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Aiming at the technical problem of low efficiency of gas drainage in high-gas and low-permeability coal seams in China, this paper takes the No. 8 coal seam in Baode Coal Mine as the engineering background and conducts a study on the technology of enhancing gas permeability and gas drainage through staged hydraulic fracturing of directional long boreholes. By adopting the drag-type staged fracturing process with double-packers and a single-slip, and combining it with methods such as the analysis of pump injection stress curve stages, gas extraction concentration analysis, and in-hole transient electromagnetic detection, the laws of fracture propagation and the mechanism of permeability modification are revealed. The research shows that during the rock formation fracturing stage, the stress drop reaches 8.2–9.6 MPa, and the drop rate of the fracturing stress from the bottom to the opening of the borehole is approximately 14.6%. The influence radius of the fracturing extends to 30 m, forming a strip-shaped low-resistance abnormal area. The gas extraction data indicates that after fracturing, the gas extraction concentration increases to 54.37% (with a peak value of 68%), the comprehensive flow rate increases by 200%–300% (stabilizing at 0.6–0.8 m3/min), which is 5.6 times higher than that of the unfractured boreholes. Through reconstructing the fracture network of the coal seam, this technology can break through the limitations of the original gas permeability, shorten the pre-extraction cycle, and reduce the borehole density. The research results provide theoretical support and engineering demonstration for the efficient gas extraction from coal seams with similar geological conditions.
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1 INTRODUCTION
As an associated mineral resource of coal, gas is a clean and efficient energy source. However, it is also a major factor affecting the safety of coal mines in China (Li et al., 2025a; Zhang et al., 2024a; Su et al., 2020). In China, more than 70% of coal seams have a permeability of less than 1.0 × 10−3 μm2, and in high-gas and outburst coal mines, 95% of the mined coal seams are of low permeability (Li et al., 2024a; Yao et al., 2025). Pre-drainage of coalbed methane is not only beneficial for the full utilization of gas resources but also for the prevention and control of gas disasters (Wei et al., 2021; Liu et al., 2021a; Zhang et al., 2024b; Yang et al., 2024; Wang et al., 2023a). However, with the increase in mining depth and the decrease in coal seam permeability, the difficulty of gas drainage increases and the efficiency is significantly reduced (Liu et al., 2021a; Chen et al., 2025). Therefore, certain technical measures need to be taken during gas drainage to increase the permeability of the coal seam and improve the gas drainage efficiency as much as possible (Manjunath et al., 2023; Liu et al., 2019; Yang et al., 2020; Liu et al., 2021b; Zeng et al., 2023; Wang et al., 2025).
At present, the common coal seam permeability enhancement technologies mainly include hydraulic fracturing, hydraulic slotting, high-stress water jet punching, supercritical CO2 fracturing, etc. (Fu et al., 2018; Li et al., 2024a; Gao et al., 2024; Liu et al., 2025; Wang, 2024; Ma et al., 2019; Kong et al., 2024). Hydraulic fracturing has been widely applied in coal mine production due to its large permeability enhancement range and relatively low cost (Li et al., 2025b; Luo et al., 2024; Atkinson et al., 2020; Dai et al., 2024; Wei et al., 2020; Sun et al., 2024). Due to the complex destructive effect of hydraulic fracturing on coal seams, the changes in coal seams and the laws of gas migration after fracturing are also quite complex (Ma et al., 2017; Liu et al., 2023; Xue et al., 2018; Li et al., 2023; Jiang, 2024; Ghanbari and Dehghanpour, 2016; Ismail and Azadbakht, 2024). Many scholars at home and abroad have achieved a large number of research results regarding this issue. Kang et al. (2024) employed the finite element method to study the characteristics of fracture propagation during the hydraulic fracturing process in steeply dipping reservoirs. The research findings revealed that the fracture propagation can be divided into three stages: upward-dipping fracture propagation, fracture arrest, and downward-dipping fracture propagation. Zhai et al. (2020) established a storage model with