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Coal and gas outburst is one of the main factors affecting the safe and efficient production of coal mines. With the increase of mining depth and mining speed, the dynamic phenomena of coal and gas outburst will become more and more serious. Through the study of various outburst prevention measures in the pre-drainage gas area such as surface drilling, bedding (directional) drilling, and cross-layer drilling, combined with the coal seam occurrence and mining technology of the West Mine Area, a feasible regional pre-drainage comprehensive outburst prevention mode suitable for the characteristics of the 3# coal seam in the West Mine Area has been obtained. This mode is based on pre-pumping of surface drilling first, directional long borehole along the reservoir and pre-pumping of cross-zone borehole, which provides reliable guarantee for safe and efficient production in outburst well area.
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1 INTRODUCTION
As one of the main energy sources supporting the development of China’s national economy, coal is the “ballast stone” to ensure energy security (Liang et al., 2022; Sun X. Y. et al., 2023; Ma et al., 2023). Coal consumption will account for 56% of total energy consumption in 2021. And in the future for a long period of time, the status of coal as the main energy will not change (Liang et al., 2023; Su et al., 2023; Wu et al., 2023). In the process of coal mining, gas disaster is still one of the main disasters in coal mines, which is easy to cause large-scale casualties (Wu et al., 2022; Zou et al., 2023b). Coal and gas outburst is one of the typical gas disasters in coal mines (Cheng et al., 2022; Zheng et al., 2022; Zhao et al., 2023a), and with the mining operation of coal seam extending to the depth year by year (Xie et al., 2022; Ye et al., 2022; 2023; Xie et al., 2023), the permeability of coal seam gradually decreases with the increase of ground stress, gas pressure and temperature, which increases the risk of coal mine gas outburst (Liu and Li, 2016; Pan et al., 2020; Song et al., 2022). In recent years, although our defense technology has made remarkable progress, prominent security accidents still occur from time to time (Liu et al., 2021; Ran et al., 2023a; Zhang C. L. et al., 2023). At present, China has formed two “four-in-one” comprehensive anti-outburst technology systems, which are mainly regional measures and supplemented by local measures. Among them, the application of local anti-outburst technical measures such as hydraulic fracturing, hydraulic punching and coal seam water injection is limited due to the large engineering amount, long outburst elimination period and technical difficulty (Xiao et al., 2022; Zhang et al., 2022; Zou et al., 2023a; Zhao et al., 2023b). Regional outburst prevention measures mainly include mining protective layer and pre-pumping coal seam gas. Mining the protective layer is conducive to improving the air permeability of coal, improving the gas extraction effect, and preventing outburst. Wang et al. (2014) discussed the key problem of determining the reasonable protection range in the mining protective layer, established the gas seepage field equation and the deformation field of coal and rock mass, and determined the pressure relief protection range in the mining of the upper protective layer by analyzing the example of Nantong mining area. Yuan and Xue. (2014) developed a method to reduce outburst range of protective layer according to the content of coal seam gas. Wang et al. (2013) analyzed the influence of factors such as coal seam inclination, coal seam spacing, pressure relief Angle and coal pillar on the mining of the protective layer, proposed solutions to the existing technical problems such as the mining scope of the protected work being greater than the protection scope of the protected layer, and verified the effectiveness of the proposed method with examples. However, due to the great difference of address in different regions of China, the occurrence conditions of coal seams are different, and the thickness of the protective layer of coal seams is not consistent, it is difficult to obtain the ideal effect (Wang et al., 2022; Zou et al., 2022).
