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Hydraulic fracturing is an important technical measure for coalbed methane (CBM) development, and the propagation of fractures in the target coal seam induced by hydraulic fracturing is related to the stimulation performance in CBM recovery. Therefore, effective monitoring of fracture development during reservoir fracturing is critical for CBM engineering. In this paper, the microseismic technology was used to monitor the spatial and temporal characteristics of the fracture extension in the CBM well during hydraulic fracturing in Zhengzhuang Region, Southern Qinshui Basin, China. Based on the microseismic fracture scanning data and imaging processing, the three-dimensional shape of fractures in vertical wells after fracturing can be quantified, and for the vertical well ZHSY-1, the main fracture direction is identified as NE106°, and the fracture length is 426 m, and the fracture area of coal seam is 1.6 × 105 m2. It is found that fracturing does not develop continuously in time and space with fracturing fluid injection, and the fracture regions are scattered throughout the space, and the formation and development of fracture regions are intermittent. After fracturing with a large amount of fracturing fluid injection in Well ZHSY-1, the fracture area has been significantly increased, and the well gas production has been significantly improved, which is confirmed by the field CBM well data. This study provides a field application case for studying the effect of hydraulic fracturing fracture propagation using microseismic technology, which can be used as a reference for fracturing engineering in CBM development.
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1 INTRODUCTION
In recent years, the energy industry in China and even in the world is undergoing great changes, constantly moving towards clean energy (Fan et al., 2019; Fan et al., 2020a). CBM is a rapidly emerging clean, high-quality energy and industrial chemicals in recent decades (Liu et al., 2020; Yang and Liu, 2021; Li et al., 2022a), while it has as much as twenty times the greenhouse effect of carbon dioxide (Zhao et al., 2020; Li et al., 2021). China has rich CBM resources, and the proven reserves of CBM resources in coal seams buried at a depth of 2,000 m or shallower are approximately 3 × 10−12 m3 (Fan et al., 2020b). Under the strategic goal of “Carbon Emissions Peak” and “Carbon Neutrality,” the exploitation and utilization of CBM is of great significance to China’s energy reform and the world environmental protection (Zheng et al., 2019; Fan et al., 2020c).
Hydraulic fracturing technique is one of the most important measures to artificially increase the production of oil and gas reserves (Li et al., 2019a; Liu et al., 2021). In order to improve the productivity of oil and gas, North American scientists firstly proposed a new hydraulic fracturing technique, stimulated reservoir volume (SRV), based on the physical characteristics of the reservoir and traditional hydraulic fracturing (Mu et al., 2014). Since the 20th century, SRV has been widely promoted in the field of oil and gas extraction, especially in the shale gas extraction, and has achieved some success (Ling et al., 2014; Wang et al., 2017; He, 2018). In the past decade, the CBM industry has also started to try to replicate this process for coal reservoir reconstruction (Ren et al., 2018; Sheng et al., 2019). Differing from the conventional hydraulic fracturing techniques for coal reservoirs, the purpose of SRV is to make natural fractures continuously expand and brittle rocks develop shear slip during hydraulic fracturing, which results in a fracture network with interlaced natural and artificial fractures, in this way to increase the reconstruction volume and improve the initial production and the final recovery rate of CBM (Maxwell et al., 2002). However, in practical engineering, the extension and distribution of fractures in coal reservoirs after SRV are unknown, and it is difficult to judge whether SRV is superior in coal reservoir reconstruction compared to conventional hydraulic fracturing (Zhao et al., 2018; Ren et al., 2019). Currently, microseismic monitoring technology has been developed in the industries of oil and gas reservoirs (He et al., 2019; Kang et al., 2021), mining and geothermal, and is commonly applied in the fields of rock damage and movement, hydraulic fracturing monitoring and ground pressure appearance monitoring (Ry et al., 2019; Li et al., 2022b), which is of great significance to prevent and control coal mine disasters and ensure the safety of mining production (Zhao et al., 2016; Zhao et al., 2023).