randomly distributed weak surfaces using the cohesion zone method in their research. Then put forward the concept of “reservoir reconstruction efficiency” as an indicator to evaluate the effect of hydraulic fracturing. By using the proposed model and orthogonal experiments, they found that the flow rate had the most significant impact on RRE, followed by the perforation direction and perforation length. Zhang et al. (2021) developed a multi-stage hydraulic fracturing technology based on the goaf, established a mathematical model for determining the location of hydraulic fracturing, and established a collaborative support system composed of caved filling bodies, coal pillars, and bearing layers. He et al. (2021) adopted the roof weakening technology of staged hydraulic fracturing with double-packer, single-sealing, multi-point dragging for directional long boreholes in underground coal mines. By pre-weakening the structure of the coal seam roof in advance, they enhanced the degree of fracture development in the hard roof and reduced the overall strength of the roof. Niu (2022) analyzed the simplified mechanical model of the overburden structure of the hard roof through theoretical analysis and on-site industrial tests. He revealed the mechanism by which hydraulic fracturing weakens the hard roof and reduces the manifestation of mine stress during the coal mining period. Tan et al. (2025) proposed a method for determining the target horizons for hydraulic fracturing. This method combines the bending strain energy accumulated in the critical state of the first fracture of the hard roof during the coal seam extraction process, as well as the distribution and response characteristics of microseismic events. Wen et al. (Wen et al., 2022) studied the influence of water sensitivity damage on the permeability of coal seams, focusing on the similar simulation experiment method of hydraulic fracturing of cross-seam boreholes in underground coal seams. Wang et al. (2023b) explored the initiation mechanism of hydraulic fracturing in steeply inclined coal seams and the influence of triaxial stress on the fracturing effect through indoor physical experiments.
Based on the previous research, this study takes the construction of the No. 8 coal seam in Shenhua Baode Coal Mine as the engineering background and solve the challenge of difficult precise interval control in traditional hydraulic fracturing of long boreholes, a staged hydraulic fracturing technology for directional long boreholes in moderate-hard and low-permeability coal seams was developed. This technology uses a stage-by-stage isolation method to perform directional fracturing with segmented time intervals and stress gradients, guided by the permeability and in-situ stress characteristics of the coal seam. It has significantly improved the permeability of the coal seam and the gas drainage effect, reduced the number of pre-drainage boreholes in the area and the pre-drainage time of gas, and achieved good results in gas control. It provides certain references for the application of hydraulic fracturing permeability enhancement technology in this mining area and mines under similar engineering conditions.
2 OVERVIEW OF THE COAL MINE
Baode Coal Mine is located in Baode County, Shanxi Province (as shown in Figure 1). The mining area is in the monoclinic structural region on the eastern edge of the Ordos Basin. The degree of development of folds and faults is low and their scales are small. The coal-bearing strata are of the Carboniferous-Permian system. The dip angle of the coal seams is between 3° and 9°, with an average of 5°. The area of the mine field is 55.9077 km2, and the mining depth ranges from 420 m to 540 m. The hydrogeological conditions belong to a medium to complex type of deposit, and the exploration type is Class III(2), Type II. The No. 8 coal seam in the experimental area is located above the S3 sandstone at the bottom of the Shanxi Formation (P1S), and it is the uppermost minable coal seam in the area. The thickness of the coal seam ranges from 1.85 m to 9.01 m, and the average thickness of pure coal is 6.02 m. The minable coal seam coefficient is 17.05%. It is a thick to extremely thick coal seam, mainly composed of thick coal seams, with an average density of 1.51 t/m3. This coal seam is gas coal and belongs to Class II spontaneous combustion coal seam.
[image: Figure 1]FIGURE 1 | Geographical location map of Baode Mine.
