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In order to explore a new method and mode of gently inclined hard roof treatment, the hydraulic fracturing axial roof cutting technology based on abrasive jet is introduced, and the key technical parameters of abrasive jet axial cutting and fracturing are determined based on indoor experiments and field industrial experiments. Taking the mining of working face under the condition of hard roof in Kuangou Coal Mine as the background, the implementation process and the effect of mining process are tested by means of water pressure gauge, drilling peep and observation well water level observation, mi-croseismic monitoring, support fracture monitoring and coal stress monitoring. The research results show that the key technical parameters of slotting and fracturing are mastered in the axial cutting test of abrasive jet. Wherein the kerf depth is 200 m, the kerf length is 300 m, the kerf pressure is 40–50 mpa, the fracturing pressure is 50–55 mpa, and the fracturing time is 20–30 min. After grooving fracturing, the cracks in the roof strata are effectively generated and expanded, which destroys the integrity of the roof, and the fracturing radius is 10–20 m. During the mining period, compared with the tradi-tional blasting technology, the concentrated area of microseismic events was shifted from 80 m in front of the working face to 130 m after the combined treatment of abrasive jet axial roof cutting and blasting, and the microseismic energy release was mainly small energy events. After the application of abrasive jet axial roof cutting and scour prevention technology in hard roof, the periodic weighting step is obviously reduced, the influence range of mining stress and stress concentration coefficient are obviously reduced, the activity intensity and dynamic load effect of surrounding rock are obviously weakened. The research results provide a basis for effective prevention and control of rockburst disasters under the condition of hard roof.
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1 INTRODUCTION
With the increasing depth of coal mining, rockburst accidents occur frequently. Ac-cording to statistics, there are more than 170 rockburst mines in China. Hard roof is one of the main disaster-causing factors of rock burst or strong ground pressure during coal mining. Its hard roof has the characteristics of good integrity, high strength and strong ability to bear overlying load, which provides high static load and strong dynamic load for the occurrence of rock burst (Pan et al., 2003; Pan et al., 2012).
At present, the methods of blasting roof breaking and hydraulic fracturing are widely used at home and abroad to weaken the hard roof. In view of the large-area hanging roof of the working face during the initial mining under the condition of hard roof, Zhao (2021) put forward the cooperative anti-scour mechanism of deep-hole roof pre-splitting blasting. Kuangou Coal Mine has been seriously affected by hard roof for a long time. A systematic study was carried out on the reasonable control height of hard roof in close-distance coal seam in Kuangou Coal Mine, and the key technical parameters of roof blasting presplitting were optimized, which effectively reduced the activity intensity of hard roof and the stress concentration of coal body. The combined method of directional long-distance drilling and blasting roof cutting was used to effectively relieve the pressure of the hard roof (Zhang et al., 2019; Jia et al., 2022; Jia et al., 2024). As an effective method to weaken the hard roof and relieve the pressure of sur-rounding rock, hydraulic fracturing technology has been widely used in the prevention and control of rock burst of hard roof (Junzhe et al., 2020). On the basis of scaling analysis, Ali Naghi Dehghan and others scaled the laboratory experimental parameters to simulate the hy-draulic fracturing process under field conditions (Dehghan, 2020). Some scholars use numerical simula-tion and rock mechanics test methods to analyze the influence of natural fractures on hy-draulic fracturing aperture and fracture propagation geometry (Cruz et al., 2018; Liu et al., 2014). Qingyuan He et al. obtained that the homogeneity of rock mass significantly affects the propagation distance of hydraulic fracture from its starting point in its predetermined direction before reorienta-tion (He et al., 2017). Shuai Heng et al. developed a two-dimensional numerical model