The pre-extraction of coal seam gas is an effective method for controlling gas outburst disasters in coal mines and is currently the primary technical means used by the coal mining industry (Zhao et al., 2022; Liu S. M. et al., 2023; Zhang B. C. et al., 2023). This process involves drilling and extracting gas from the coal seam in advance of the excavation face production (Liao et al., 2021; Liu Y. B. et al., 2023). By pre-pumping the gas in the coal seam, the gas pressure and content within the coal seam can be reduced (Li et al., 2020; Chen et al., 2023). This allows the release elasticity of the coal body to achieve pressure relief and permeability improvement, thereby preventing coal and gas outbursts. In China, the main methods of gas pre-pumping include surface well pre-pumping, borehole pre-pumping, and borehole pre-pumping along stratum (Wang et al., 2023). Zhang Y. J. et al. (2023) combined the above - and underground gas extraction technologies, and proposed an up-and-down joint anti-outburst adaptation model of short - distance coal groups with “hole group cover-coordinated extraction” and long - distance coal groups with “enhanced anti-permeability - progressive extraction”. Han and Li. (2020) proposed an outburst prevention method in which the protection layer was drilled underground and the protected layer was extracted by surface Wells, and the method was successfully applied in Zhujixi Mine. By measuring gas parameters, theoretical analysis, numerical simulation and engineering practice, Wang et al. (2021) proposed a dual pressure relief anti-outburst model for the relief field of deep roadway, and verified that the model could achieve the effect of anti-outburst by drilling through strata and pumping gas from floor rock roadway through the application in Qujiang Coal Mine. In order to solve the poor outburst elimination effect of bedding drilling in coal mining face, Gao et al. (2019) took Xieqiao Coal Mine as the test object, and adopted the hydraulic fracturing technology of bedding drilling to improve the outburst elimination effect (Tan et al., 2021; Huang et al., 2023a). By considering the parameters such as hydraulic fracturing radius, drilling parameters, water injection pressure, water injection volume and holding time, the gas extraction efficiency was improved (Huang et al., 2023b; Tan et al., 2023).
In conclusion, while there has been extensive research on the technical measures of regional outburst prevention in pre-drainage coal seam gas from various perspectives, studies on the coordinated extraction of surface well drilling, cross-layer drilling, and bedding drilling to achieve regional outburst prevention are limited. It remains challenging to establish a comprehensive regional pre-drainage outburst prevention model that encompasses surface well pre-drainage, underground cross-layer drilling pre-drainage, and bedding drilling pre-drainage. Therefore, this paper focuses on the west well area of Sihe Mine. Through studying various pre-drainage gas regional outburst prevention measures such as surface drilling, bedding (directional) drilling, and cross-layer drilling, it aims to develop a comprehensive regional pre-drainage outburst prevention model to ensure the safe and efficient extraction of coalbed methane.
2 OVERVIEW OF THE RESEARCH AREA
Sihe Mine, located in the northwest of Jincheng City, Shanxi Province, falls under the administrative jurisdiction of Jincheng City and spans Qinshui, Yangcheng, and Zezhou counties. The geographical coordinates are 35°30′51″N to 35°36′11″N and 112°27′07″E to 112°40′54″E. The western well area covers 56.27 km2. The mine field comprises three layers: 3#, 9#, and 15#, with a total thickness of 10.32 m and a recoverable coal-bearing coefficient of 7.6%. The 3# coal seam is the primary seam, with a thickness ranging from 4.45 m to 8.75 m and an average of 6.31 m. The coal seam structure is relatively simple, and the entire area is stable and recoverable. The total geological coal reserves in the western well area amount to 690 million tons, including 450 million tons of 3# coal, 50 million tons of 9# coal, and 190 million tons of 15# coal. The total recoverable reserves are 370 million tons, including 220 million tons of 3# coal, 300 million tons of 9# coal, and 120 million tons of 15# coal.
The coal-bearing strata in this mine field belong to the Shanxi Formation of the Lower Permian System and the Taiyuan Formation of the Upper Carboniferous System. These strata contain between 11 and 21 layers of coal, with an average total coal seam thickness of 11.49–13.87 m. The stable mineable coal seams are the 3# and 15# seams, with the 9# seam being locally mineable. The dip angle of the 3# coal seam ranges from 2° to 10°, typically around 5°, and the average thickness of this coal seam is 6.31 m. The characteristics of mineable coal seams in the middle of the minefield are shown in Table 1. The 3# coal seam is anthracite with low-medium ash, ultra-low sulfur, medium phosphorus, high calorific value, high ash fusion temperature, and high strength. It has good thermal stability, strong slagging characteristics, good theoretical clean coal recovery, and high fixed carbon content.
TABLE 1 | Main coal seam characteristics table of mine field.
[image: Table 1]The western well area employs a mechanical extraction partition ventilation mode. Currently, the mine has established independent ventilation systems in the eastern and western well areas. The total intake air volume in the western well area is approximately 24,645 m³/min, while the total return air volume in the mine is about 25,320 m³/min. The effective air volume in the mine is around 22,920 m³/min, with an effective air volume rate of approximately 93%. The equal area hole measures 8.62 m2.