The working face of this experiment is the 81313 working face in the No. 3 (Lower) Panel of the southwest wing of the mine field. The strike length of the working face is approximately 3,117 m, and the dip length is 242 m. The coal thickness in the entire No. 3 (Lower) Panel ranges from 2.15 m to 10.5 m, with an average of 7.36 m. It is a stable coal seam for mining in the whole area. The average original gas stress of the working face is 1.05 MPa, and the gas content is 5–6 m3/t. During the driving project of the coal roadways in the upper and lower gate roads of the adjacent 81311 working face, the maximum measured raw coal gas content is 6.57 m3/t. The gas content that cannot be desorbed under normal stress is 0.72 m3/t. The gas permeability coefficient of the coal seam is 0.17–0.8 m2/(MPa2·d). The absolute gas emission quantity is 78.48 m3/min, and the relative gas emission quantity is 11.08 m3/t. It belongs to a typical high-gas and low-permeability coal seam that is difficult to drain. The ventilation system adopts the mechanical extraction type with two-wing diagonal ventilation. The total intake air volume is 30178 m3/min, the total return air volume is 30767 m3/min, the effective air volume rate is 90.41%, and the ventilation conditions are excellent.
3 THEORY AND DESIGN OF SECTIONAL HYDRAULIC FRACTURING FOR DIRECTIONAL LONG BOREHOLES
3.1 Construction technical process of sectional hydraulic fracturing for permeability enhancement
This experiment intends to adopt the multi-modal sectional hydraulic fracturing technology with double packers, single packer clamping, and multi-point dragging, to conduct a study on the sectional hydraulic fracturing reconstruction technology for long boreholes along the coal seam. The principle of this technology is that after the directional drilling construction is completed and the fracturing tool string is sent to the designated position, the target interval of the formation is fractured by clamping it with a single packer among the double packers. By utilizing the designed balanced stress relief channel in the packer, the balanced transfer of stress between the fracturing fluid in the high-stress tubing string and the packer is achieved. When the high-stress fracturing fluid reaches the set stress, the packer is fully set. After the stress is continuously increased to the set stress, the flow restrictor opens, enabling the fracturing operation of the fracturing interval. During the fracturing operation, the high-stress fracturing fluid is continuously injected into the coal seam, causing the water stress acting on the target coal seam to gradually increase. When the stress exceeds the fracture stress of the coal seam, the elastic residual energy of the coal seam is released in the form of kinetic energy, leading to the generation of a new fracture system in the coal seam. The fracture propagation mainly occurs through the communication, development, extension, and penetration of the self-generated matrix pores and fractures, bedding fractures in the coal seam, and the new fractures formed by the fracturing. After the first-stage fracturing operation is completed, the fracturing pumping equipment at the borehole mouth is shut down, and water is drained at the borehole mouth to relieve the stress. The directional drilling rig is used to drag the high-stress tubing string at the borehole mouth, and the packer is dragged to the designed position for the second-stage fracturing operation. The fracturing operations of the designed construction intervals are completed in sequence. Three-dimensional continuous fractures are formed in the adjacent fracturing intervals, which improves the coal structure and reduces the overall strength of the coal seam. The construction process of the dragging-type sectional hydraulic fracturing for permeability enhancement is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Schematic diagram of the drag-type staged fracturing process. (a) The first section of the fracturing operation. (b) The N-th section of the fracturing operation.
3.2 Hydraulic fracturing equipment
The hydraulic fracturing equipment used in this experiment mainly includes a directional drilling rig, a fracturing pump unit, a rapid hole-sealing device, etc. The directional drilling rig selected is the ZDY6000LD (B) crawler-type full-hydraulic directional drilling rig (as shown in Figure 3). This drilling rig is convenient to relocate, has a wide range of speed adjustment, a large torque, and advanced technical performance. It is mainly used for the construction of various high-precision directional boreholes such as geological exploration holes, gas drainage holes, and water injection holes in coal mines.
[image: Figure 3]FIGURE 3 | Physical diagram of the ZDY6000LD (B) drilling rig.
The BYW65/400 type emulsion pump (as shown in Figure 4) is selected as the hydraulic fracturing water injection pump. It uses a YB2-400M-4 flameproof motor as the power source and is equipped with a BY610Z hydraulic transmission. It features a compact structure and a relatively small size, and is mainly used for operations such as coal seam fracturing and water injection. The overall external dimensions of the pump unit (length × width × height) are 8,700 × 1,450 × 1770 mm, and the total weight is 13 tons. To prevent fracturing fluid from contaminating the coal seam, clear water is selected as the hydraulic fracturing fluid.
[image: Figure 4]FIGURE 4 | The BYW65/400 type fracturing pump unit.
