducting fracture development in the overburden rock of the Wangerville backfill coal mining method, which provides help to determine reasonable mining parameters for backfill coal mining under water bodies (Wang, 2015).
In summary, there are many analysis and parameter design of overburden control effect of longwall face filling and roadway mining filling, but there is a lack of research on short-wall working face collaborative filling mining and controlling the development of overlying strata deformation and fracture, especially the design of SCFM and the development height of water flowing fractured zone with the whole area mining as the research background.
In this paper, for the requirements of safe mining of coal resources and water resources protection under strong water-bearing strata, the research content of SCFM to control overburden deformation is proposed, and the deformation characteristics of overburden during backfill mining are analyzed in detail to provide reference for similar mines to achieve safe mining of coal resources and water resources protection.
2 SHORT-WALL COORDINATED FILLING MINING TECHNOLOGY
2.1 Engineering background
The study mine is located at the junction of Gansu and Shaanxi provinces in the Yellow River Basin, which is a coal-rich and water-scarce area. The design production capacity of the mine is 5.0 Mt/a, the main mining is 4# coal, the average buried depth is 925.17 m, and the average thickness of the coal seam is 6.67 m. It is a thick coal seam, most of which can be mined, and the structure is simple. The distribution of coal-water dual resources in China and the assignment of coal seams and aquifers in the studied mines are shown in Figures 1A, B, respectively. There are a total of 8 water-bearing rock layers in the overlying rock strata of this coal mine, among which the water-bearing layer of Luohe Group is a strong water-bearing layer, which has a great impact on the mine production. According to the already mined second panel (with similar geological conditions with the third panel) monitoring data show, the average water level of the aquifer in the upper section of the Luohe Formation decreased by 34.95 m during the mining period, and the maximum water inflow of the working face reached 3499.8 m3/h, with the change curves shown in Figures 1C, D. Therefore, it is very urgent to change the existing mining methods and mining parameters and develop a set of technology suitable for thick coal seam mining under strong aquifer in this mine.
[image: Figure 1]FIGURE 1 | Basic information of the mine, (A) China coal-water dual resource distribution map, (B) Diagram of coal seam and aquifer assignment, (C) Working surface water gushing curve graph, (D) Water level variation curve of the aquifer in the upper section of the Luohe Formation.
2.2 Short-wall coordinated filling mining
In response to the serious water gushing at the working face during the production of this coal mine, which brings problems to the mine's safety production and water resources protection, the method of SCFM of thick coal seams under strong water-bearing seams is proposed. Ordinary fully mechanized working face length according to the different coal thickness is usually 100–200 m, SCFM than the general fully mechanized mining face length is shorter, usually less than 100 m, for the control of overburden deformation has a certain effect, with high water material filling can be more effective limit overburden deformation space (Wang et al., 2016; Li et al., 2017; Deng et al., 2020). As shown in Figure 2, the SCFM takes a certain number of working faces as a mining cycle (five working faces are taken as an example in the figure). The first step is to form a face production system and finish mining the first face CT301. The second step is to start mining the CT303 face after spacing the coal pillars (i.e., CT302 face) at a certain distance from the first face already mined, and at the same time to fill the CT301 already mined. Step 3: Repeat the above steps after spacing the coal pillar (i.e., CT304 working face) by a certain distance to mine CT305 working face while filling the mined CT303 working face. Step 4: When the mining cycle reaches the designed number of working faces, fill the last working face and start back mining the skipped working faces (i.e., CT302, CT304 working faces) in the order of mining and filling as above until the whole cycle is completed. For the entire mining area, the mining area can be divided into several mining cycles and steps one through four can be repeated to complete the entire area.
[image: Figure 2]FIGURE 2 | The principle diagram of SCFM technology.
3 KEY FACTORS OF OVERBURDEN DEFORMATION CONTROL
The overburden deformation and fracture development after coal seam mining in the working face are mainly affected by factors such as coal seam mining height, working face size, goaf filling rate, lithologic structure, coal seam burial depth and geological structure (Liu et al., 2018; Feng et al., 2021). The mining height is generally determined by the occurrence state of the coal seam, and the size of the working face and the filling rate of the goaf become the main controllable factors. In order to intuitively analyze the damage of the main controllable factors to the roof of the filling coal mining face, the stress model of the roof of the SCFM established to analyze its stress characteristics.