of hydraulic fracturing to clarify the evolution of hydraulic fractures and their non-planar behavior at the level (Heng et al., 2019). Based on the finite-discrete method, Mingyang Wu et al. mastered that when the elastic modulus of discrete embedded blocks and the number of discrete embedded cracks reach a certain level, the propagation of hydraulic cracks will suddenly change (Wu et al., 2021). Mingqi Qin and others studied the mechanism of hydraulic frac-turing of layered rock mass based on the hydraulic fracturing model of surrounding dy-namics (Qin et al., 2021). Ayaka Abe et al. studied the formation law of fracture network when hydrau-lic fractures and pre-existing fractures interact through laboratory-scale hydraulic frac-turing experiments (Abe et al., 2021). Arash Dahi Taleghani and others discussed the linear elastic fracture mechanics, cohesive element method and continuous damage mechanics tech-niques for understanding the interaction between hydraulic fractures and natural frac-tures (Taleghani et al., 2016). Amir Ghaderi and others combine the extended finite element method (XFEM) with the discrete element method (DEM) to identify the propagation of hydraulic fractures in porous media containing natural fracture blocks (Ghaderi et al., 2018). Ali Naghi Dehghan et al. con-ducted laboratory experiments on the size synthetic rock samples, and grasped the influ-ence of the pre-dip angle and strike of fractures on the propagation behavior and geometry of hydraulic fractures (Dehghan et al., 2018). Kang et al. (2023) developed a complete set of technology and equipment for hydraulic fracturing in underground areas of coal mines, focusing on the propagation law of hydraulic cracks at different scales. Junfeng et al. (2023) put for-ward the method of hydraulic fracturing “artificial liberation layer” to relieve pressure and prevent rockburst in the area of thick hard roof where the overlying coal seam caused dis-aster, and Mengshan mining area introduced hydraulic fracturing technology to explore a new mode of rockburst control (Weng et al., 2019). In addition, relevant scholars have studied the impact of land settlement caused by tunnel excavation and the coordination of cable-soil deformation under different anchoring conditions. It provides conditions for the safe conduct of the project site (Junfeng et al., 2021; Wu et al., 2020; Irani et al., 2022).
With the rapid development of high-pressure abrasive water jet technology in recent years, Junfeng et al. (2021) obtained the variation law of fracture characteristic index values such as rock failure depth, width and erosion volume under different hydraulic parameters through laboratory tests. Xia et al. (2020) developed a new technology of axial top-cutting fracturing with abrasive jet in hole and hydraulic reaming and cutting in coal seam, and further developed the hydraulic fracturing technology and technology. Domestic scholars (Feng, 2012; Li et al., 2009) established the empirical model of cutting depth and surface roughness in smooth area of abrasive water jet machining hard and brittle materials, and put forward the pressure relief mechanism of high-pressure water jet grooving coal seam. In addition, in other aspects of research on rock burst, some scholars have analyzed the precursor characteristics of rock burst, and introduced loading and unloading response ratios to study the reasonable advancement speed of their working faces (Feng et al., 2022; Lai et al., 2022).
The research results of the above scholars have made effective research on the preven-tion and control of blasting pressure relief, hydraulic fracturing and pressure relief of hard roof. However, there is relatively little research on the application of pressure relief pre-vention and control of abrasive jet. In view of this, this paper takes the mining of I010206 working face in Kuangou Coal Mine as the research object, and carries out the determina-tion of key technical parameters of axial roof cutting with abrasive jet. Using this technology, the pre-splitting engineering practice of combining abrasive jet with blasting is carried out, and the effect is tested. It is verified that the axial cutting technology of hard roof abrasive jet can achieve the effect of conventional blasting treatment in hard roof. The purpose of this paper is to lay a foundation for comprehensive application in the practice of rock burst prevention and control of hard roof in Kuangou Coal Mine.