In order to ensure the hole-sealing effect of hydraulic fracturing, this experiment adopts a rapid hole-sealing device for sectional hydraulic fracturing in coal mines, which is composed of a guide shoe, a check valve, a differential stress sliding sleeve, a flow restrictor, a safety joint, oil pipes, a backwashing wellhead, etc., as shown in Figure 5. Among them, the guide shoe is a device that guides the tubing string to smoothly enter the borehole during the process of pushing the sectional fracturing hole-sealing equipment, and it is an important component to prevent the tubing string from inserting into or scraping the borehole wall. The check valve is a component that ensures the action direction of the water flow during hydraulic fracturing. This device can achieve a rapid and stable hole-sealing effect, improve the construction efficiency, and has the characteristics of being able to be smoothly recovered and reused after fracturing.
[image: Figure 5]FIGURE 5 | Schematic diagram of rapid hole sealing.
3.3 Design of hydraulic fracturing scheme
3.3.1 Design of borehole layout
Based on the current status of hydraulic fracturing technology, processes, and equipment in coal mines, and combined with the effects of hydraulic fracturing of directional long boreholes in coal and rock formations that have been implemented in previous mining areas. In this experiment, the dragging-type sectional hydraulic fracturing process is planned to be adopted in the 81313 working face of Baode Coal Mine. The engineering experiment designs two drilling sites, and one main fracturing borehole is constructed at each drilling site. The lengths of the boreholes are 500 m, 300 m, and 1,000 m respectively, and the diameter of each borehole is 96 mm. The two main boreholes are respectively subjected to sectional fracturing in 7 sections, 5 sections, and 8 sections. The gas drainage boreholes are designed according to a unilateral influence range of 30 m. Three gas drainage boreholes are arranged on both sides of the main fracturing borehole, and the spacing between the boreholes is 6–10 m. One gas drainage comparison borehole is arranged in the unfractured area, which is 100 m away from the main fracturing borehole. The diameter of each borehole is the same as that of the main fracturing borehole. The borehole layout is shown in Figure 6.
[image: Figure 6]FIGURE 6 | Plan view of the borehole layout.
3.3.2 Construction design of sectional hydraulic fracturing for permeability enhancement
The sectional hydraulic fracturing process of the double-packer and single-packer clamping dragging tubing string mainly consists of the optimization of fracturing equipment, the combination of fracturing tools, the selection of tools, the pumping process, etc. The sectional fracturing method is to carry out the fracturing operation sequentially from the inside outwards. The technological process is shown in Figure 7.
[image: Figure 7]FIGURE 7 | Process flow chart of staged hydraulic fracturing.
During the fracturing design stage, appropriate fracturing equipment is selected and debugged to adapt to specific geological conditions and engineering requirements. Meanwhile, the sectional tool string is selected and assembled, the pumping stress, displacement, and water injection volume are determined, and monitoring and safety technical measures are formulated to ensure the safety and effectiveness of the fracturing process.
When entering the stage of sectional hydraulic fracturing construction, first, the sectional tool string is sent to the predetermined position. Then, the double packers are used for setting and checking for leaks to ensure the tightness during the fracturing process. After that, water injection fracturing is carried out. During the fracturing process, it is necessary to determine whether the fracturing is completed. If not, the process is repeated; if completed, the section count is updated, and preparations are made for the next section of fracturing. The tubing string is moved to the next fracturing point. After all the fracturing sections are completed, the borehole mouth is treated with stress maintenance to ensure the stability of the fracturing effect.
Finally, in the stage of withdrawing the tool string for maintenance, after all the fracturing work is completed, the tool string is withdrawn and necessary maintenance and repairs are carried out. The above systematic process can ensure the efficiency and safety of the fracturing operation, provide guidance for practical operations, and lay a foundation for subsequent research.
4 RESULTS AND DISCUSSION
4.1 Analysis of the pumping injection stress curve
4.1.1 Classification of the fracture propagation stages
Based on the characteristics of the hydraulic fracturing pumping injection stress curve, the curve can be divided into three stages: the stress rising stage, the fracturing stage, and the stable fracture propagation stage.