For the study mine, the advance length is determined by the occurrence conditions of coal seams. In most cases, it is greater than 1000 m. The thickness of the immediate roof and the main roof in the overlying strata is about 5 m, and the length of the short-wall working face is generally less than 100 m, preliminary estimate is 50–100 m, according to the definition of thin plate model, short wall face length of 25–400 m can be regarded as thin plate model (Li et al., 2014; Feng et al., 2017). The roof of the overlying strata in the short-wall filling stope can be regarded as a thin plate model, and the filling material is regarded as an elastic foundation. In order to ensure that it does not break under the constraints of the working face size and the filling body, it can be seen as a four-sided clamped plate supported by the high-level rock layer above and supported by the filling body below. The mechanical model of the elastic thin plate is established as shown in Figure 3.
[image: Figure 3]FIGURE 3 | Simplified mechanical model of roof in SCFM.
The roof of short-wall filling stope deforms under the joint constraints of working face size and filling body. According to the solution method of elastic mechanics thin plate problem, the internal force problem is transformed into the solution of thin plate deflection equation. The deflection equation of elastic thin plate surface expressed by double sine series is calculated:
[image: image]
In the formula, L is the length of the advancing direction of the working face; l is the length of working face; Amn is the generalized coordinate of the bending surface of elastic thin plate. The system composed of stope roof and elastic foundation is regarded as a whole and solved by virtual work principle:
[image: image]
In the formula, the coefficients of bending moment M(x) and M(y) in the form of Em and Fn Fourier series, [image: image]; D is bending rigidity; q is uniform load. According to the meanings of elastic modulus, filling rate and elastic foundation coefficient, we can solve the equation of elastic foundation coefficient of the filling body as a function of the filling rate of the mining area [image: image], where [image: image] is the initial stress on the coal seam, [image: image] is the mining thickness of the coal seam, and [image: image] is the filling rate of the mining area. By substituting k into Eq. 2, the bending moment expressed by Fourier series appears on the fixed edge, and the plane stress component corresponding to the plate is Eq. 3. By substituting the bending moment M(x) and M(y) in the form of Fourier series into Eq. 3, the maximum tensile stress Eq. 4 on the roof can be obtained, in which [image: image], [image: image] and [image: image] are the tensile stress of the roof in x and y directions and the shear stress component corresponding to the roof respectively.
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In order to control the roof without cracks, the critical condition of [image: image] must be satisfied. The coefficients of bending moment M(x) and M(y) expressed by Fourier series can be solved :
[image: image]
According to the geological conditions of the SCFM face in the third panel of the mine, the average thickness of the coal seam is 6.67 m, the average dip angle is 8°. The basic roof of the overlying strata is fine-grained sandstone, the bending stiffness D is 1.64×1012 N·m, the elastic modulus E is 14.3 GPa, the Poisson's ratio μ is 0.3, the thickness h is 3.79 m, the length L of the working face is 375 m, and the length of the working face is to be determined. The uniform load of the overlying strata of the basic roof q is calculated to be 0.17 MPa. In order to simplify the calculation of the plate model, the first two terms representing the Fourier coefficients of the fixed edge bending moment are selected and substituted into the above parameters to solve the Fourier coefficients E1, E3, F1 and F3 corresponding to the bending moment :
[image: image]
Substituting Eq. 6 into Eq. 4, the relationship between the maximum tensile stress of roof and the length and filling rate of working face can be obtained. In order to intuitively analyze the relationship between the maximum tensile stress of roof and the two, Eq. 7 is further processed and drawn into Figure 4.
[image: image]
[image: Figure 4]FIGURE 4 | Influencing factors of maximum tensile stress of roof, (A) The relationship between the maximum tensile stress of the roof and the length of the working face and the filling rate, (B) Filling rate, (C) Length of working surface.
From the analysis in Figure 4A, it can be seen that when the filling rate is 90%, the maximum tensile stress of the roof decreases from 6.75 to 1.25 MPa during the reduction of the working face length from 90 m to 30 m, and the reduction rate reaches 81.48%. When the working face length is 90 m, the maximum tensile stress of the roof decreases from 10.19 to 6.75 MPa in the process of decreasing the filling rate from 30% to 90%, and the decrease is 33.95%. It is easy to know that the maximum tensile stress of the roof in the short-wall filling mining working face is more sensitive to the length of the working face than the filling rate of the goaf, i.e., the length of the working face has a greater influence on the maximum tensile stress of the roof.