The gas content of raw coal in the 3# coal seam of the western well area ranges from 15.04 to 21 m³/t, with a residual amount of 3.52 m³/t. According to the mine gas level and carbon dioxide emission identification results from 2009, the absolute gas emission of the western well area is 342.27 m³/min (with an air exhaust gas volume of 45.28 m³/min and an underground gas drainage volume of 296.99 m³/min). The gas drainage volume of the ground well in the western well area is 132 m³/min. On 20 May 2007, an outburst occurred in the #6 contact roadway between Xihui and Xijiao in the western well area of Sihe Mine. The 3# coal seam in the western well area of Sihe Mine is an outburst coal seam, making the western well area an outburst mine.
Currently, a permanent ground drainage pumping station has been established in the Xifeng well industrial site in the western well area of Sihe Mine. The station is equipped with six CBF-710 A water ring vacuum pumps, all dedicated to pre-drainage of coal seam gas. With the four openings and two preparations, the extraction capacity can reach 400 N.m³/min. At present, the extraction capacity has achieved 315.37 N.m³/min. The absolute gas emission in the western well area of Sihe Mine is 363.07 m³/min, and the gas drainage rate in the western well area is 86.86%.
3 REGIONAL OUTBURST PREVENTION TECHNOLOGY
The regional outburst prevention measures for pre-drainage coal seam gas in the western well area primarily involve two types of pre-drainage: surface and underground. Underground pre-drainage further includes three methods: bedding (directional) drilling, bedding (ordinary) drilling, and cross-layer drilling (Sun D. L. et al., 2023).
3.1 Gas extraction and outburst prevention technology in surface well area
In the Chengzhuang Mine, which is adjacent to the western well area, a study was conducted on the arrangement method of surface drilling wells. Through the use of Computational Fluid Dynamics (CFD) simulation technology, the gas flow and distribution law in the underground goaf were studied and understood. This knowledge was then used to determine a reasonable arrangement for surface drilling.
Figure 1 illustrates the Computational Fluid Dynamics (CFD) prediction of gas distribution in the goaf when ground drilling is not in operation. The simulation results reveal that a significant amount of oxygen enters the goaf, with the oxygen concentration exceeding 12% on the intake roadway side, 300 m behind the working face. Oxygen accumulation is observed 150 m behind the working face on the return air lane side, where the maximum gas concentration in the goaf can reach 80%. These findings suggest that high concentrations of goaf gas can be extracted by positioning ground goaf gas extraction boreholes 20–70 m from the return airway. This understanding is crucial for optimizing the design of ground goaf gas extraction boreholes, designing goaf gas extraction systems, and achieving improved extraction results (Ran et al., 2023b).
[image: Figure 1]FIGURE 1 | CFD simulation of gas distribution in goaf of working face.
Figure 2 illustrates the predicted gas and oxygen flow field distribution in the goaf of the working face when a negative pressure of 40 kPa is applied to the surface borehole orifice under different borehole combinations. The distribution is completely opposite to the gas flow field distribution and oxygen distribution.
[image: Figure 2]FIGURE 2 | Gas distribution diagram of goaf under different extraction conditions in working face. (A) Only in the first goaf drilling work; (B) Two goaf boreholes work at the same time.
Based on the factors influencing regional outburst prevention and the results of CFD numerical simulation analysis, we have preliminarily determined the principles for selecting well locations and drilling spacing for outburst prevention in surface drilling areas.
1) Drilling location
Surface drilling should not only be arranged along the axis of the anticline and the wings of the anticline and syncline, but should also be organized within the geological structure zone. Additionally, ground wells should be considered for placement at distances ranging from 20 to 70 m from the return airway.
2) Drilling spacing
Based on the numerical simulation results and the analysis of surface drilling and drainage data in the eastern well field, we have preliminarily determined that the surface drilling spacing used for outburst prevention in the pre-drainage area in the normal area is 300 m × 300 m. Meanwhile, the surface drilling spacing in the geological structure zone is 150 m × 150 m.
3.2 Outburst prevention technology in pre-drainage gas area of bedding borehole
3.2.1 Bedding drilling pre-drainage gas area drilling design
The number of holes and the design depth for each drilling field should be determined based on the production connection and the length of the working face. Field tests suggest that the most economical design length for the extraction unit is between 300 and 400 m. The end of each borehole should extend beyond the roadway of the replacement working face or the replacement drilling field by at least 30 m. Each borehole is designed with 2–3 branches, with a horizontal vertical distance between branches of 12–15 m. The main hole depth for bedding drilling is generally within 400 m, as construction drilling speed slows significantly beyond this depth, leading to frequent sticking phenomena and low drilling efficiency. Figure 3 provides a schematic diagram of the bedding directional drilling arrangement in the western well area.
