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Hydraulic fracturing creates slots on the coal surface through the impact of high-pressure water jets, resulting in stress gradients in the surrounding coal, thereby inducing stress release and increasing gas extraction efficiency. It is an effective measure to prevent coal and gas outbursts. Numerical simulations demonstrate that high-pressure water jets generate slots in the coal, leading to stress gradients in the surrounding coal. These stress gradients drive the coal to move gradually towards the slots, thereby releasing stress. The stress unloading degree in the Y direction is greater than that in the X and Z directions. Damage occurs in the coal near the slots, causing a significant increase in the number of fractures within the coal, which improves gas extraction efficiency. The study reveals the variation in stress unloading of coal between hydraulic fracturing boreholes and extraction boreholes in adjacent positions. By cross-referencing various factors in numerical simulations, the extent of damage in different directions caused by slot formation under different factor combinations is determined. A mathematical model for the range of coal damage surrounding the slots is obtained through MATLAB fitting. The research findings provide references for on-site testing and applications of high-pressure water jet technology.
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1 INTRODUCTION
The mechanism of coal and gas outbursts has been extensively studied in the academic community, leading to a comprehensive and widely accepted explanation known as the integrated action hypothesis (Taylor, 1852; Halbaum, 1899; Jou, 2000; Li and Lin, 2010). Conducting research and applications on the intensified unloading and permeability enhancement of low-permeability coal seams contributes to finding solutions and preventive measures for coal and gas outburst accidents (Liu et al., 2014; Zarrouk and Moore, 2009; Liu et al., 2011; Soliman, 1999).
Hydraulic fracturing exhibits significant effects on relatively hard coal formations. By subjecting the coal to high-pressure water jet impacts, slots are formed, leading to unloading and permeability enhancement in the surrounding coal, thereby increasing gas extraction efficiency. Therefore, hydraulic fracturing is an effective measure for preventing outbursts. Zheng et al. (2014) proposed two hydraulic fracturing methods, namely, “strong water rapid cutting” and “fine water slow cutting.” They investigated the effects of different fracturing methods on borehole jets through numerical simulations and field experiments. Li et al. (2014) conducted multiple experiments to explore the characteristics of pressure-flow during the transition process, clarifying the systemic energy characteristics and energy dissipation rules in this process. Yuan et al. (2013) addressed the difficulty of controlling transient pressure and flow during the operational transition of hydraulic fracturing systems. They tested the transient pressure and flow for different nozzle and valve core structural parameters, studying the impact of nozzle and valve core structural parameters on transient pressure and flow. Tang et al. (2012) conducted theoretical and numerical simulation studies on the effectiveness of hydraulic fracturing. Song et al. (2011) analyzed the stress changes induced by hydraulic fracturing in terms of stress variation angles. They employed theoretical analysis and numerical simulation methods, based on the permeation mechanics theory of planar radial flow, to conduct in-depth analysis and exploration of the permeability enhancement principles of hydraulic fracturing. Feng et al. (2001) conducted large-scale coal sample experiments to study the phenomenon of coal and gas outbursts during hydraulic fracturing. They investigated the outburst mechanism of coal and gas during hydraulic fracturing using a combination of experimental and simulation approaches. Zhang et al. (2013) studied the hydraulic fracturing process, proposing that slots formed through hydraulic fracturing in the coal release gas from the outburst coal seam, leading to the release of geological stress. Li et al. (2015) studied the permeability enhancement principle of the combined hydraulic fracturing and hydraulic fracturing techniques used during pre-drainage of coal seam gas. They conducted comparative experiments in the field. Duan et al. (2002) demonstrated that fracturing can increase gas extraction through experiments on the permeability enhancement of coal using large-scale hydraulic fracturing. Wu et al. (2009) analyzed the “bottleneck effect” caused by stress concentration around boreholes and investigated the influence of stress perpendicular to the slot plane, maximum principal stress, and the angle between the slot and stress on unloading through numerical simulations. Zhao and Feng, 2001 studied the methods to enhance the permeability of low-permeability coal seams under the solid-gas coupling effect through experiments. Wang et al. (2015) studied the spatial relationship between coal galleries and bottom drawing galleries, determined the reasonable layout area for bottom drawing galleries, and established a mathematical model for calculating the length of boreholes. Huang et al. (2011) investigated the generation of coal fractures during the hydraulic fracturing process through theoretical research. Long et al. (2011) developed a rapid coal cutting technique using combined deep hole pre-split blasting and high-pressure hydraulic fracturing. They optimized the borehole layout and hydraulic parameters of high-pressure hydraulic fracturing. Fu et al. (2014) studied a water hydraulic integrated technology based on regional gas control, including drilling, fracturing, pressurization, unloading, and injection processes.