The stress rising stage includes the process of setting the packer. The packer is inflated by artificially controlling the stress to ensure it makes full contact with the borehole wall. After the packer is fully inflated and set, the constant-stress shut-off valve opens, and the fracturing fluid flows into the borehole. This process will lead to a stress drop, and the magnitude of the stress drop varies for each fracturing section.
Subsequently, the stress continues to rise and enters the fracturing stage. When the stress rises to reach the fracturing stress of the roof rock formation or coal seam, the destruction of the rock formation or coal seam creates new liquid storage spaces, resulting in a stress drop. The magnitude of the stress drop reflects the size of the generated fracture volume or the richness of the fracture network. The greater the stress drop, the larger the formed liquid storage space, that is, the larger the fracture volume. It is particularly important to emphasize that during the fracturing stage, there will be multiple stress drop phenomena with different magnitudes, and the magnitude of the first stress drop is the largest. It is certain that the first stress drop is caused by the generation or connection of fractures in the rock formation section. There are three possible reasons for this phenomenon: 1) After fractures are generated in the rock formation, the fractures expand to different strata, causing the destruction of strata with different lithologies. The resulting different fracture volumes lead to different stress drops; 2) The first stress drop represents the destruction of the rock formation, and the generated fractures expand into the coal seam. Subsequent stress drops occur in the coal seam, indicating the initiation, expansion, and extension of fractures in the coal seam; 3) Destruction occurs not only in the rock formation but also in the coal seam, and the dual fracture effect results in stress drops with different magnitudes.
After the coal and rock mass are fractured, the fractures expand into the coal seam. Under the action of high-stress water, the fractures continuously expand within the coal seam and exhibit a sawtooth-like fluctuation around a certain stable value. At this point, the fractures enter the stable propagation stage.
4.1.2 Analysis of the characteristics of fracture stress
The sectional hydraulic fracturing stress curves of the main fracturing boreholes are shown in Figure 8 respectively. During the stable fracture propagation stage, the stable stresss of each fracturing section are different. The stress of the first section of the fracturing borehole fluctuates in a sawtooth pattern at around 9 MPa. The stresss of the second, third, and fourth sections fluctuate in a sawtooth pattern at around 8.3 MPa. The stresss of the fifth and sixth sections fluctuate in a sawtooth pattern at around 9.5 MPa, and the stress of the seventh section fluctuates in a sawtooth pattern at around 8 MPa. The different magnitudes of the sawtooth-shaped stress fluctuations during the stable fracture propagation stage indicate different degrees of difficulty in the extension and propagation of fractures and different levels of fracture richness. On the one hand, the more obvious the sawtooth-shaped change is, the more frequently the coal seam fractures, the slower the fracture extension and propagation are, and the richer the generated fractures are. If the sawtooth-shaped change is not obvious, it is likely that a single fracture is formed or the fracture extends forward along the structural plane within the coal seam.
[image: Figure 8]FIGURE 8 | Curve characteristics of the main fracturing hole.
The fracture stress of the main fracturing boreholes are 8.3 MPa, 8.5 MPa, 8.4 MPa, 9.1 MPa, 8.9 MPa, 9.6 MPa, and 8.2 MPa in sequence. From this, it can be seen that there is a gradually decreasing trend from the bottom of the fracturing borehole to the borehole opening. The main reasons for the above situation are as follows: 1) The bottom of the borehole is relatively farther from the hydraulic pump unit system than the borehole opening, and the friction resistance in the pipeline is large, resulting in a higher fracture stress of the rock formation. As the fracturing position gets closer to the borehole opening, the fracture stress shows a decreasing trend. 2) The stratum position or lithology of the fracturing position is a key factor affecting the hydraulic fracturing fracture stress. Generally, the fine sand has a small fluid loss, while the coarse sandstone has a large fluid loss. The fracture stress of the fine sandstone section during fracturing is greater than that of the coarse sandstone section. 3) The fracturing is related to factors such as the operation of the injection holes, the branch holes, and the vertical distance from the fracturing position to the coal seam. 4) The influence of variations in the coal seam’s physicomechanical properties on fracture stress shows a positive correlation between coal hardness and fracture stress. Hard coal (e.g., with gangue interlayers) has stronger resistance to failure, requiring higher stress for fracturing. Conversely, pore structure exhibits a negative correlation with fracture stress: coal seams with high porosity and dense cleats facilitate fracturing fluid penetration, thereby reducing the initiation stress. The combined effect of the above three factors results in the fracture stress of the bottom section of the borehole being greater than that of the opening section of the borehole.