From the analysis of Figures 4B, C, it can be seen that the maximum tensile stress in the roof slab decreases with the increase of the filling rate, but the reduction rate is affected by the length of the working face, and the critical value is roughly 60 m. When the working face length is greater than 60m, the effect of increasing filling rate on the reduction of maximum tensile stress in the roof is more obvious, and this effect increases with the increase of working face length. When the working face length is 60 m, 70 m, 80 m and 90 m respectively, the maximum tensile stress reduction of the roof corresponding to the increase of filling rate from 30% to 90% is 33.95%, 25.61%, 18.52%, and 8.40% respectively. In contrast, the maximum tensile stress of the roof plate decreases very little with the increase of the filling rate when the working face length is less than 60 m, and even remains basically unchanged.
At the same time, the maximum tensile stress in the roof increases significantly with the increase of the working face length regardless of the filling rate. However, when the filling rate is low, the roof tensile stress changes significantly with the length of the working face, and the increase slows down gradually with the increase of the filling rate. When the filling rate of the goaf is 60%, 70%, 80% and 90%, the increase of maximum tensile stress of the roof corresponding to the increase of the working face length from 40 m to 90 m is 352.38%, 328.57%, 290.48%, and 221.43% respectively.
To sum up, under the layout of short-wall filling mining face, the sensitivity of the maximum tensile stress of the roof to the length of the working face is better than the filling rate. In the design process of mining parameters, the length of the working face should be taken as the main factor to control the development of roof cracks, but the filling must be used to prevent the development of cracks caused by the slow deformation of the roof.
4 WORKING FACE DESIGN BASED ON ELASTIC FOUNDATION COEFFICIENT
It can be seen from the above section that the length of the working face plays a key role in controlling the maximum tensile stress of the roof in the main controllable factors of SCFM. According to the operation process of SCFM, taking five working faces of single mining cycle as an example, the stress analysis of the interaction system composed of coal body, filling body and roof in each mining step is carried out. It is easy to know that the deformation of overlying strata is always controlled by the three mining units of the current mining face and the left and right adjacent mining affected areas. Therefore, the design principle of working face length is that the roof control range of three working units should be greater than the stress concentration area. When the solid coal is recovered by filling, the combination of roof and filling body forms a coupling system of stress and deformation. In order to facilitate the analysis, the three operating units are regarded as the foundation synergy with different elastic coefficients to jointly control the roof subsidence.
In a single mining cycle, the supporting capacity of the overall structure composed of roof and floor, coal pillar and filling body to the overlying strata is related to the mining state of different stages of the working face. The following is an analysis of the three basic structures formed during the single mining cycle, and then the different states of the combination of coal pillar and filling body during the whole mining period are analyzed.
(1) Structure 1:
Structure 1 consists of a filling body and its two adjacent working faces, whose stress state under the action of roof and floor is shown in Figure 5. The filling body is in the stage of being compacted and sunk, and the small elastic foundation coefficient causes the stress of the two adjacent working faces to rise. The relationship between the three units and the roof is established by the elastic foundation theory, as shown in Eq. 8.
[image: image]
[image: Figure 5]FIGURE 5 | Structure 1 stress analysis diagram.
In the formula, k1 is the elastic foundation coefficient of coal pillar unit; k is the equivalent elastic foundation coefficient; q2 is the load of coal pillar and filling body; w1 and w2 are the deformation of coal pillar and filling body unit; L1 is the length of working face to be mined; l is the length of the mined face.
Solving Eq. 8, the relationship between the length of working face and elastic foundation coefficient can be expressed as:
[image: image]
In the formula, E0 is the elastic modulus of filling body; h1 is the height of filling body.
(2) Structure 2:
Structure 2 is composed of two filling bodies sandwiched by a working face to be mined. The stress state of structure 2 under the action of roof is shown in Figure 6. The working face to be mined temporarily becomes the main bearing body in the structure at this stage, and the stress increases obviously. The relationship between the three units and the roof is established by the elastic foundation theory as shown in Eq. 10.
[image: image]
[image: Figure 6]FIGURE 6 | Structure 2 stress analysis diagram.