Due to the complexity of the coal fracturing process, there are research gaps in understanding the unloading and destructive effects of slots formed by hydraulic fracturing on surrounding coal, as well as the range of damage in different directions. In this study, based on rock mechanics and elastoplastic mechanics, FLAC3D numerical simulation software was employed to investigate the stress-strain and fracture characteristics of the coal surrounding the slots formed by high-pressure water jets. Numerical simulations were conducted to analyze the mutual influence of unloading effects among multiple fracturing boreholes, and the synergistic unloading effects between slots were studied under different borehole arrangement scenarios. Finally, a mathematical model was established to describe the range of coal fracturing caused by hydraulic fracturing.
2 INFLUENCE LAW OF SLITTING ON THE PRESSURE RELIEF OF COAL AROUND THE SLIT
2.1 Numerical model construction
The parameters of the numerical calculation model were set based on the actual conditions of Coal Seam No. 6 in Tanjiachong. A rectangular model was established, with a cylindrical outer layer surrounding the surrounding rock in a radial grid. Due to the far distance from the borehole and the predominance of stress effects, it is less prone to deformation and failure, thus a larger grid size was set. The numerical model units were set to 1 m in the X and Z-axes, and 0.05 m in the Y-axis. The inner surrounding rock was modeled as a cylindrical shell, considering its proximity to the borehole and the likelihood of deformation and failure. Therefore, a smaller grid size was used, with unit dimensions of 0.5 m in the X-axis, 0.05 m in the Y-axis, and 0.5 m in the Z-axis. The core part of the model was the borehole model, which had a cylindrical shape. The unit dimensions were set to 0.25 m in the X-axis, 0.05 m in the Y-axis, and 0.25 m in the Z-axis. The model was established with dimensions of 17 m in strike, 10 m in dip, and 17 m in height, and considering the hardware limitations, the slot depth was set to 1 m. The numerical calculation model consisted of a total of 53,600 elements. According to the site conditions, the strike direction of the working face was set as the X-axis, and the dip direction was set as the Y-axis. The material assignment parameters for the numerical model are shown in Table 1.
TABLE 1 | The mechanical parameters in numerical simulation.
[image: Table 1]The model materials were treated as elastic, and the numerical simulation adopted the Mohr-Coulomb constitutive model. The calculation precision was set to 10−5. The shear modulus and bulk modulus in the material parameters were assigned with large values to prevent plastic failure during stress initialization. Finally, an initial stress field was applied to the model after stress initialization. The stress distribution after stress initialization is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Initial stress field vertical stress state.
2.2 Stress variation law of coal mass around the slot
The basic parameters of the numerical model were set as follows: slot depth of 1m, slot width of 0.2m, and water jetting pressure of 30 MPa. For observation convenience, the model was sliced after the simulation, as shown in Figure 2. Panel a represents a slice perpendicular to the Y-axis, panel b represents a slice perpendicular to the Z-axis, and panel c represents a slice perpendicular to the X-axis. Panels a, b, and c show the stress distribution cloud maps in the respective directions. Panels d, e, and f are enlarged views of the research area, with the left side of the cloud maps removed. From the stress cloud maps, it can be observed that the stress distribution around the coal mass near the slot follows a trend of gradually decreasing stress in the X and Y directions. Additionally, a symmetric distribution can be observed, with the symmetry center located at the midpoint of the slot. The stress distribution around the slot shows a decreasing trend in the Y direction. Furthermore, a symmetric distribution can be observed, with the symmetry center also located at the midpoint of the slot. The difference from the stress distribution in the X direction is that it exhibits a “butterfly” shape on the cross-section. The stress distribution in the Z direction is similar to that in the X direction. It decreases gradually from near the slot towards the outside and exhibits a symmetric distribution centered at the midpoint of the slot. Outside the influence area of the slot until the model boundary, the coal mass remains unaffected by the slot. Additionally, from the stress cloud maps in panels d to f of Figure 2, it can be seen that the coal mass around the slot experiences positive stress, indicating that it is subjected to tensile stress. Furthermore, the decreasing trend of tensile stress is significant. This trend is attributed to the slot depth being much greater than its width due to hydraulic slot cutting, resulting in a higher degree of stress relief in the Y direction compared to the X and Z directions.