2 ENGINEERING BACKGROUND
2.1 General situation of working face
Kuangou Coal Mine is located in Hutubi County, Xinjiang, China. The mine mainly mines B4-1 coal seam, B2 coal seam and B1 coal seam. Now it is mined to I010206 working face of B2 coal seam, with an average thickness of 10.5 m, which belongs to extra-thick coal seam. Before expansion, the inclined length is 85 m, after expansion, the inclined length is 137.8 m, the recoverable strike length is 1,672 m, the average inclination angle of working face is 14, and the average buried depth is 434 m. The width of I010206 working face is ir-regular during mining, and the layout of I010206 working face is shown in Figure 1. I010206 working face of B2 coal seam adopts comprehensive mechanized top-coal caving mining technology, with a mining thickness of 3.2 m and a caving thickness of 7.3 m, with a mining-caving ratio of about 1: 2.4.
[image: Figure 1]FIGURE 1 | The layout of I010206 working face.
According to the analysis of borehole data in Kuangou Coal Mine, there are multiple sandstone roofs within 50 m above the coal seam. The lithology statistics of B2 coal seam and its roof are shown in Table 1. There are 13.59 m thick medium-grained sandstone and 12.51 m thick fine-grained sandstone in the roof of coal seam. Among them, 13.59 m me-dium-grained sandstone is a sub-critical stratum, with uniaxial compressive strength of 115.25 MPa, uniaxial tensile strength of 7.48 MPa, elastic modulus of 31.65 GPa and Pois-son’s ratio of 0.24.
TABLE 1 | Statistical table of lithology of B2 coal seam and its roof.
[image: Table 1]2.2 The strata behavior of previous working face mining in B2 coal seam
After I010203 working face of B2 coal seam is mined, I010206 working face is mined. During the mining period of I010203 working face in the past, rock burst and many mine earthquakes occurred. Taking the large energy appearance of mine earthquake on 8 March 2018 as an example, the source distribution of mine earthquake and its roadway defor-mation are drawn as shown in Figure 2. During the mining of I010203 working face in B2 coal seam, a mine earthquake occurred at the side of coal pillar in the lower gateway. The energy of mine earthquake is 9.7 × 106 J, and the source is at the side roof of coal pillar in the lower gateway of I010203, as shown in Figure 2A. The mine earthquake was accompanied by loud noise, which caused floor heave and net pocket at the bottom of roadway in the area of 148–198 m ahead of the working face in the lower gateway of I010203. The floor heave of the roadway where the mine earthquake occurred is about 20 cm, and the local top coal sinks about 30 cm, as shown in Figure 2B.
[image: Figure 2]FIGURE 2 | The source distribution of mine earthquake and its roadway deformation. (A) Focal location of mine earthquake; (B) Roadway deformation caused by mine earthquake.
2.3 I010206 working face impact risk analysis
This paper comprehensively analyzes the main geological factors and mining tech-nology factors that affect the risk of rock burst in I010206 working face of Kuangou Coal Mine. The main geological factors include physical properties of coal and rock, buried depth, hard rock stratum, faults, local fold areas and so on. The main mining factors are overlying structure, section coal pillar, roof activity, liberated layer, bottom coal, roadway crossing and so on. The comprehensive index method is used to carry out the impact risk assessment, and the multi-factor coupling method is used to draw the results of impact risk area division as shown in Figure 3.
[image: Figure 3]FIGURE 3 | Division result of impact danger zone.
B2 coal seam and its floor have weak impact tendency, and B2 coal seam roof has strong impact tendency. As can be seen from Figure 3, when I010206 working face is advancing, the danger-ous area along the gateway on the working face changes from a medium impact dangerous area to a strong impact dangerous area near the wide working face. Among them, the range of 790–1,130 m in the upper gateway is a medium impact danger zone, and the range of 690–790 m is a strong impact danger zone. In the mining process of the working face, the lower gateway area is a medium impact danger area.