[image: Figure 3]FIGURE 3 | The schematic diagram of 0802 bedding directional drilling arrangement in west well area.
3.2.2 Outburst prevention technology of bedding drilling in heading face of coal roadway

1) Design of outburst prevention measures for pre-drainage boreholes in heading face
Preparation for excavation on the 1301 working face began in June 2006. The gas content of the coal seam in this area is between 18 and 20 m3/t. To ensure safe excavation, the target residual gas content of the coal seam should be less than 8 m3/t. In the early stage of excavation, an MK drilling rig was primarily used to construct strip drainage boreholes in the roadway of the first mining face. Later, extraction work was organized by combining bedding ordinary boreholes and directional boreholes. According to predictions from gas extraction numerical simulation software, when the borehole spacing is 1 m and the drilling footage per ton of coal is 0.11 m, the pre-drainage period can meet the standard within 12 months. To improve the efficiency of roadway excavation while ensuring safety, drilling hole parameters on the working face were designed as follows: drilling hole spacing is 1 m, with 12 holes arranged in three rows, and drilling footage per ton of coal is 0.33 m. In addition to head-on arrangement, construction was also carried out on both sides of the roadway to strengthen extraction from pre-drainage drilling fields, with drilling parameters in these fields matching those of head-on drilling. The design also requires pre-drainage drilling to extend 15 m beyond the roadway’s contour line. According to predictions from gas extraction numerical simulation software, using the adjusted borehole design allows for a standard extraction time of 4 months.
2) Construction of outburst prevention measures for pre-drainage boreholes in heading face
The 1301 working face is the first mining face in the western well area. To reduce the gas content to less than 8 m3/t and improve the pre-drainage time of the working face before mining, it is crucial to safely penetrate the working face as soon as possible. This allows for pre-drainage of the working face gas by drilling along the working face. Therefore, when excavating the test roadway, we enhanced the parameters of drilling holes based on the original design. The specific layout parameters for various boreholes are presented in Table 2, and a schematic diagram of the boreholes is shown in Figure 4.
TABLE 2 | Design and construction parameter table of outburst prevention engineering in bedding drilling area of heading face.
[image: Table 2][image: Figure 4]FIGURE 4 | Drilling layout of pre-drainage outburst prevention measures in heading face.
3.2.3 Outburst prevention technology of bedding drilling in first mining face
Based on the previous analysis, it is clear that the 1301 working face of the first mining face can adopt pre-drainage drilling spacing of 1 m, 2 m, 3 m, and 5 m. To determine the optimal pre-drainage drilling arrangement, these four different drilling arrangements are analyzed individually. Before mining the working face, the gas content of the coal seam is reduced to less than 8 m3/t and can meet the requirements of the annual output of the working face of 4 Mt/a. When the borehole spacing is 3 m and 5 m, it can meet the pre-drainage time of the working face for more than 17 months. Through comparison and selection, although the borehole engineering quantity is smallest when the borehole spacing is 5 m, considering the maximum reduction of coal seam gas content in the 1301 working face, a pre-drainage borehole is selected to be arranged with a spacing of 3 m.
3.3 Outburst prevention technology of pre-drainage gas area by cross-layer drilling
3.3.1 Drilling design of pre-drainage gas area of cross-layer drilling
Cross-layer boreholes in the western well area are arranged within the development roadway. The thickness of the rock roadway from the coal seam exceeds 24 m. Each drilling field is generally designed with three to six rows of boreholes, with each row containing 15–20 boreholes. The spacing between boreholes is 0.5 m, and boreholes are typically spaced 3–5 m apart. A drilling field is constructed every 30 m, with each drilling field covering the excavation range of 15 m coal roadways on both sides. The final hole of the drilling extends 20 m (horizontal projection distance) beyond the outer side of the design coal lane at the farthest end, controlling a coal body of 60 × 120 (m2) and a control coal volume of approximately 64,000 t. Currently, there are 45 cross-layer drilling fields in the western well area. The borehole diameter is primarily 94 mm. The ratio of borehole coal to rock holes is usually 1:3. The length of borehole per ton of coal is 0.103 m/t, with the length of coal hole per ton of coal being about 0.026 m/t. The cross-layer drilling design profile is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Cross-layer borehole design profile layout diagram.