4.2 Analysis of the gas drainage effect
4.2.1 Analysis of gas concentration
To further explore the permeability enhancement effect of the coal seam hydraulic fracturing technology, during the gas drainage process, the gas concentrations of the No. 1 main fracturing borehole and the No. 8 natural gas drainage comparison borehole in the gas drainage chamber of the 18th crossheading in the auxiliary haulage roadway of 81313 were monitored for a month. Three sets of data were collected every day, and their average values were calculated. Then, a trend chart showing the changes over time was drawn, as shown in Figure 9.
[image: Figure 9]FIGURE 9 | Gas extraction concentration diagram.
By observing Figure 9, it can be seen that from the 1st day to the 10th day, the gas drainage concentration of the main fracturing borehole remained above 55%, with a maximum of 68% and an average drainage concentration of 63%. From the 11th day to the 20th day, the gas drainage concentration decreased slightly, ranging from 40% to 62%, with an average gas drainage concentration of 55.12%. From the 21st day to the 30th day, the gas drainage concentration was below 60%, with an average gas drainage concentration of 43.17%. Throughout the entire gas drainage process, the highest gas drainage concentration was 68%, the lowest was 35%, and the average gas drainage concentration was 54.37%. The highest gas drainage flow rate was 0.81 m3/min, the lowest was 0.41 m3/min, and the average gas drainage flow rate was 0.58 m3/min. The gas drainage concentration of the comparison borehole always remained below 20%, with a maximum of 18% and an average drainage concentration of 9.7%. The gas drainage concentration curves of both the main fracturing borehole and the comparison borehole showed a trend of first increasing and then stabilizing.
As time goes by, although the gas concentration in the fracturing borehole fluctuates, it remains at a relatively high level overall. In the early stage, the gas concentration occasionally decreased, yet it still stayed within a relatively high range. For example, around the 5th day, the gas concentration was above 60%. Subsequently, the gas concentration in the fracturing borehole rebounded to approximately 62% during the period from the 7th to the 10th day. This is due to the gas replenishment within the coal seam and the dynamic equilibrium changes during the gas drainage process. Later, within the 20th to 30th days, although there were fluctuations, the gas concentration was relatively high for most of the time. The lowest concentration was still above 40%, and it rebounded to above 55% several times, generally presenting a high-concentration situation. Thanks to the effect of hydraulic fracturing on the fracturing borehole, the permeability of the coal seam has been enhanced, allowing the gas to be released and drained more quickly. As a result, the gas drainage concentration has always remained at a relatively high level.
The gas concentration curve of the non-fractured comparison borehole is relatively stable with a small fluctuation range. During the one-month monitoring period, the gas concentration of this borehole basically fluctuated between 5% and 15%. This indicates that for the comparison borehole without hydraulic fracturing, the gas release and drainage process is relatively slow and stable. The permeability of the coal seam has not been effectively improved, making it difficult for a large amount of gas to flow out rapidly, which results in a relatively gentle change in the gas concentration.
In conclusion, through the comparative analysis of the gas concentration change curves of the fracturing borehole and the comparison borehole, it can be seen that the sectional hydraulic fracturing technology of directional long boreholes along the coal seam has a significant impact on the gas concentration in the coal seam. The large fluctuations in the gas concentration of the fracturing borehole reflect that this technology has enhanced the fluidity and drainability of the gas in the coal seam. On the other hand, the relatively slow and stable gas concentration of the natural gas drainage borehole further demonstrates the important role of the directional long borehole hydraulic fracturing technology in changing the occurrence state of the gas in the coal seam and improving the gas drainage effect.