3 PRINCIPLE AND TECHNOLOGY OF AXIAL TOP CUTTING WITH FROSTED JET
3.1 Principle of axial roof cutting with abrasive water jet to prevent impact
The technology of axial cutting of hard roof with abrasive jet is to drill holes in the roof, and the initial cracks with a depth of 300–500 mm are formed on the wall of the hole with abrasive jet technology. Fracturing is carried out along the cutting direction, so that a fracture network dominated by axial cracks is formed in the hard roof, and a cluster frac-ture network along the strike or inclination is formed. Under the action of mine pressure, the technology of directional cutting off the roof is realized (Wu et al., 2020).
According to the related theory of rock burst, the energy sources of rock burst are mainly static load of foundation and additional dynamic load. When the combined action of dynamic and static loads reaches the critical condition of rockburst, rockburst will occur, and the conditions for rockburst can be expressed as Equation 1:
[image: image]
In the formula, σj is the static load in coal and rock mass; σd is the dynamic load in-duced impact in coal and rock mass; σbmin is the critical stress when rock burst occurs.
The technology of axial roof cutting with abrasive jet can reduce the bending elastic energy caused by roof hanging and the dynamic load caused by roof fracture. At the same time, the goaf fully collapses, which plays a supporting role for the roof, thus reducing the compressive elastic energy of coal and the dynamic load caused by roof collapse.
3.2 Construction technology of axial topcutting technology with scrubbed water jet
The construction technology mainly includes “drilling-slotting-fracturing” three links, and the schematic diagram of the frosted jet construction technology is shown in Figure 4. Firstly, a drilling rig, a matching drill bit and a drill pipe are used to drill a hole with a certain aperture in the roadway roof. Secondly, connect the hole sealer with the abrasive jet device and send it to the preset position of drilling, start the water jet system and adjust it to the jet mode. Operate the drilling rig to retreat the drill pipe at a uniform speed, and form prefabricated cracks on both sides of the drilling axis. Finally, turn off the abrasive pump, adjust the high-pressure pump to hole sealing mode, and inject high-pressure water into the hole sealer to seal the upper and lower hole sealers of the crack. Switch the water jet system to fracturing mode, and the high-pressure water continues to expand along the crack tip.
[image: Figure 4]FIGURE 4 | The schematic diagram of the frosted jet construction technology.
When the pump pressure drops suddenly or the fracturing time reaches the design time, turn off the high-pressure pump, relieve the pressure with the hole sealer, and com-plete the fracturing work in this section. Start the drilling rig and operate the drill pipe to move the ejector to the next slot position, and construct the next section according to the above method.
4 EXPERIMENTAL STUDY ON MAIN TECHNICAL PARAMETERS OF AXIAL TOPCUTTING OF GRINDING JET
4.1 Design of experimental scheme for axial topcutting of scrubbing jet
The purpose of “slotting” technology in abrasive jet axial cutting technology is to prefabricate slotting and provide guidance for “fracturing.” According to the theoretical research foundation and field engineering experience of the research group at present, combined with the laboratory test results, equipment capacity and operational safety, the kerf radius and kerf length that meet the engineering needs are comprehensively set to be 200 mm and 300 mm for this kerf test analysis.
The layout of slotting test scheme is shown in Figure 5. On I010206 working face, the gateway is 300 m ahead of the working face to avoid the influence of mining. Slotting is carried out from hole B to hole A, and hole A is observation well, so as to determine lithol-ogy, adjust fracturing position and test the effect. When the kerf radius is 200 mm, the rela-tionship between kerf pressure and kerf time is determined, and the kerf is planned to be carried out in hole B in four sections to hole A with a spacing of 200 mm. This time, two schemes are designed to carry out slotting test analysis. In Scheme 1, the slotting direction is B→A, the slotting pressure is 40 MPa, so that the slotting hole can be slotted with the 200 mm rock stratum in observation well, and the slotting length is 300 mm. Record the slotting time and sand consumption, and move the slotting downwards. In Scheme 2, the kerf pressure is changed to 50 MPa, and other kerf parameters are consistent with Scheme 1.