3.3.2 Application of outburst prevention in pre-drainage gas area of cross-layer drilling
In the western well area, outburst prevention measures in the pre-drainage gas area of the cross-layer borehole were tested and applied during the eastern excavation of the return air roadway. The measured original gas content in the uncovered coal area averages approximately 17.56 m3/t, and the gas reserve is about 2.88 million m3, indicating that it is an outburst-dangerous area.
To reduce the gas content to less than 8 m3/t within 9 months, cross-layer drilling pre-drainage measures were implemented. Based on the predicted extraction effect of cross-layer drilling and the corresponding drilling engineering requirements, the 38# and 39# cross-layer drilling fields were arranged during construction when the distance from the uncovered coal was 37 m. The MKD-5 S drilling rig was used in the construction of cross-layer drilling. A total of 128 cross-layer drillings were designed and constructed, with a drilling quantity of 6600 m. The drilling control range extends 13 m outside the contour line of the roadway, starting from the coal uncovering point, and covers a range of 13 m to the east and west. The horizontal spacing of the final hole point of the borehole is 3 m, and the final hole point is located at 0.5 m in the roof of the 3# coal seam. The arrangement of boreholes for uncovering coal is shown in Figure 6, Figure 7, to Figure 8.
[image: Figure 6]FIGURE 6 | Schematic diagram of borehole section layout in east excavation of west return air roadway.
[image: Figure 7]FIGURE 7 | The schematic diagram of the final hole position of the east excavation coal uncovering borehole in the west return air roadway.
[image: Figure 8]FIGURE 8 | The schematic diagram of the borehole section of the east excavation of the west return air roadway.
4 APPLICATION EFFECT OF REGIONAL OUTBURST PREVENTION
4.1 Outburst prevention effect of bedding borehole pre-drainage
Before each excavation, the measured gas content is used to evaluate the pre-drainage effect on the coal in front of the excavation face (0–150 m in front of the excavation and 8–10 m outside the roadway contour line). When evaluating the measured residual gas content, a content test point is arranged every 20–30 m, and it is required that each test point be equidistant from the surrounding boreholes. Using the 13013 roadway as an example, we explain the layout of the test hole, the test results of residual gas content, and the verification results of the first mining face. The arrangement of pre-drainage effect content test boreholes in the excavation roadway of the first mining face is shown in Figure 9, and the measured results of residual gas content are presented in Table 3.
[image: Figure 9]FIGURE 9 | The measured content point layout diagram of 13013 roadway in west well area.
TABLE 3 | 13013 Lane effect test residual gas content measured results table.
[image: Table 3]From the measured content data in Table 3, it can be seen that the residual gas content has been reduced to less than 8 m3/t before each excavation. This indicates that the measures implemented in the gas extraction area of the excavation working face are effective.
Residual gas content tests show that during the excavation process of five roadways, such as 13013 and 13014 in the first mining face, a strip area of 150 m advanced drilling and roadway side drilling is typically adopted to enhance extraction. After 3–6 months, the residual gas content in the control area can be reduced to less than 8 m3/t, thereby achieving the outburst prevention effect of the working face. After 7–10 months of pre-drainage, even under the condition of pre-drainage by directional drilling in the second half of the working face, the residual gas content of the coal roadway strip can also be reduced to less than 8 m3/t. It has been verified that after pre-drainage, the 13013 roadway is a non-outburst danger zone.
After confirming the effectiveness of the pre-drainage in the 1301 first mining face, the first regional verification was conducted within a 10 m range of the 1301 first mining face. The specific method was as follows: 13 verification boreholes using the drilling cuttings method were arranged every 15 m along the working face (excluding 10 m at the upper and lower outlet sections of the working face). The boreholes were arranged as much as possible in the soft layer, parallel to the mining direction of the working face. Starting from a depth of 2 m in each borehole, the S value of all drilling cuttings in a 1 m section was measured for each 1 m drilling, and coal drilling cuttings with a particle size of 1–3 mm discharged from the orifice were collected for each 2 m drilling. The K1 value of the gas desorption index of the drilling cuttings was measured. The critical value of the outburst verification index is: S = 6 kg/m, K1 = 0.5 mL/g.min1/2. The statistics of the verification index results at the incision are presented in Table 4.