By solving the Eq. 10, the relationship between the working face length and the elastic foundation coefficient in the case of structure two can be expressed as follows:
[image: image]
(3) Structure 3:
As shown in Figure 7, the third structure is a working face to be mined plus two asymmetric filling bodies, that is, the size of the filling areas on both sides is inconsistent, resulting in an asymmetric increase in the stress of the working face to be mined. The relationship between the three units and the roof is established by the elastic foundation theory as shown in Eq. 12.
[image: image]
[image: Figure 7]FIGURE 7 | Structure 3 stress analysis diagram.
Solving Eq. 12, the relationship between the length of working face and elastic foundation coefficient can be expressed as:
[image: image]
From the process flow of SCFM, it can be seen that different mining stages in the mining area during the whole mining period are the combination of the above three conditions. By combining the above three conditions, the stress conditions of different stages in the whole mining process can be obtained, and then the influence of the length of the working face on the elastic foundation coefficient can be obtained, and the reasonable distance between the length of the working face L1 and l can be analyzed. According to the elastic foundation coefficient and the force balance condition, in order to ensure that the stress appears within a reasonable range, the interval distance between the first and the fifth mining face is respectively (14)–(18).
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From the above-mentioned analysis of the workface spacing distance elastic foundation expressions for each recovery step, it can be seen that the stress is greatest at the time of the fourth recovery operation and the highest requirements for workface spacing. And the structure consisting of the filling area and the working face to be mined varies with the size of the working face. When the length of the working face is not consistent, it is more conducive to the release of the support pressure, but it will have a negative impact on the mining process. In order to balance the requirements for overlying rock control and to coordinate the production process to improve mining efficiency, the distance with the highest requirements for workface spacing was chosen as the workface length. Substituting the specific parameters of the study mine in Section 2, and considering a certain safety factor, we get that the roof control range of the three operating units is larger than the stress concentration zone when the length of the fourth recovery operating face is 40 m.
5 SCFM OVERBURDEN HYDRAULIC CONDUCTIVITY FRACTURE DEVELOPMENT
5.1 Overburden hydraulic conductivity fracture peak point analysis
Generally the overburden rock appears collapse, fracture, bending and other characteristics from bottom to top after the coal seam is retrieved, and the development height of the fracture zone is directly related to whether the overburden aquifer can be conducted (Miao et al., 2011; Liu et al., 2017). The rock strata in the range of fractured zone have the characteristics of maintaining the original layer state, but the hard rock strata in this range are easy to break and crack, which makes the water seepage phenomenon, while the soft rock strata have good toughness and allow large deformation, which has a good barrier effect on the seepage of water (Xie et al., 2021). After the rupture of the hard roof in the lower side, under the combined action of stress release and the weak rock layer above, the fracture of the overlying rock may terminate here. The critical breaking height of the soft rock layer in the overlying rock layer is regarded as the peak point of the development of water flowing fracture (Liu et al., 2019; Li et al., 2021).
The soft rock stratum is bent and sunk by the support of the coal walls on both sides, and the critical rupture position is related to the span between the coal walls. When the span is large, the maximum curvature of soft rock occurs above the side of coal wall. When the span is small, the maximum curvature of soft rock occurs right above the middle of the mining area. In this paper, the soft rock stratum is regarded as a fixed beam model, as shown in Figure 8, and the peak point of overburden fracture development after the whole period of SCFM is analyzed.
[image: Figure 8]FIGURE 8 | Mechanical model of solid support beam for overlying soft rock formations.
The bending deflection equation of the fixed beam model is :
[image: image]
In the formula, w3 and l1 are the deflection and span of the fixed beam in the overlying weak rock stratum respectively. The effective load q3, elastic modulus E2 and inertia moment I to z axis of the weak strata of overlying strata are respectively brought into Eq. 19 to obtain:
[image: image]
Based on the deformation deflection curve of the fixed beam obtained above, the maximum deflection of the fixed beam model of overburden rock is:
[image: image]
At the same time, the rotation angle equation of fixed beam is:
[image: image]
The curvature equation of fixed beam is:
[image: image]
In the formula, ρ is the radius of curvature of the soft rock layer. Under the condition of bending deformation of soft rock stratum, the smaller the radius of curvature, that is, the greater the curvature, the greater the tensile deformation. Therefore, the maximum value of the curvature equation of the clamped beam in the soft rock layer of Eq. 23 can be obtained and the deformation at this position (generally 2 mm/m) can still maintain the integrity of the entire soft rock layer, that is, the critical span can be obtained (Zhao et al., 2018; Li, 2019). The allowable limit span under the condition of maximum horizontal deformation of soft rock stratum is:
[image: image]
The distance from the upper and lower boundaries of the soft rock strata to the roof of the coal seam is the height of the water-conducting fracture development, and this position is the peak point at different positions of the water-conducting fracture development.