[image: Figure 5]FIGURE 5 | The layout of slotting test scheme.
The layout of fracturing test scheme is shown in Figure 6. There are 4 boreholes in the fracturing test, among which E and H boreholes are observation well, and F boreholes and I boreholes are slotting and fracturing boreholes. After the cutting and fracturing of the F hole and I hole, the internal conditions of the E hole and the H hole are detected, and the fracturing test results are analyzed accordingly. Using the determined parameters of abrasive kerf, the fracturing experiment after abrasive jet is further carried out to determine the fracturing radius.
[image: Figure 6]FIGURE 6 | The layout of fracturing test scheme.
In the first scheme, the cutting direction is F→E, the cutting radius is 200 mm, the cutting length is 300 mm, the sand consumption is 25 kg, and the fracturing pressure is 50 MPa. Based on this, the feasibility of 5 m fracturing radius is analyzed. In the second scheme, the cutting direction is F→E and the fracturing pressure is 60 MPa. Based on this, the feasibility of 5 m fracturing radius is analyzed. In the third scheme, the cutting direc-tion is I→H, and the fracturing pressure is 60 MPa. Based on this, the feasibility of 10 m fracturing radius is analyzed. The remaining parameters of Scheme 2 and Scheme 3 are consistent with those of Scheme 3.
4.2 Analysis of experimental results of axial topcutting of scrubbing jet
During the slotting test, slotting was conducted from the position of hole B at 17 m to the direction of hole A at a distance of 200 mm. The pressure of water injection pump was 40 MPa, the amount of sand added was 25 kg, the slotting length was 300 mm, the slotting duration was 1.5 min, the rock stratum at a distance of 200 mm between holes A and B was cut, and water came out from hole A. From the 15 m position of hole B, cut the seam in the direction of hole A with an interval of 200 mm. The water injection pump gives a pressure of 50 MPa, the sand addition is 25 kg, the length of the seam is 300 mm, and the length of the seam is 1 min. Cut through the rock strata with an interval of 200 mm between holes A and B, and the water comes out of hole A.
The main parameters such as kerf radius, kerf pressure, kerf time and sand consump-tion are determined through experiments, as shown in Table 2.
TABLE 2 | Statistical table of slit test results.
[image: Table 2]Based on the experimental study of fracturing radius parameters of two sections of hole F with 5 m, the fracturing radius of two sections with 5 m was successfully completed. Its kerf length is 300 mm, kerf radius is 200 mm, and kerf pressure is 40–55 MPa. The frac-turing parameters include fracture initiation pressure of 50–55 MPa, fracturing time of 10–12 min and fracturing radius of 5 m.
According to the experimental study on the parameters of fracturing radius of I hole in four stages of 10 m, the fracturing radius of 10 m for three times was successfully com-pleted. Its kerf length is 500 mm, kerf radius is 200 mm, and kerf pressure is 40–55 MPa. The fracturing parameters include fracture initiation pressure of 55–60 MPa, fracturing time of 10–20 min and fracturing radius of 10–20 m. The test results are shown in Table 3.
TABLE 3 | Fracturing test results.
[image: Table 3]As the kerf radius increases from 5 to 10 m, the fracturing pressure increases accordingly. The results show that higher pressure is needed to overcome the fracture strength and friction of rock in order to reach a longer crack propagation radius, thus promoting the crack to extend further. At the same time, when the fracturing pressure is 55 MPa, the fracturing time to reach the fracturing radius of 5 and 10.3 m is 10 and 24 min respectively. The fracturing time is significantly prolonged with the increase of fracture radius, which reflects the gradual accumulation and release of energy in the process of fracture propagation and the longer time required for a larger fracture volume to form stably. Through industrial experimental study, the main parameters of kerf depth of 200 m and kerf length of 300 m are determined as follows: kerf pressure of 40–50 MPa, sand con-sumption of 25 kg and kerf time of 1–1.5 min. By determining the main parameters of kerf, the fracturing pressure is 50–55 MPa with a kerf radius of 5 m and the fracturing time is 10–12 min, and the fracturing pressure is 55–60 MPa with a kerf radius of 10 m and the frac-turing time is 20–24 min.