TABLE 4 | Statistical table of verification results of drilling cuttings method index in open-off cut area of 1301 first mining face.
[image: Table 4]Based on the results presented in Table 4, the maximum values of K1 and S in the 13 verification boreholes are below the critical value. Additionally, there were no significant risk omens observed during the drilling construction. Therefore, the regional verification indicates that there is no significant danger zone within 10 m of the first mining face.
4.2 Effect of pre-drainage and outburst prevention of cross-layer drilling
In the eastern excavation and coal uncovering area of the western return air roadway, after 10 months of pre-drainage, the cumulative drainage volume of the drilling field is 1.87 million m3 according to the drainage volume statistics. The residual gas content is expected to be 6.16 m3/t. Therefore, a residual gas content test was conducted in this area with 13 test points. The layout of the test points covered a range of 1–8 m on the upper, middle, and both sides of the uncovered coal area. The results are presented in Table 5 below.
TABLE 5 | The measured content results of the east excavation and uncovering coal area of the west return air roadway.
[image: Table 5]5 REGIONAL OUTBURST PREVENTION MODE IN WEST WELL AREA
5.1 Construction of regional outburst prevention mode
Considering the characteristics of the 3# coal seam in the western well area, such as stable overall occurrence, hard coal quality, good gas permeability, high gas content, and favorable hole forming conditions for bedding drilling, we have combined the applicable conditions of three regional outburst prevention measures and their respective extraction characteristics. We preliminarily propose the following regional outburst prevention modes: prioritize regional outburst prevention of ground wells, implement regional pre-drainage and outburst prevention measures of ground drilling as far as possible in the conditional area, and implement regional pre-drainage and outburst prevention measures of bedding boreholes after underground development is revealed. In combination with the implemented regional measures of ground drilling, we ensure that the effect of regional outburst prevention measures before mining reaches the standard (directional drilling is mainly used in bedding drilling, supplemented by bedding ordinary long drilling in the blank area of directional drilling or areas where extraction and outburst prevention need to be strengthened). However, in the face of coal uncovering area and large geological structure area, when it is difficult to implement bedding drilling, we should adopt the outburst prevention measures of cross-layer drilling to carry out extraction and outburst prevention in the target area.
5.2 Comprehensive experimental study on regional outburst prevention measures
Based on the three measures of surface drilling, cross-layer drilling, and bedding drilling, three types of outburst prevention measures are comprehensively applied. These measures are tailored according to the specific pumping, excavation, mining time, and specific coal seam geological conditions in other working faces other than the first mining face in the first panel and the entire mining area in the second panel. This approach ensures that the advantages and characteristics of various measures are fully utilized. The specific performance is as follows:
1) In the 2301, 2302, and other working faces of the second panel, surface drilling is utilized in advance for coalbed methane mining and regional pre-drainage and outburst prevention. According to statistics, surface drilling in the western well area reduces the gas content by nearly 1 m3/t each year. Therefore, after 4–6 years of pre-drainage, the gas content in most areas of the second panel will be reduced to 16 m3/t or even less. This saves valuable time for the pre-drainage of bedding boreholes when later development and mining operations approach the area. At the same time, leveraging the ‘one well multi-purpose’ characteristic of ground drilling is conducive to preventing gas overrun accidents in the working face during mining.
For example, there are three surface drilling wells near the 2301 working face, and the pre-drainage time is 4–6 years on average. When the directional drilling pre-drainage is carried out in this area, the pre-drainage time of the bedding drilling is about 24 months, and the gas content can be reduced to less than 8 m3/t, which realizes the safe and rapid excavation of the open-off cut roadway. Compared with the surrounding gas occurrence conditions are similar, but there is no ground drilling pre pumping area, bedding drilling pre pumping time is usually more than half a year or even longer. Therefore, the pre-pumping of surface drilling creates conditions for the pre-pumping effect of underground outburst prevention measures to reach the standard in a relatively short time, which is conducive to the safe and efficient production of the mine.