[image: Figure 2]FIGURE 2 | Stress distribution cloud of the single slotting: (A,D) Slice perpendicular to the Y-axis; (B,E) Slice perpendicular to the Z-axis; (C,F) Slice perpendicular to the X-axis.
For quantitative analysis, observation points were set at different distances from the center of the slot within the model to obtain the stress values at these points after numerical simulation. The corresponding stress concentration factors were calculated, as shown in Table 2. The table also reflects the same stress variation pattern as the cloud maps, that is, for the same distance from the center of the slot, the stress relief in the Y direction is much greater than in the X and Z directions.
TABLE 2 | Stress concentration factor of different center distance.
[image: Table 2]The volumetric stress unloading variation of the coal mass in the X, Y, and Z directions corresponding to different stress concentration factors is shown in Figure 3. Within the entire range of stress concentration factors, for larger stress concentration factors, the corresponding volumetric stress unloading is smaller, consistent with the previously studied stress distribution patterns. Furthermore, when the stress concentration factor is relatively large, it can be observed from the graph that the stress concentration factor in the Y direction is greater than in the other two directions. This is due to the slot depth being much larger than the slot width, resulting in greater stress relief in the Y direction. Conversely, when the stress concentration factor is relatively small, the stress relief in the Y direction is smaller than in the X direction. This is because the hydraulic slot cutting produces a much larger slot depth in the X direction compared to the Y direction, leading to better stress relief in the X direction. From Figure 3, it can be seen that the rate of increase in volumetric stress unloading varies for each direction. As the stress concentration factor increases, the rate of decrease in volumetric stress unloading accelerates for each direction. When the stress concentration factor is large, the rate of decrease in volumetric stress unloading is slower in the Y direction compared to the other directions, indicating that the stress relief effect is better in the Y direction when the hydraulic slot width is much smaller than its depth.
[image: Figure 3]FIGURE 3 | Relationship between concentration factor and unloading volume.
After the implementation of hydraulic slotting measures, the stress at the edge of the slot where coal has been ejected is zero. From the edge to the deep part of the coal mass, the pressure gradient forces the coal to move. When the distance from the slot is far, the stress concentration factor is low, indicating that for coal closer to the slot, the slot plays a crucial role in stress relief, although the stress relief effect diminishes rapidly with increasing distance. Additionally, as analyzed earlier, due to the geometric characteristics of the slot, the stress concentration factor in the Y direction is greater than in the other directions, indicating that the stress relief effect in the Y direction is better.
2.3 Destruction law of coal mass around slots
After hydraulic slotting, based on the previous research, different stress distributions exist at different distances from the slot, resulting in varying stress concentration factors. When the stress exceeds the ultimate strength limit of the coal mass, the coal will be crushed and enter a plastic state. Coal in a plastic state is highly unstable and forms numerous cracks internally, while its strength rapidly decreases. The development and extension of internal cracks in the coal mass lead to a sharp increase in permeability, enabling gas migration channels within the coal mass to connect. As a result, the gas moves more quickly towards the slot space, and when gas drainage is conducted, it significantly improves the efficiency of gas extraction, ultimately eliminating the risk of outbursts. Compared to other areas, coal mass in a plastic state has minimal outburst risk because it possesses very little elastic potential energy and gas kinetic energy, lacking the conditions for dynamic phenomena to occur. The range of coal mass around the slot in the plastic state is shown in Figure 4.
[image: Figure 4]FIGURE 4 | The map of plastic zone: (A) Slice perpendicular to the Y-axis; (B) Slice perpendicular to the Z-axis; (C) Slice perpendicular to the X-axis.
For observation convenience, the model was sliced after the simulation, as shown in Figure 4. Panel a represents a slice perpendicular to the Y-axis, panel b represents a slice perpendicular to the Z-axis, and panel c represents a slice perpendicular to the X-axis. From Figure 4A, it can be observed that the plastic zone distribution in the vertical direction (Y-axis) presents an elliptical shape, with a larger horizontal extent of plastic damage compared to the vertical extent. This is because the horizontal stress applied to the borehole is greater than the vertical stress, making the coal mass more susceptible to horizontal damage. From Figure 4B, it can be seen that the impact of the slot on the surrounding coal mass is much greater than that of the hydraulic slotting borehole, indicating that hydraulic slot cutting is more effective in gas extraction compared to solely drilling holes. Due to the much greater depth of the slot compared to its width, the area of the coal mass in the plastic failure zone is much larger in the direction parallel to the borehole than in the direction perpendicular to the borehole. From a three-dimensional perspective, the distribution of coal mass in the plastic zone is similar to that of the slot model, but with a larger diameter. As concluded earlier, the stress unloading in the Y direction is greater than in the other directions, and this can also be observed from the plastic zone diagram. The plastic zone in the Y direction is larger than in the other directions. By examining the stress unloading level at the boundary of the plastic zone, observation points were set at different distances from the center of the slot to determine the stress unloading at the boundary of the plastic zone. It can be concluded that the stress unloading is significant at the boundary of the plastic zone for all coal masses within the plastic zone. For practical application, the range of the slot’s influence can be determined by the radius of the plastic zone, avoiding blind areas in gas extraction and thus preventing outbursts.