5 PRACTICE OF AXIAL TOP CUTTING AND SCOUR PREVENTION OF FROSTED JET
5.1 I010206 partition scour prevention scheme for working face
In the process of mine production, roof control measures are taken to prevent scour. According to the impact risk evaluation results of the working face, that is, area I, with a mileage of 690–790 m, is a strong impact risk area, area II, with a mileage of 930–1,030 m, is a medium impact risk area, and area III, with a mileage of 1030–1,130 m, is a medium impact risk area. The area I mainly adopts the methods of axial cutting and blasting presplitting of frosted jet to control the roof, while the area II and area III adopt the traditional blasting presplitting method to control the roof. The layout of the upper partition scour prevention scheme of I010206 working face is shown in Figure 7.
[image: Figure 7]FIGURE 7 | The layout of the upper partition scour prevention scheme of I010206 working face.
According to the results of field test parameters, the designed kerf pressure is 50–55 MPa, kerf time is 3–5 min, sand content is 25 kg, and kerf length is 300–500 mm. The cutting direction is strike direction to cut off the connection with goaf, and the inclined direction is tangent to the lateral roof. The fracturing pressure used this time is 50–65 MPa, the fracturing time is 15–20 min, and each hole is designed to be divided into four sections.
The main parameters of roof blasting presplitting in area I are that four holes are fan-shaped perpendicular to the center line of roadway. The drilling length is 47, 41, 38, and 58 m respectively, the inclination angles are 39, 52, 66 and 65 respectively, and the charge density is 2.75 kg/m. The main parameters of roof blasting presplitting in areas II and III are fan-shaped with three holes perpendicular to the center line of the roadway. The drilling length is 47, 41, and 38 m respectively, the inclination angles are 39, 52 and 66 respectively, and the charge density is 2.75 kg/m. Three-stage emulsion explosive, instant detonator and forward charging are used, and the connection mode is parallel connection in the hole and series connection outside the hole.
5.2 Implementation process of axial topcutting project of scrubbing jet
During the implementation of axial roof cutting by abrasive jet, the data of hydraulic pressure gauge and the on-site slotting and fracturing process are used for control. The typical abrasive jet curve is taken to analyze the implementation process, and its sectional slotting and fracturing curves are shown in Figure 8. Through the monitoring data of hydraulic pressure instrument, it can be clearly seen that the single-stage process includes three processes: pipeline testing and pressure testing, slotting and fracturing. The main purpose of pipeline testing and pressure testing is to check whether the pipeline is normal and to judge the primary fracture of rock stratum. The cutting and fracturing process is controlled on site according to the main design parameters and the field observation of water production, and 4 stages of fracturing are designed for each hole. The operation process of other sections is mainly the process of circular cutting, judging primary cracks and fracturing. Then, enter the circulation of the next hole.
[image: Figure 8]FIGURE 8 | Sectional slotting and fracturing curve. (A) typical curve of the first section of a hole; (B) typical curve of other sections of a hole; (C) fracture hole peep diagram.
After the completion of the process, the drilling peep is used to observe the propagation of kerf and fracturing cracks in the hole, and the kerf and fracture can be displayed intuitively through the peep. Through strict on-site supervision, on-site monitoring and observation, the application of abrasive jet axial roof cutting technology in hard roof control and scour prevention of I010206 working face was completed.
5.3 Inspection of scour prevention effect in mining process of working face
Microseismic monitoring can monitor the time, space and energy of coal and rock fracture events during mining. Therefore, firstly, the anti-scour effect of mining face is an-alyzed through microseismic monitoring and analysis.
