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Groundwater leakage in the loess gully terrain is one of the main hazards of coal seam mining at shallow burial depth. The burial depth of the 5−2 coal seam is less than 50 m from the ground in the gully of the study site. The fissures that expand upward after mining can easily penetrate the ground to form a water-conducting channels. During rainy periods, there is a potential risk of groundwater leakage. In order to reveal the characteristics of plane development and the dynamic evolution of gully ground fissures, the typical U-shaped gully in the northern Shaanxi coal mine was studied using the field measurement methods of “On-site measurement” and UAV aerial photography. Based on the experimental platform of ground fissure leakage developed and designed by the team, an indoor test model corresponding to the actual situation was established. In addition, the mathematical models of actual flood inrush, fissure width, and flood flow in the channel were established. The actual mine water flow and the mine drainage capacity were compared and analyzed, thus proposing criteria for classifying gully mining ground fissure collapsed water hazards. These criteria can provide theoretical references for predicting fissure leakage hazard zones in the ground gully of shallow buried coal seams. According to the development height of the water-conducting fissure zone (WCFZ), the treatment methods of ground fissures in gullies under different security conditions were designed, which was applied in the field with good results. The results showed that the treatment methods in this paper could effectively prevent the leakage of groundwater in the gullies along the ground fissures.
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INTRODUCTION
Coal resources are the main resource of China. Coal production in western China accounts for about 65% of the total production in China (Zhuo et al., 2018). In recent years, China has vigorously promoted the construction of large coal bases in the west. Effective development of coal resources in the west is an important guarantee for the energy needs of China. The land subsidence caused by coal mining leads to environmental damage and affects the normal land application (Chen et al., 2020). Coal resources of the Jurassic coal fields in northern Shaanxi are characterized by shallow burial and thin overlying bedrock (Huang, 2005; Huang 2009). Under geological conditions of the loess gully (Zhang et al., 2019; Lian et al., 2020; Duan et al., 2021), after the coal seam is retrieved, the top cover generally collapses as a whole due to the relatively simple structure of the overlying bedrock, making the WCFZ directly reach the ground (Liu et al., 2017; Prakash et al., 2018). Subsequently, the zone becomes a channel and pathway for groundwater to flow into the mining area (Wang et al., 2016; Zhang et al., 2015). After coal seam retrieval, the terrain of loess gully above the shallow buried coal seam can cause groundwater in the gully to leak downhole when mining the coal below and to the side, resulting in a severe threat of water leakage (Zhang et al., 2010; Ju and Xu, 2015; Hou et al., 2019; Yang et al., 2019). Therefore, mine water hazard control is still an important task in coal mine safety.
Xie et al. (2021) studied the formation mechanism and development height of hydraulic conductivity fissure zone in coal seam mining by field measurement. Yang et al. (2012) mastered the relationship between ground fissures and the progress of pushing mining and measured the amount of ground subsidence by establishing ground observation stations. Li et al. (2017) revealed that the ground fissures in the wind-deposited sand area had “M” type dynamic development characteristics with the self-healing characteristics of rapid closure. Some scholars predicted the development height of the WCFZ in coal seam retrieval by numerical simulation. In addition, scholars predicted the risk of groundwater leakage in the mining area by comparing the development height of the “two zones” with the burial depth of the coal seam roof (Zhang et al., 2012; Zhu et al., 2014). In recent years, the mining-induced fissures in coal seams and their water leakage problems have been studied from different perspectives (Ma et al., 2013; Xu et al., 2019; Hu and Zhao, 2021). However, only few quantitative analyses have been conducted to study the water leakage caused by mining ground fissures in shallow buried coal seam gullies and the risk of water hazards caused by leakage.
In order to solve the hazard of ground water leakage caused by shallow buried coal seam mining in western China, the dangerous degree of ground water leakage from shallow buried coal seams was calculated by the self-developed and designed water leakage test platform and based on the characteristics of ground fissure development in the field investigation. Through this study, some theoretical references can be provided for preventing and controlling water hazards from gully leakage in shallow buried coal seam overburden mining.