The principle of microseismic monitoring technology involves the collection of the acoustic signals of the coal/rock fracturing with high-precision sensors during hydraulic fracturing, and the data processing using the geophones, seismic analyzers and other equipment, and the verification the location of the fracturing source and the prediction of the next fracturing source (Ma et al., 2018; Ma et al., 2020). An earlier application of microseismic monitoring technology to diagnose fractures in underground hydraulic fracturing in coal mines was made by a Japanese scholar, Masahiro Seto. In China, the first application of microseismic monitoring technology to hydraulic fracturing monitoring was reported with the engineering applications in the Qinshui Basin in Shanxi province (Zhang et al., 2013). And after that, numerous scholars have carried out a large number of studies in the field of microseismic monitoring of hydraulic fracturing in CBM engineering. Tian et al. (2020) carred out the microseismic network monitoring and inversion of the seismic mechanism in Lu’an mining area in the Qinshui basin. Zhou et al. (2018) successively conducted the application of microseismic monitoring of underground hydraulic fracturing in coal mines and developed microseismic equipment suitable for underground monitoring (Zhou and Li, 2017). Yan et al. (2019) studied the influence range of hydraulic fracturing with the drilling method and microseismic monitoring method, and indicated that the influence range measured by microseismic monitoring was smaller than the drilling method in the soft coal seams. Jiang et al. (2019) applied the microseismic monitoring, water content detection and stress variation monitoring techniques to explore the influence range of hydraulic fracturing in coal mines (Li et al., 2019b). Some studied tried to obtain important information from microseismic monitoring and positioning inversion, such as the extension direction and extension range of fractures, which is helpful to identify and analyze the extension and distribution characteristics of hydraulic fractures (Zhang et al., 2019; Mahmoud et al., 2021). And based on the microseismic monitoring and positioning inversion data, the process parameters of hydraulic fracturing such as pumping water, sand volume and pumping pressure can be optimized, and also the risk of hydraulic fracturing in real time can be evaluated, which can improve the safety and economic efficiency of underground hydraulic fracturing in CBM development.
However, the common used verification method of conventional hydraulic fracturing is to identify the shape of the plane through microseismic fracture monitoring to obtain the basic parameters of the main fracture length and height, which is difficult to guide the actual fracturing process (Yao et al., 2014). And the definition of the effective influence area of hydraulic fracturing and the fracture propagation mechanism in the reconstruction process are still unclear. Therefore, this study carried out microseismic fracture scanning monitoring during the hydraulic fracturing of coalbed methane wells in Zhengzhuang region in Qinshui basin in China, and the spatiotemporal characteristics of fracture propagation during fracturing operation was analyzed, and the applicability of this microseismic monitoring technology was discussed, which can provide reference for relevant engineering application.
2 MATERIALS AND METHODS
Micro-rupture energy scanning technology is a technique specifically designed for micro-ruptures. The technique is based on three-element shallow surface burial observation, less monitoring station deployment, real-time data monitoring and 4D processing interpretation, which extends the monitoring range of traditional positioning methods and is able to quickly construct and capture micro-rupture at the surface, and it also takes it into account that microseismic mostly has shear rupture characteristics (Shen et al., 2009). In particular, to adapt to the monitoring target and monitoring environment characteristics and to avoid the limitations of the original microseismic monitoring methods, micro-rupture energy scanning technology has the following characteristics: 1) Abandoning traditional positioning processing methods with high recording requirements and using offset superposition or vector scanning. 2) Abandoning equidistant and equal-angle arrays, which may make many stations extremely noisy, and laying out station networks with discrete quiet points. 3) Using not only P-waves with small amplitude, but mainly S-waves recorded in 3-component. 4) Abandoning the commonly used natural seismometers and exploration acquisition stations, and developing special micro-ruptures suitable for microseismic. These are the main differences between the micro-rupture energy scanning technique and other microseismic monitoring methods, as well as the necessary conditions for performing micro-rupture vector scanning. The specific technical process and equipment are shown in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic Diagram of the technical process and equipment.
2.1 Layout principle of monitoring table
With the main principle of obtaining the maximum signal-to-noise ratio (S/N), the station layout requirements are:1) The station is located approximately 1 km from the near boundary of the strong interference source, which is based on a comprehensive analysis of the various influencing factors during data collection. The influence of fracturing vehicles (groups) and similar disturbance sources (e.g., busy roads) beyond this distance should be lower than the environment noise in the vicinity of the station. 2) After excluding the influence range of all strong interference sources in the monitoring area, stations should be found according to the background quality, as shown in Table 1. 3) The far boundaries of monitoring stations should meet the requirements of background quality and the principle of being as close to the monitoring object as possible, while avoiding setting up stations on points (or small areas), straight lines or circles (Liang et al., 2015).
TABLE 1 | Judging conditions of station background.
[image: Table 1]Table 1 above shows the average amplitude of a station record defined by quantitative determination of station record quality. The definition formula is:
[image: image]
[image: image] is the average amplitude of three components of a station, b is the number of bits of seismic data recorder (b=16 or 24, etc.), and 2b-1 is the half range of corresponding records.
2.2 Vertical well monitoring point arrangement
Three component, independent and broadband special microseismic stations located at the surface (<1 m shallow layer) were used for monitoring. In the fracture monitoring of ZHSY-1, 25 seismic stations (detector sensitivity >110 V/m/s) were used, as shown in Figure 2.
[image: Figure 2]FIGURE 2 | Distribution of stations.