The microseismic monitoring results of different zones are shown in Figure 9. The results of microseismic monitoring show that the distribution range of microseismic events in area I is mainly 200 m ahead of the working face, and the peak distribution area is 130 m ahead of the working face. The distribution range of microseismic events in Area II is mainly 200 m ahead of the working face, and the peak distribution area is 80 m ahead of the working face. The distribution range of microseismic events in area I is mainly 200 m ahead of the working face, and the peak area of concentrated distribution is 80 m ahead of the working face.
[image: Figure 9]FIGURE 9 | The microseismic monitoring results of different zones. (A) comparison of energy advance distribution of microseismic events; (B) comparison of frequency advance distribution of microseismic events.
According to the monitoring results of microseisms, the statistical table of average en-ergy-cumulative frequency of microseisms in different areas is summarized as shown in Table 4. The average released energy of area I is 137.64 J, which is about 10% lower than that of area II and 52.4% lower than that of area III. There were 1998 microseismic events in area I, which was about 20% higher than that in area II and 34.5% higher than that in area III. Compared with the traditional blasting presplitting area, the concentrated distribution of microseismic events in the roof combination presplitting area I shifts to the front away from the working face, which makes the rock activity far away from the stope operation area. The safety of operators in the mining influence range is increased. Advance promotes the energy release of surrounding rock, and releases it with small energy. It reduces the ac-tivity intensity of surrounding rock and weakens the dynamic load effect of impact danger.
TABLE 4 | The statistical table of average energy-cumulative frequency of microseisms in different areas is summarized.
[image: Table 4]5.4 Support pressure monitoring and analysis
The greater the periodic weighting step of roof strata, the stronger the dynamic load, and the higher the possibility of inducing impact danger. According to the monitoring re-sults of the support pressure, the comparison chart of periodic weighting is drawn as shown in Figure 10. In the process of working face mining, combined with the field caving observation, it shows that the hard roof can collapse in time. The combination of axial roof cutting with abrasive jet and blasting presplitting can effectively weaken the intact hard rock stratum of the roof and avoid large-scale rock stratum collapse. Compared with the blasting area only, the weighting step under the combined mode of axial cutting of abra-sive jet and blasting presplitting is reduced. The optimization of pressure relief mode effec-tively improves the working condition of hydraulic support, and the periodic weighting step is reduced from 12.0∼19.2 m to 8.0∼14.4 m, which provides a new method for the treatment of hard roof erosion in the later stage of mine. The average periodic weighting step is reduced from 15.84 to 11.20 m, with a reduction rate of 29.29%.
[image: Figure 10]FIGURE 10 | The comparison chart of periodic weighting.
Strong rock movement is the main cause of impact danger during initial mining, and the cloud map of support pressure distribution in working face is shown in Figure 11. In the process of working face mining, combined with field caving observation, it shows that the hard roof can collapse in time, and the axial cutting of abrasive jet can effectively weaken the complete hard rock layer of the roof. Thus, large-scale rock caving is avoided, and the expanded non-abrasive jet area is larger, which effectively improves the working conditions of the hydraulic support. Therefore, the effect of the roof on the coal wall of the working face in the axial roof cutting area of the abrasive jet is obviously improved, which realizes the effect of the first roof caving compared with the traditional blasting, and pro-vides an effective new method for the treatment of the hard roof in the later stage of the mine.
[image: Figure 11]FIGURE 11 | The cloud map of support pressure distribution in working face.
5.5 Measurement and analysis of coal body stress
In order to further control the impact hazard, through the measurement of coal stress, the static load control effect and stress level of the working face after taking measures are analyzed. Because area I is a dangerous area of strong impact, it is treated by increasing the axial cutting top hole of frosted jet because of the distance between the pre-splitting holes of area II and area III measures. On the other hand, the layout distance of pre-splitting holes in single-sided square and double-sided square area blasting is the same as that in area I, only in the axial cutting of frosted jet and blasting pre-splitting mode.