BACKGROUND
The study site is located in Fugu County, Yulin City, in the northeast corner of the Shenfu mining area of the Jurassic coalfield in northern Shaanxi Province. The study site is cut gully erosion, and the gullies are developed in different directions, showing a loess gully landscape. The study site is located in the interior of western China. The rainfall is mainly concentrated in July to September, accounting for 64% of the total annual rainfall, especially the most in July, with an average of 128.48 mm, accounting for 25.56% of the total annual rainfall. The high frequency of heavy rainfall is likely to cause floods and other geological hazards.
Figure 1 shows the specific location of working faces 125203, 125205, and 125207 in the study site. The above working faces are located in the west-central part of the mine, diagonally crossing the gully, at an angle of orientation approximately 45° to the direction of the gully. The gully is seasonally flowing, and the bedrock is exposed in the lower part of the gully. The bedrock is mainly covered by the Neoproterozoic laterite and Quaternary loess above the bedrock. The average mining height of the above working faces is 2.31 m, and the comprehensive mechanized coal mining process is used for recovery. In the bottom area of the gully, the burial depth of the 5−2 coal seam is about 20–35 m. Figure 2 shows the over-gully profile of the working face in the study site.
[image: Figure 1]FIGURE 1 | Location and topography of the working face in the study site. (A) Location of study area in China; (B) Location of study area in Yulin, China; (C) Site map of gully morphology; (D) Site map of gully floodway.
[image: Figure 2]FIGURE 2 | Profile of the over-gully section of the working face in the study site.
METHODS AND MATERIALS
A hazard zoning prediction of gully leakage in shallow buried coal seam was proposed using the experimental platform of ground gully fissure leakage independently developed and designed by the team. The specific process of the proposed prediction method is shown in Figure 3 and is divided into five steps.
[image: Figure 3]FIGURE 3 | Flow chart for prediction and treatment of water leakage hazard.
First step: UAV remote sensing technology was used to largely map the ground fissure characteristics of the typical working face retrieved in the study site, so as to grasp the characteristics of ground fissure development in the gully. Through on-site measurement, its plane spreading pattern and dynamic full development process are mastered.
Second step: The flood flow of the main channel in the study site was obtained through the field measurement of the overwater cross-section, the height of the flood level scour line, the channel development characteristics, and the formula calculation method.
Third step: The relationship between gully flood leakage, gully fissure width, and gully flood flow was simulated by converting the similar ratio between indoor experiments and actual geological conditions in the study site using the above-mentioned platform. The amount of gully flood leakage can be determined by observing water leakage at different flow rates and fissure widths.
Fourth step: After establishing the criteria for classifying gully flooding hazards, the prediction results of different gully water leakage hazards were obtained by comparing the current situation of mine water gushing and the drainage capacity of the mine drainage system.
Fifth step: Based on the prediction of gully leakage hazard, bubble fissure safety zoning, and ground land type, different treatment methods of ground gully fissures were proposed.
CHARACTERISTICS OF GROUND FISSURE DEVELOPMENT
According to the actual production plan of the mine, the scope of the field investigation is the gully section of 125203 working face retrieval. By applying UAV remote sensing technology and actual on-site measurements, the dynamic development pattern of ground fissures and the development characteristics of the ground fissure plane, including the development number, location, and the development width of ground fissures, are shown.
Development Characteristics of the Ground Fissure
The dynamic development of the fissures at the bottom of the gully in the study site from the initial appearance to the stable development stage was measured in the field. Figure 4 shows the whole process of the dynamic changes of 10 typical ground fissures in the gully area of the 125203 working face. The ground fissures cannot be completely closed during the whole stage of “initial appearance → maximum development width → stable.” The whole development cycle is about 5 days.
[image: Figure 4]FIGURE 4 | Aerial photography and actual measurement of ground fissures on site: (A) Aerial photograph of ground fissures after retrieval; (B) Dynamic development characteristics of ground fissures in the gully.
By fitting the maximum width to the stable width, the linear positive correlation function is satisfied. The fitted curve equation is shown in Figure 5. The specific fitted linear regression model equation is Widthstab = 0.57816 × Widthmax−0.3441, R2 = 0.9809.
[image: Figure 5]FIGURE 5 | Maximum width of dynamic fissure development vs. stable width.
The ground fissures in the gully cannot be completely closed during the whole stage of “initial appearance → maximum width of development → stability.” According to the development characteristics of ground fissures, the treatment of ground fissures must be conducted at the end of the gully in the working face to avoid the potential risk of water leakage in the mine gully.