4.2.2 Flow decay law
The comprehensive flow rate during gas extraction refers to the total amount of gas extracted from the coal seam or gas storage space per unit time during the gas extraction process. It takes into account the impacts of various factors on gas flow comprehensively and is one of the important indicators for measuring the efficiency and effectiveness of gas extraction. Due to the above reasons, during the gas extraction process, in addition to monitoring the gas extraction concentration of the main fracturing holes and natural extraction holes in the gas drainage chamber of the 18th connecting roadway of the auxiliary haulage in 81313, the collection of comprehensive flow rate data is also carried out. Figure 10 is a comparative chart of the comprehensive gas extraction flow rates, which is drawn by sorting out the data.
[image: Figure 10]FIGURE 10 | Comprehensive gas flow diagram.
By observing Figure 10, it can be seen that the curve of the fracturing hole exhibits the characteristic of flow rate fluctuation in the early stage. The possible reason is that the gas stress and flow state are unstable during the initial mining period. When it is approximately the third day, the comprehensive flow rate has climbed to around 0.85 cubic meters per minute. Subsequently, this upward trend continued, and a relatively high value was reached within the time period of 5–10 days, approaching the level of 0.85 cubic meters per minute. After that, during the subsequent monitoring period, the comprehensive flow rate basically fluctuated within a relatively high range between 0.6 and 0.8 cubic meters per minute. This phenomenon fully demonstrates that after the implementation of the hydraulic fracturing measure, the gas permeability of the coal seam around the fracturing hole has been significantly enhanced. Under the action of the stress difference, the gas in the coal seam can flow into the borehole more smoothly and be effectively extracted. As a result, the comprehensive gas extraction flow rate can continuously remain at a relatively high level, which strongly reflects the good gas extraction effect brought about by the staged hydraulic fracturing technology of the long boreholes along the coal seam.
In contrast, the flow rate curve of the natural gas extraction borehole shows a relatively slow upward process. Throughout the entire monitoring period, the comprehensive flow rate of this borehole remained at a relatively low level. The highest value never exceeded 0.7 m3/min, and it fluctuated mostly between 0.2 and 0.4 m3/min. This phenomenon indicates that there is a significant gap in the gas extraction efficiency between the boreholes that have not undergone hydraulic fracturing treatment and the fractured boreholes. Due to the poor original gas permeability of the coal seam, it is difficult for the gas to desorb effectively and migrate into the borehole, resulting in low gas extraction efficiency.
4.3 Analysis of the influence range of hydraulic fracturing
4.3.1 Detection principle
The principle of the transient electromagnetic detection technology in the borehole lies in the fact that the fracturing fluid formula contains highly conductive electrolyte substances. When fracturing occurs, the fracturing fluid penetrates into the coal and rock strata, altering the resistivity of these strata. By processing and comparing the changes in the resistivity or potential of the strata before and after fracturing, the direction and length of the fracturing fractures can be inferred. For the transient electromagnetic profile detection in the borehole, the transmitting coil and the receiving probe are sent into the borehole together. Three-component measurements are carried out point by point. The secondary field of the vertical component Z in the direction of the borehole is used to analyze the possible low-resistance abnormal areas around the borehole. The secondary fields of the two sets of horizontal components X and Y (the X component is perpendicular to the borehole and points to the right, and the Y component is perpendicular to the borehole and points downward), which are perpendicular to the borehole and orthogonal to each other, are used to analyze the spatial orientation of the abnormal area relative to the borehole. Finally, a cylindrical detection area is formed, centered on the borehole and within a certain radial distance range. The schematic diagram of the detection is shown in Figure 11.
[image: Figure 11]FIGURE 11 | Schematic diagram of in-hole transient electromagnetic detection.