3 THE LAW OF SYNERGISTIC PRESSURE RELIEF BETWEEN SLITS
This section investigates the mutual influence of stress relief under three different arrangements: parallel placement of slot cutting and gas extraction boreholes, parallel placement of slot cutting boreholes, and intersecting placement of slot cutting boreholes. The stress relief mutual interaction patterns in the case of multiple slot cutting boreholes are summarized. The numerical model parameters were set as follows: coal seam depth of 400 m, water jet pressure of 30 MPa, slot depth of 1 m, slot width of 0.2 m, and slot spacing of 3 m.
3.1 Influence of slotted drilling on gas drainage drilling
A new model was established with a distance of 3 m between the slot cutting boreholes and the gas extraction boreholes. Figure 5 shows the stress-strain cloud map of the coal mass between the slot cutting boreholes and the gas extraction boreholes, and Figure 6 shows the plastic zone distribution.
[image: Figure 5]FIGURE 5 | Contour and displacement map of drilling and slotting model: (A) Contour map of drilling and slotting model; (B) Displacement map of drilling and slotting model.
[image: Figure 6]FIGURE 6 | Block state of drilling and slotting model.
The distance between the center of the slot cutting borehole and the center of the gas extraction borehole was set to 3 m. As revealed by the previous numerical simulation, the gas extraction borehole falls within the effective range of hydraulic slot cutting. From the stress distribution cloud map, it can be observed that there is a small stress relief area around the gas extraction borehole after its construction. After hydraulic slot cutting, the coal mass on the left side of the gas extraction borehole falls within the effective range of hydraulic slot cutting, resulting in significant deformation and noticeable stress relief. The influence of hydraulic slot cutting gradually reduces the stress relief range in the X direction on the left side of the gas extraction borehole, while the changes in stress relief range in other directions are not significant. The comparison of stress relief effects on both sides of the gas extraction borehole is evident. The plastic damage zone map shows that the coal mass between the slot cutting borehole and the gas extraction borehole has undergone complete plastic deformation due to the effect of slot cutting. Therefore, when arranging slot cutting boreholes, if the distance between two boreholes is smaller than the effective stress relief range of hydraulic slot cutting, it is possible to construct only one hydraulic slot cutting borehole to effectively reduce the workload.
3.2 Influence of parallel arrangement between kerf boreholes for pressure relief
The previous section examined the influence of hydraulic slot cutting boreholes on the stress relief of adjacent gas extraction boreholes. This section simulates the mutual influence of stress relief in the coal seam when two hydraulic slot cutting boreholes are placed in parallel. A new model was established with a distance of 5 m between adjacent slot cutting boreholes. The stress variation cloud map of the coal mass is shown in Figure 7, and the plastic zone distribution is shown in Figure 8.
[image: Figure 7]FIGURE 7 | Contour map of parallel slotting model.
[image: Figure 8]FIGURE 8 | Block state of slotting model.
From the stress distribution cloud map, it can be observed that when two hydraulic slot cutting boreholes are placed horizontally with a distance of 5 m, the stress relief range gradually increases from the start of hydraulic slot cutting, and the displacement range of the coal mass also expands. The coal mass in the middle is affected by the deformation of the coal masses on both sides due to the synergistic stress relief effects. The stress relief range in the middle is greater than that of a single hydraulic slot cutting measure. The simulation was conducted for 5,000 steps, and after the numerical simulation, the coal mass between the horizontally adjacent hydraulic slot cutting boreholes has undergone complete stress relief.
From the plastic damage zone map, it can be observed that the coal mass is significantly affected by the hydraulic slot cutting measures on both sides, resulting in greater plastic damage compared to a single hydraulic slot cutting borehole. After the numerical simulation, the coal mass between the horizontally adjacent hydraulic slot cutting boreholes has completely undergone plastic deformation, confirming the synergistic stress relief effects when slot cutting boreholes are arranged in parallel.