The principles for setting up the seismic network are:1) covering the target area around the surface projection point of the fractured section uniformly and randomly; 2) reducing background noise as much as possible, i.e., avoiding fracturing vehicles, personnel, vehicles, high-voltage lines, production and construction wells, etc.; 3) ensuring reliable and continuous operation of the instruments under permissible environmental conditions; etc. However, since it is located in a densely populated area with roads and underground pipelines, the perception of “quiet” relying only on human hearing is inaccurate. For this, we used background detectors, which are portable microseismic instruments that do not need to be buried in the ground, to check possible “quiet” preset points in advance. After excluding the noise points, the layout point areas were determined within the monitoring area and the distance between stations was at least 40 m, which is twice of the maximum GPS positioning error. During the whole monitoring period, there may be several sites with high noise levels (e.g., temporary human or animal activities in the vicinity), which can be removed before the calculation.
Take the ZHSY-1 well in Zhengzhuang area of Qinshui Basin as an example, it is located near Zhengzhuang Town, Qinshui County, Shanxi Province. The wellhead is surrounded by mountains and there is a very low background noise. Since the wellhead is surrounded by mountains there are more rocks and less soil there. There is no road to the north and west of the wellhead, and there is a road to the south of the wellhead, so the measurement station is located to the east of the wellhead, as shown in Figure 2. The observation quality of background noise is excellent, as shown in Table 2 and Figure 3.
TABLE 2 | Background noise of fracturing monitoring seismic station of Well ZHSY-1.
[image: Table 2][image: Figure 3]FIGURE 3 | Average amplitude of station background.
2.3 Seismic wave velocity model and monitoring data processing
The seismic wave velocity model is the basis of scanning. The seismic wave velocity model is built mainly based on: 1) acoustic measurement data of relatively complete evaluation wells in the block; 2) acoustic measurement data of each well near the reservoir. The principle of the model is to obtain the P-wave velocity model of the whole target area by using the three-dimensional interpolation. Since the S-wave amplitude is large and the fracture is likely to be controlled by the tectonic principal stress field after moving slightly away from the well edge, resulting in a shear fracture, the S-wave velocity model is used in the scanning calculation. After forming the P-wave model, the S-wave velocity model can be obtained by dividing by 1.732. The 3D velocity model was obtained by interpolating the acoustic logging data from the surrounding 2 wells, as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Seismic wave velocity model of ZHSY-1 well.
After obtaining the station coordinates, numerical points of the well trajectory and fracture geometry location of each section, the monitoring calculation geometric design of the section can be obtained by defining the scanning range of each section as 1000 m*1000 m*200 m. The grid for scanning calculations is 20 m, and this is the maximum value of GPS error in the field, with a time interval of 1 min, which is used to describe the temporal and spatial distribution of the fractured fractures.
Considering the accuracy and reference of the data, the obvious regular noise points that can be found in the surrounding environment should be excluded during the data collection. As shown in Figure 5, it belongs to the distribution of regular noise points recorded by the two nearby knockers.
[image: Figure 5]FIGURE 5 | Typical data of fracturing monitoring before noise removal of Well ZHSY-1.
2.4 Monitoring results and interpretation
After the fracturing construction, the instantaneous diagram of the two-dimensional energy burst points of each phase was formed by calculating the amount of fracturing energy data, and the cumulative diagram of fracturing energy was obtained by integrating the fracturing energy of each phase, as shown in Figure 6. Finally the relevant parameters of fracturing were determined (Liang et al., 2017).
[image: Figure 6]FIGURE 6 | Instantaneous and cumulative fracture energy diagram at the 26th minute.
The monitoring results show that the software has sorted and filtered the data since fracturing and divided the data into data subperiods ranging from a few seconds to tens of seconds. Twenty-nine events of high-pressure fracture energy near fracturing were collected by scanning and twenty-nine sets of real-time and cumulative graphs were generated as shown in Figure 7.
[image: Figure 7]FIGURE 7 | Cumulative diagram of important period of fracturing and the period to important period in the fracturing process of well ZHSY-1.
As shown in Figure 8, the main fracture direction is NE106°, the fracture length is 426 m, and the effective fracture area is about 1.60 × 105 m3 by imaging calculation.
[image: Figure 8]FIGURE 8 | Total effect of fracturing fracture distribution in well ZHSY-1.
3 RESULTS AND DISCUSSION
3.1 Extended space-time characteristics
Combining the cumulative events collected from the volumetric fracture monitoring of well ZHSY-1 with the fracture curve of the well, the images show that most of the obvious fractures are significantly reflected in the fracture curve. Throughout the whole fracturing process, the change of fractures with time can be basically divided into several characteristic moments, as shown in Figure 9. In the 1st minute, the fracture response started from the southwest direction with an expanding fracture network. From the 3rd minute of fracturing, the response was relatively dense in the area perpendicular to the northeast direction of the well, with relatively scattered fractures around the wellhead in other directions. Starting from the 11th minute of fracturing, the response started from the northeast direction around the fractured area, and by the end of the 26th minute, the contour line of the fracture network was basically formed. During the subsequent construction, the fracture network was continuously densified. At the end of the fracturing, which was the 135th minute, the fracture network reached its final shape.