2) In the rock roadways arranged close to the mining face, such as the current air intake roadway of the first panel of the west, the bottom of the Sanshuigou well, and the auxiliary transportation roadway of the west, cross-layer boreholes are evenly arranged. These cross-layer boreholes are used to pre-drain gas in adjacent coal roadway strips (such as 23011 roadway and 23015 roadway) or gas in the cross-cut area that may be exposed by the pre-draining roadway (such as the air intake and return roadway of the second panel of the west, and the auxiliary transportation roadway of the second panel of the west). According to investigations, after completion of cross-layer drilling construction in a 60 × 120 (m2) area in the western well area (where the gas content of raw coal is within 16 m3/t), when the coal hole is 0.026 m/t, an average of 18 months of pre-drainage can ensure that extraction in the area meets standards. This effectively ensures coal seam safety and creates a breakthrough for implementing large-scale pre-drainage and outburst prevention in subsequent stages.
As of January 2008, cross-layer drilling has been used to cover a total of 2,000 m in lanes 23011 and 23015. Through the pre-drainage of cross-layer drilling, the first mining of the 2301 working face in the second panel has been safely exposed. In addition, drilling holes were evenly arranged from the auxiliary transportation roadway in the western area, covering and pre-draining the entire strip of the first and second lanes of the return air in the western area. This has enabled the safe excavation of the two lanes, thereby creating conditions for improving the ventilation system in the western area.
3) In the exposed coal seam roadway working face, such as the 13015 roadway, 13014 roadway, 2301 open-off cut, and 23011 roadway, a large number of directional boreholes were constructed using kilometer directional drilling rigs. This allowed for modular extraction in the subsequent mining replacement working face section. The directional drilling module extraction not only controls the entire coal mining area but also manages all the unexcavated crossheadings related to the replacement working face. The gas in the excavation and mining area is reduced to below the critical index of outburst risk before excavation, creating favorable conditions for the safety and efficiency of later excavation and mining. According to application investigations, in underground areas where the gas content of raw coal is within 16 m3/t, the residual gas content in the area can typically be reduced to less than 8 m3/t after an average pre-drainage of 24 months by directional drilling.
During the safe tunneling process of the 23011 and 23015 roadways, the K1 verification index in this area did not exceed the standard even once, so no local supplementary measures were carried out.
5.3 Summary of complete set technology of regional outburst prevention measures in xixi well area
Through the extraction characteristics of three regional outburst prevention measures and the underground application research, we have gained an understanding of the applicable characteristics and field effects of various measures. Therefore, under the current coal seam gas occurrence conditions in the western well area, the complete set of technologies for regional pre-drainage and outburst prevention measures suitable for the western well area are as follows:
1) In areas where the coal seam gas content is greater than or equal to 16 m3/t, it is essential to implement surface drilling area pre-drainage and outburst prevention measures. This ensures that the coal seam gas content is less than 16 m3/t during underground development. In other coal seam areas, it is advisable to implement surface drilling area pre-drainage and outburst prevention measures as much as possible.
2) In areas where the coal seam gas content is less than 16 m3/t during development, it is advisable to implement bedding drilling area drainage outburst prevention measures underground. This should be done in conjunction with the implementation of surface drilling area measures to ensure that the mining area meets the standard for outburst prevention measures before mining. Bedding drilling, particularly directional drilling, should be prioritized. In areas where directional drilling is not possible or where drainage and outburst prevention need to be strengthened, ordinary long drilling can be used as a supplement.
When adopting progressive pre-drainage of bedding directional drilling, the drilling length should be at least 300–500 m, and the drilling field should move once every 300–500 m. The range of directional drilling cover control should include the front of the roadway excavation (>60 m), the entire block section of the succeeding coal mining face, and the three crossheading roadways on the other side of the succeeding working face. After reducing the coal body in the cover control range to 8 m3/t, safe excavation and mining can be achieved. The same progressive layout should be implemented to the next mining replacement surface in the new excavation roadway on the other side of the working face. This approach ensures a reasonable connection of the entire mine mining face.
3) In areas where geological structures make drilling construction difficult during coal uncovering, and in the main roadway of the coal seam floor, pre-pumping outburst prevention measures should be used through the layer drilling area. This ensures that regional outburst prevention measures meet mining standards before mining begins.
Uncovering coal area: When the cross-cut uncovers the coal seam in the coal uncovering area, cross-layer drilling must be used to prevent regional outbursts. This should continue until the outburst risk in the uncovered coal area is eliminated.