For this reason, a comparative analysis is made between the area I with combined pressure relief and the measured area of static load of coal with one-sided square and double-sided square with blasting presplitting. The measured results of coal stress moni-toring are shown in Figure 12. The significant influence range of coal static load in area I is 20 m, the peak value is 8–10 m, and the stress concentration factor is 1.68. The significant influence range of static load on one side square area is 45 m, the peak value is 8–10 m in the leading face, and the stress concentration factor is 2. The significant influence range of static load in the double-sided square area is 80 m in the leading face, the peak value is 8–10 m in the leading face, and the stress concentration factor is 4.4. Compared with the traditional blasting pre-splitting area, the influence range of the leading abutment pres-sure in the blasting combined pre-splitting area is greatly reduced, and the stress concen-tration factor is obviously reduced, thus achieving a good effect of coal static load control in the combined pre-splitting area.
[image: Figure 12]FIGURE 12 | The measured results of coal stress monitoring.
The stress change curve of coal before and after fracturing is shown in Figure 13. After the width of the working face increases, the coal stress curve is measured at the 5 m posi-tion of the upper trough leading working face. After the axial cutting of the frosted jet, the stress concentration of the coal body gets a rapid response, and the stress of the coal body has an obvious stress drop, reaching 2.9 MPa. After the axial cutting of the frosted jet, the stress concentration of the coal body gets a rapid response, and the stress of the coal body drops obviously, and the maximum reduction of the stress reaches 2.9 MPa, with a decrease of about 41.85%. During the mining period of face expansion, the stress concentration of coal has been significantly improved. Under the influence of mining, the stress concentration of coal body in the axial cutting area of frosted jet does not increase again, which has a good effect of pressure relief of coal body.
[image: Figure 13]FIGURE 13 | The stress change curve of coal before and after fracturing.
Based on the combination of frosted jet axial roof cutting and roof deep-hole pre-splitting blasting, the prevention and control of rock burst in I010206 working face is car-ried out. The construction management and control of the new technology of frosted jet axial roof cutting and the analysis of anti-scour effect in the mining process are realized. The anti-scour practice shows that the control effect of dynamic and static load is good, the strong impact dangerous area mentioned above is safely pushed over and the mine safety production is realized.
6 CONCLUSION

(1) The main contents of this paper are as follows: (1) through the analysis of hard roof frosted jet axial cutting and anti-scour test, the key technical parameters of hard roof frosted jet axial cutting suitable for Kuangou Coal Mine are determined. The slotting test results show that the slotting depth is 200 m, the slotting length is 300 m, the slotting pres-sure is 40–50 MPa, the sand consumption is 25 kg, and the slotting time is 1–1.5 min. The fracturing pressure of 50–60 MPa and the fracturing time of 20–24 min are obtained by axial topping of frosted water jet.
(2) After the implementation of the new technology of frosted jet axial roof cutting, the cracks in the roof strata are produced and expanded effectively after slotting and fractur-ing, and the cracks break during the fracturing period, and the crack extends in the range of 10–20 m, which destroys the integrity of the roof. The periodic pressure step distance de-creased obviously, the pressure step distance decreased from 12.0 ∼ 19.2 m to 8.0 ∼ 14.4 m, the influence range of mining stress and stress concentration factor decreased obviously, and the activity strength and dynamic load effect of surrounding rock decreased obvious-ly.
(3) Compared with the traditional blasting roof cutting technology, after the combined treatment of frosted jet axial cutting and blasting, the concentration area of microseismic events during mining is transferred from 80 to 130 m. After the axial cutting of the frosted jet, the stress concentration of the coal body gets a rapid response, and the stress of the coal body has an obvious stress drop, reaching 2.9 MPa. The energy release of microearthquakes is mainly small energy events, which achieves a good anti-erosion effect.
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