[image: Figure 9]FIGURE 9 | Fracturing construction curve and fracture state characteristic diagram.
Through further detailed analysis of the 29 sets of data collected, it is found that the fractures do not necessarily develop continuously in time and space strictly with the advancement of fracturing fluid. Taking the ZHSY-1 well as an example, the cumulative diagram shows that the fracture concentrated areas are southwest, northeast, northeast, southeast and northwest. After 26 min, the fracture network will be densified. On the whole, it shows that the concentrated fracture areas are jumping in space but intermittent in time. For example, after 11 min, several concentrated fracture areas in the northeast no longer show large changes in area and approach “saturation,” with more microfractures developing in this region.
3.2 Comparative analysis of fracturing performance
With the same microseismic fracture scanning technique, this vertical well was compared with conventional fracturing vertical wells ZHSY-2 and ZHSY-3 located in the same area and in the same formation. The specific parameters and post-fracturing interpretations of the three wells are shown in Table 3. The results show that the main fracture length of well ZHSY-2 is 410 m and that of well ZHSY-3 is 450 m, which is not much different from that of well ZHSY-1, but there is a significant difference in the effective fracture area.
TABLE 3 | Data of three wells and fracturing fractures.
[image: Table 3]The effective fracture area of fracturing can be seen as a direct reflection of the fracturing process modification. From the microseismic fracture scanning technique, it can be seen that the concentrated fracture area jumps spatially and it may be a bright irregular energy point on the cumulative map. Although there is no direct evidence that these high fracture energy points are in direct communication with each other, these points should be connected into lines, lines into pieces, and pieces into a network, which should be the effective impact area of fracturing, as shown in Figure 10. The results and calculations show that the effective fracturing area of ZHSY-2 well is about 0.53 × 105 m3, and when the sand rate is close and the fluid volume is about 500 m3 less than that of ZHSY-1 volumetric fracturing well, the effective area is reduced by 67%, and the effect of SRV is obvious from the macroscopic point of view. From the microscopic point of view, the apparent high fracture energy points, which are dominated by the time axis, are hypothetically connected in the order of their appearance. It can be found that the fracturing fractures in the vertical wells of SRV are relatively differentiated, and the communication between fractures is frequent and obvious. However, due to the scale of fracturing in conventional fracturing is small, fracture communication shows a certain trend to some extent. Take the ZHSY-2 well as an example, the trend of east-west extension of the fractures is obvious.
[image: Figure 10]FIGURE 10 | Comparison of fracture extension trend.
3.3 Gas production effect analysis
The three observation wells have been continuously and steadily discharging gas since October 2018, and a total of 8 months of gas volume data have been collected. The gas production of the three wells is shown in Figure 11.
[image: Figure 11]FIGURE 11 | Gas production change of the CBM wells.
After 8 months of production scheduling, the production of the ZHSY-1 well was maintained at about 3,800 m3/d, the daily production of the ZHSY-2 well hovered around 200–500 m3, and the ZHSY-3 well was almost in a non-gas producing state. As shown in Figure 11, since March 1, the ZHSY-1 well started to fully drain the two coal seams, resulting in a significant increase in gas production. Coal seam 15 provided great support for the gas production of this CBM well. However, it can be seen from the gas production that the daily production of this well can be maintained at about 1,300 m3 before the combined extraction, which is still a high production well compared to the other two wells.
Among the three wells, the ZHSY-1 well has a significantly larger fracture area and richer fracture pattern than the other two wells after large displacement fracturing. To some extent, the possibility of communication and connection between fractures is greater. It is clear from Figure 10 that in addition to the direct communication between the obvious fractures and the main fractures, there is also a lot of communication between the obvious fractures and the fractures. In summary, it can be seen to some extent that the size of the fracture area will directly affect the production of natural gas.
4 CONCLUSION
Microseismic scanning technology was applied to monitor the hydrlic fracture process and study the fracture propagation behavior in target CBM reservoir. The orientation and shape of the main fracture can be detected with the microseismic energy scanning image, and the effective fracture area can be evaluated, which intuitively reflect the fracturing permormance. It is found that the fracture propagation was discontinuous in time and space with the injection of hydraulic fracturing fluid. Dense fracture areas continued to appear as fracturing progresses, and the fracture area developed intensively in a certain period of time, and finally reach a “stable” state. Compared with conventional fracturing wells in the same layer in the same CBM region, the length of main fractures generated by volume fracturing has no obvious change, but the effective fracture area has increased significantly, and the fracture development is more complex, which will induce the better connectivity in CBM reservoir and higher CNM yield.
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