4.3.2 Analysis of detection data
Due to the instability of the borehole wall after the hydraulic fracturing of the open-hole borehole, the detection instrument encountered resistance during the pushing process, and the detection depth was shallower than that before the fracturing. In this experiment, there were only 192 valid data points available for analysis, ranging from 50 to 239 m, which covered the fracturing areas of the sixth and fifth sections. Through comparative analysis, the boundaries and grade standards for abnormal division were determined, and appropriate colors and their transitions were corresponding to them. It is agreed that the normal value of the apparent resistivity is set to zero. When the abnormal value of the apparent resistivity is less than or equal to zero, it is the low-resistance boundary. Green indicates a low-resistance anomaly (or water-rich area), orange or colorless indicates a high-resistance anomaly (weakly water-bearing or water-free area), and other intermediate colors indicate the transition area from low-resistance to high-resistance anomalies. Figure 12 shows the processing results of the borehole transient electromagnetic method for extracting the pure abnormal field before and after the fracturing. In the result graph, the abscissa represents the detection distance (the starting point corresponds to a borehole depth of 0 m), and the ordinate represents the radial distance of the borehole. The blue and green parts in the graph are the low-resistance abnormal areas. The darker the color, the greater the change of the resistivity towards the lower value.
[image: Figure 12]FIGURE 12 | Pure abnormal areas before and after fracturing.
According to the strength and continuity of the anomalies, it can be divided into three abnormal areas. The No. 1 abnormal area is located in the interval of 10–20 m in borehole depth, and the center of the anomaly is mainly concentrated around 15 m in borehole depth. Its abnormal range is relatively large, and the anomaly intensity is strong. Considering all factors, it is believed that this area is caused by the water content in the rock formation due to fracturing. The No. 2 abnormal area is located in the interval of 20–50 m in borehole depth, and the center of the anomaly is mainly concentrated around 35 m in borehole depth. Its abnormal range is small, and the local banding is obvious. Considering all factors, it is believed that this area is caused by the water content in the rock formation due to the fracturing of the sixth section. The No. 3 abnormal area is located in the interval of 80–100 m in borehole depth, and the center of the anomaly is mainly concentrated around 90 m in borehole depth. Its abnormal range is large, and the banding is relatively obvious. Considering all factors, it is believed that this area is caused by the water content in the rock formation due to the fracturing of the fifth section.
Judging from the extracted pure abnormal areas, the abnormal areas take the fracturing section as the radiation source point and show obvious banded shapes. Moreover, the farthest development distance of the bands along the radial direction of the borehole is 30 m. In terms of the orientation of the abnormal areas relative to the borehole, the No. 1 and No. 2 abnormal areas are located below the borehole, while the No. 3 abnormal area is located above the borehole. By conducting detections before and after the hydraulic fracturing project respectively, the delineated low-resistance abnormal areas basically correspond to the positions of the hydraulic fracturing sections. The borehole transient electromagnetic method can be used to determine the influence range of hydraulic fracturing.
5 CONCLUSION

(1) The analysis of the pumping stress curve of the main fracturing borehole shows that its fracture stress ranges from 8.2 to 9.6 MPa, and it shows a gradually decreasing trend from the bottom to the orifice of the borehole. During the fracture stage, there are multiple stress drops with different amplitudes, and the amplitude of the first stress drop is the largest, which reflects the generation, expansion, and communication of the fractures in the rock formation and coal seam.
(2) There is a significant difference in the gas extraction effect between the fractured boreholes and the natural gas extraction boreholes. The average gas extraction concentration of the fractured boreholes reaches 54.37%, with the highest being 68%. The average extraction concentration of the comparison boreholes is only 9.7%, with the highest being 18%. Although the comprehensive flow rate of the fractured boreholes fluctuated in the early stage, it quickly climbed to around 0.85 m3/min and stabilized within the relatively high range of 0.6–0.8 m3/min. The comprehensive flow rate of the unfractured comparison boreholes increased slowly, and the highest value did not exceed 0.7 m3/min, lingering mostly between 0.2 and 0.4 m3/min. Compared with the natural gas extraction boreholes, the comprehensive gas flow rate of the fractured boreholes has been significantly increased, with a year-on-year growth of approximately 200%–300%.
(3) The influence range of hydraulic fracturing is determined through the transient electromagnetic detection technology in the borehole. The abnormal areas are distributed in a banded pattern with the fracturing section as the radiation source. The farthest development distance of the bands along the radial direction of the borehole reaches 30 m. The low-resistance abnormal areas basically correspond to the positions of the hydraulic fracturing sections, indicating that this technology can effectively form a fracture area with a considerable influence range.
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