Open up the roadway area:According to the mine design, main development roadways such as the auxiliary transportation roadway in the west area of the west well area, the belt conveyor roadway, the north belt conveyor roadway in the west area, the north auxiliary transportation roadway in the west area, and the north return air roadway in the west area will be arranged in the rock stratum. Therefore, these rock roadways that will be constructed should be used for adjacent working faces (such as W23011 roadway and W23015 roadway), adjacent panel concentrated coal roadways (such as the auxiliary transportation roadway in the west second panel), and construction of the working face mining area. Cross-layer drilling is used for strip and section pre-drainage and outburst prevention.
Working face crossheading area: Under normal geological conditions of a coal seam, long-distance and large-range bedding drilling can be used for pre-drainage in crossheadings or coal roadways. However, when encountering special areas such as large faults, collapse columns, or increased soft layer thickness, it becomes difficult to construct bedding drilling holes and meet the requirements of regional control range. In such cases, a temporary rock roadway or rock drilling field should be constructed in the roof or floor. Cross-layer drilling should be carried out in the special area above the rock roadway (drilling field). By relying on the rock stratum as a safety barrier, the gas content in the special area is reduced to less than 8 m3/t, eliminating the regional outburst risk. Then, under the protection of local outburst prevention measures, return to the coal roadway to continue advancing until it is far from the influence range of special areas.
In summary, the application mode of regional outburst prevention measures in the west well area should be reasonably combined and fully utilized according to different gas content areas, different occurrence conditions, and different time and space requirements. This approach ensures that the regional outburst prevention measures in the west well area are more reliable, reasonable, and economical. It is more conducive to the balanced and coordinated development of ‘pre-drainage outburst prevention, tunneling, and mining’ under the existing production conditions, providing a strong guarantee for the efficient and safe production of the west well area.
6 CONCLUSION
Based on the mine conditions and relevant experience, this paper examines the outburst prevention measures of various pre-drainage gas areas such as surface drilling, bedding (directional) drilling, and cross-layer drilling. In conjunction with the coal seam occurrence and mining technology in the western well area, it is concluded that surface drilling pre-drainage is primary, underground bedding directional long drilling pre-drainage is the main approach, and cross-layer drilling pre-drainage is supplementary. This practical and feasible regional pre-drainage comprehensive outburst prevention mode, suitable for the characteristics of the 3# coal seam in the western well area, provides a reliable guarantee for the safe and efficient production of the outburst well area. The following conclusions are drawn:
1) In areas where the coal seam gas content is greater than or equal to 16 m3/t and not open, surface drilling area pre-drainage outburst prevention measures must be implemented. This ensures that when the mine and mining area main roadway development is underway, the control area’s coal seam gas content is reduced to 16 m3/t or less. In other areas where the coal seam gas content is less than 16 m3/t, surface drilling area pre-drainage outburst prevention measures should be implemented as far as possible. The surface drilling spacing for outburst prevention in the normal area is determined to be 300 m × 300 m, and in the geological structure zone, it is 150 m × 150 m. Other parameters are consistent with the CBM development of surface wells.
2) In the underground, regional outburst prevention measures are primarily implemented through the pre-drainage of gas using directional long boreholes along the bedding. These measures are combined with the implementation of surface drilling pre-drainage gas regional measures to ensure that the effect of regional outburst prevention measures meets mining standards before mining begins
3) During the excavation process of five roadways such as 13013 and 13014 in the first mining face, 150 m advance drilling and roadway side drilling are used to strengthen the extraction of the strip area. After 7–10 months of pre-drainage, the residual gas content of the coal roadway strip can also be reduced to less than 8 m3/t. It is verified that the 13013 roadway is a non-outburst danger zone after pre-drainage, and the research has formed an outburst prevention mode for the pre-drainage area of the directional long borehole along the strata under different conditions. Through the arrangement of drilling cuttings method to verify the drilling, it is verified that there is no outburst danger zone within 10 m of the first mining face, and an outburst prevention mode for the pre-drainage area of the directional long drilling along the mining face under different parts is formed.
4) In the area where the rock roadway uncovers coal and geological structures cause difficulties in the construction of bedding drilling, as well as in the main roadway control area in the mining area located in the coal seam floor rock layer, cross-layer drilling area pre-drainage and outburst prevention measures should be adopted. This ensures that regional outburst prevention measures meet mining standards before mining begins in the extraction area.
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yoof. The specific construction parameters are shown i the drilliug. design parameter table.
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