3.3 Influence of pressure relief on cross-arrangement of kerf drilling
This section focuses on the mutual stress relief effects of intersecting hydraulic slot cutting boreholes. Two slot cutting boreholes were placed with a center-to-center distance of 5 m in the X-axis direction and 2 m in the Y-axis direction. The coal mass between the two boreholes is affected by the intersecting placement of the slot cutting boreholes. The stress cloud map is shown in Figure 9, and the plastic zone is shown in Figure 10.
[image: Figure 9]FIGURE 9 | Contour map of parallel slotting model.
[image: Figure 10]FIGURE 10 | Block state of slotting model.
From the stress distribution cloud map, it can be observed that when two hydraulic slot cutting boreholes are placed in an intersecting pattern, the coal mass between the two slots is subjected to stress relief not only in the X direction but also in the Y direction. When affected by stress relief from two different directions, the stress relief is greater than that of a single hydraulic slot cutting borehole. After the numerical simulation, the coal mass between the two hydraulic slot cutting boreholes has undergone complete stress relief.
From the plastic damage zone map, it can be seen that the coal mass is significantly affected by the two intersecting slots, resulting in greater plastic damage compared to a single hydraulic slot cutting borehole. After the numerical simulation, the coal mass between the two hydraulic slot cutting boreholes has completely undergone plastic damage due to the effects of the intersecting slot cutting measures. Therefore, the implementation of intersecting slot cutting boreholes can effectively increase the stress relief range and reduce the engineering workload.
4 RESEARCH ON MATHEMATICAL MODEL OF COAL DAMAGE RADIUS
The depth of the slot cutting has a greater influence on the plastic zone in the Y direction, while its impact on the X and Z directions is smaller. The width of the slot cutting has a greater influence on the plastic zone in the X and Z directions, while its effect on the Y direction is smaller. Therefore, a simplified mathematical model is derived based on the geometric characteristics of the slot. The failure radius of the disc-shaped slot cutting in each direction is given by:
[image: image]
Here, [image: image] is the slot depth, [image: image] is the slot width, [image: image] is the in-situ stress, [image: image], [image: image] and [image: image] represent the plastic zone range in the respective directions.
The in-situ stress is represented by the coal seam depth [image: image]. To determine [image: image], [image: image], [image: image], a numerical simulation plan is designed with the parameters arranged in a cross-combination, as shown in Table 3.
TABLE 3 | The relationship between the parameters of plastic area.
[image: Table 3][image: image]
Substituting Eq. 2 into Eq. 1, the failure radius of the slot cutting in each direction can be determined as:
[image: image]
With the aid of this mathematical model, the failure range of the slot cutting in each direction can be quickly determined based on the slot parameters, providing reference for the layout of hydraulic slot cutting boreholes in practical applications.
5 CONCLUSION
A numerical model of coal mass subjected to high-pressure water jet slot cutting was established using FLAC3D software. The model parameters were determined based on the analysis of the regional coal seam conditions. The stress-strain behavior and failure characteristics of the surrounding coal mass after slot cutting were investigated, as well as the synergistic stress relief effects under different slot cutting layouts. The main conclusions are as follows.
(1) Numerical simulations of the stress variation in the coal mass surrounding the slot cutting revealed that the construction of hydraulic slot cutting in the coal seam resulted in the formation of slots through the impact of high-pressure water jets. This created stress gradients in the surrounding coal mass, driving the coal mass to gradually move towards the slots and release stress. Due to the significantly greater depth of the slots compared to their width, the stress relief in the Y direction was greater than in the X and Z directions. Plastic deformation zones were observed in the coal mass near the slots, indicating damage to the coal mass and an increase in the number of cracks, thereby enhancing gas extraction efficiency.
(2) The stress relief variations in the coal mass between adjacent hydraulic slot cutting boreholes and gas extraction boreholes were obtained. The synergistic stress relief effects between the slots can enhance the stress relief in the coal mass between them. When hydraulic slot cutting boreholes were arranged in a crossed pattern, the stress relief in the coal mass between the slots was more significant compared to parallel arrangements. Therefore, the use of crossed arrangements can appropriately increase the spacing between slots to improve engineering efficiency.
(3) The failure range of the coal mass surrounding the slots under different combination conditions was determined through simulation studies. Based on the simulation results, a mathematical model for the failure range of the coal mass surrounding the slots was obtained by curve fitting using MATLAB. This model can provide a reference for practical applications in the field.
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