5.2 Overburden fracture development height under the whole area recovery condition
The dip direction of the third panel of the mine is more than 1000 m, and the distance from the boundary of the second and third panels to the boundary of the third and fourth panels is about 700 m in the strike direction. The number of working faces and mining size in the strike direction should be designed according to the allowable development height of the water flowing fracture in the overlying strata. The development height of the water flowing fracture must also meet the control requirements after the completion of the mining in the whole area.
The main aquifer in the third panel is the Luohe Formation aquifer, and the main aquifuge is the Anding Formation aquifuge. Through the analysis of drilling data, it can be seen that the thickness of the effective interval between the coal seam roof and the lower boundary of the Luohe Formation aquifer is 100 m, and the thickness of the Anding Formation aquifuge is about 35 m. Considering a certain safety factor, it is considered safe to control the development height of the overburden rock fracture within 65 m. The distribution of overlying soft rock strata in the third panel is shown in Figure 9.
[image: Figure 9]FIGURE 9 | Mechanical parameters of overlying rock layers in three panels.
According to the height of overburden deformation and fracture development in the mine can’t exceed 65 m, it is concluded that the 9th layer of sandy mudstone in the overlying strata is the critical soft rock layer. The critical span obtained under the condition of critical tensile deformation is the maximum mining width allowed after the whole mining of the third panel. Through the Eq. 25, the load q3 of the 9th layer of soft rock is 0.78 Mpa.
[image: image]
Substitute the actual parameters of the 9th layer of soft rock formation into the above Eq. 24 and design the fixed beam according to the requirement that the width of the solid support beam is 1/2–1/3 of the height and the height is 1/10–1/12 of the span, and the load is the line load along the span direction, and take the maximum span of 200 m with certain safety factor. The strike distance of the whole mining area between the boundary coal pillars in the third panel is 693 m. It can be seen that the 9th soft rock layer will be destroyed and produce cracks after the whole mining area is mined. Therefore, according to the previous analysis, the third panel is designed as follows.
As shown in Figure 10, the strike length of the three-panel area of the study mine is approximately 700 m, which far exceeds the critical span of 200 m for the 9th soft rock layer, so the critical span of 200 m is used as a mining cycle, where each working face is 40 m long and divided into 5 working faces. In order to ensure that the overburden deformation fracture development is still within the control range after the mining range is increased, a distance of one working face length is spaced between two adjacent mining cycles, so that the cycle completes the design of the entire pan area recovery work, the calculated overburden hydraulic fracture development height is 58.45 m.
[image: Figure 10]FIGURE 10 | Parameter design diagram of the three-panel area of the mine.
In order to verify the actual development height of the hydraulic fracture zone after the whole area has been re-mined, 2 months after the completion of filling and re-mining in the three pans, when the hydraulic fissure zone is fully developed to its maximum height, a drilling site is set up in the liaison road between the auxiliary transport roadway and the transport roadway on the outside of the stopping line of the first mining face in the three pans, and an inclined drilling hole is constructed in the direction of the goaf. Drill holes 1# to 3# are exploratory drill holes, avoiding the fall zone and penetrating diagonally to a certain height above the top boundary of the expected fissure zone. The drill hole 4# was drilled diagonally towards the coal pillar of the pan area and was a comparison drill hole not affected by mining. The parameters of drill holes 1–4# are shown in Table 1. The leakage per unit time of each section of borehole is measured by the method of segmented water injection into the inverted hole, and the development height of water flowing fractured zone is analyzed by the change of leakage. The borehole layout and the leakage per unit time are shown in Figure 11.
TABLE 1 | Drilling design parameters.
[image: Table 1][image: Figure 11]FIGURE 11 | Upward hole segmented water injection method, (A) Borehole layout, (B) Unit time leakage water loss and borehole vertical height histogram.
As shown in Figure 11, each section of 4# contrast borehole has different sizes of leakage, water injection leakage changes in the range of 2.1–6.7 L/min, in the drilling depth of 50–68 m and 110–113 m interval, the corresponding vertical height of 41–55.8 m, 90.2–92.6 m leakage showed two smaller peaks, the average leakage interval reached 5.64 L/min. The leakage in the contrast hole reflects the existence of primary cracks and certain permeability and water absorption when the rock layer is not broken and moved. The primary cracks and water absorption of the rock layer at the aquifer of Zhiluo Formation and the junction of the aquifuge of Anding Formation and the lower aquifer of Luohe Formation are larger than other rock layers. The net leakage can be obtained by subtracting the leakage of the corresponding section 4# background hole from the unit time leakage of each section of 1–3# borehole, so as to reduce the error caused by the primary fracture.
The maximum water loss per unit time of 1–3# boreholes is much larger than that of 4# comparative boreholes. The maximum values are 34.6 L/min, 25.4 L/min and 27.9 L/min, respectively, and the corresponding vertical heights are 60.9 m, 58.2 m and 55.8m, respectively. It can be seen from the histogram of 1# hole leakage per unit time that when the vertical height is less than 19.5 m, the corresponding leakage is not much different from that of 4# contrast hole, indicating that the rock strata in this section may not be destroyed or in the compacted dense area. In the vertical height range of 19.5–60.9 m, the leakage shows an exponential upward trend until it reaches the maximum. This section should enter the water-conducting fracture zone, the gap is developed, and the rock mass is more damaged. After the vertical height of 60.9 m, the leakage decreases rapidly with the increase of the hole depth. After the vertical height of 65.5 m, the leakage has dropped below 10 L/min. The net leakage after subtracting the leakage of 4# contrast hole is less than 5 L/min on average. It shows that the development of water-conducting fractures caused by mining is small after the vertical height of 60.9 m.
The unit time leakage of 2# and 3# holes increases rapidly to the peak value from the vertical height of 41 m and 35 m respectively, and the distance to the fracture zone is farther than that of 1# hole. And the leakage volume decreases to 10 L/min near 77.1 m and 73.5 m deep (corresponding to a vertical height of 63 m) in both holes, which is about the junction of the water-bearing layer of the Zhiluo Formation and the water-insulating layer of the Anding Formation. This indicates that the development of the fracture has stopped below the water barrier of the Anding Group, and a comparison of the leakage in the latter part of the peak leakage per unit time in holes 2# and 3#, i.e., the leakage in the water barrier of the Anding Group, with the leakage in this section in the comparison holes also shows that the hydraulic fissures have not continued to develop upwards.
To sum up, through the comprehensive analysis of the leakage amount per unit time in 1–3# measurement boreholes and 4# comparison boreholes, it can be seen that the measured value of the development height of the hydraulic fissure zone in the whole area of the three pans after recovery is more in line with the calculated value, basically developing to the bottom of the water barrier of the stability group and stopping, none of them exceeds the safe hydraulic fissure zone height of 65 m.
6 CONCLUSION
(1) A model of the forces on the roof of a SCFM face was established to study the influence of two major controllable factors, namely the size of the working face and the infill rate, on the roof of an backfill coal mining face. The results show that the maximum tensile stress in the roof under the short-wall working face arrangement is more sensitive to the length of the working face than the filling rate, so the length of the working face should be the main factor in the design of the mining parameters to control the roof fracture development.
(2) Based on the elastic foundation coefficient, the length of the working face in a single mining cycle is designed. The whole SCFM process is always regarded as the process of controlling the deformation of the overlying strata by the three mining units of the current mining face and the left and right adjacent mining affected areas. Three basic structures composed of filling body, coal body and roof formed during a single mining cycle are constructed. Taking five working faces as examples, the stress of each step in a single mining cycle is analyzed. The results show that the fourth step of the mining cycle has the highest requirement for the working face interval. When the length of a single working face is designed to be 40 m, the roof control range of the three working units is greater than the stress concentration area.
(3) Taking the research mine as the engineering background, the layout of the SCFM working face in the whole area of the three panels was designed, and the development height of the water-conducting fracture under the condition of the whole mining area was calculated to be 58.45 m. Through the inverted hole water injection exploration method, it is verified that the actual development height of the water flowing fracture after mining and filling is close to the calculated value, and both exceed the safe height of 65 m.
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