Dynamic Evolutionary Characteristics of Ground Fissures
After completing over-gully retrieval of 125203 working faces and the dynamic evolution of ground fissures, the stable width of ground fissures in parallel open-off cut at the bottom of the gully in the study site was measured again on May 8, 2020. A total of 50 ground fissures were investigated. Among these fissures, 3 of them have a width less than 5 cm, accounting for 64%; 10 of them have the width of 5–10 cm, accounting for 20%; 5 of them are 10–20 cm in width, accounting for 10%; 3 have a width greater than 20 cm, accounting for 6% (Figure 6).
[image: Figure 6]FIGURE 6 | Dynamic development characteristics of ground fissures in the gully.
Prediction of Ground Fissures in the Area to be Mined
The geological conditions of working faces 12503, 125205, and 125207 in the study site are the same through field exploration near the working faces and drilling exploration in the vicinity of the study site. The development of ground fissures in the gully when the over-gully section of 125203 working face was retrieved from the site showed that about 100 ground fissures were generated in the over-gully section after 125203 working face was retrieved (Figure 4A), and the length of the over-gully section reached about 450 m within the 125203 working face. The ground fissures after gullying in the 125205 and 125207 working faces were compared and analogously analyzed. The length of the gullying section in the 125205 working face was about 400 m, and the length of the gullying section in the 125207 working faces was about 300 m. The analogous analysis of ground fissure number in different widths in the 125203 working face showed that about 90 ground fissures were generated after the over-gullying in working face 125205, and 68 ground fissures were generated after the over-gullying in working face 125207.
THE HAZARD PREDICTION OF GULLY WATER LEAKAGE
Whether the groundwater of the gully during the rainy season causes water hazards in the mine requires the following three conditions:
1) Whether there is a river on the ground, or whether there will be rainfall when the surface cracks occur.
2) Whether groundwater routing channels can be formed after the coal seam is retrieved.
3) Whether the amount of groundwater flowing from the gully into the underground mining area during rainfall (Qre-dr) is greater than the remaining drainage capacity of the mine drainage system (Bq—the difference between the mine drainage capacity and the normal mine surge).
The Main Control Factors of Groundwater Leakage and the Identification Method
Gully Flood Volume Estimation
Combining the rainfall characteristics of the study site, the 5-year flood flows for the study site watersheds were calculated using the formula for flood flows in small watersheds applicable to the study site:
[image: image]
where Q5% represents the 5-year flood flow (m3/s); F represents the designed watershed area (km2); J represents the average specific drop in the main channel (‰), J = 11.49‰ (measured on topographic and geological maps); H6p represents the duration of rainstorms with a design frequency of 6 h (mm), based on Yulin Hydrology Manual, H6p = 56 mm.
The results of the 5-year flood flow calculation for each working face in the study site are shown in Table 1.
TABLE 1 | Results of gully flood flow calculation.
[image: Table 1]Routing Channel Discrimination of Ground Gully
In the vertical direction, whether the ground fissure in the study site becomes a channel of water collapse affecting mine safety production can be determined by comparing the difference in the burial depth of coal seam (Dm) and the development height of the WCFZ (HWCFZ) after coal seam retrieval. If Dm—HWCFZ < 0, the ground fissure will penetrate the surface and become a channel and path for groundwater to flow into the mining area.
Based on the statistical results of the development height of the “three zones” in the shallow buried coal seam in Yushen mining area, Wang et al. (2020) suggested that the development range of the upstream fissure zone should be selected according to the fissure mining ratio of 18–28 times.
According to the geological conditions of the study site and many previous studies (Fan et al., 2019), the guide height of the comprehensive mining working face is generally 21–30 times the mining height, about 26 times on average. The riser height is generally 2.12–6.97 times the mining height, about 5 times on average.
Based on the statistical results of the development height of the “three zones” in the shallow buried coal seam in the Yushen mining area (Fan et al., 2019; Wang et al., 2020), the height of WCFZ is generally 21–30 times of the mining height, about 26.5 times on average, and the height of FZ is generally 2.12–6.97 times of the mining height, about 5 times on average.
In this study, WCFZ of the comprehensive mining working face is selected 26.5 times the mining height, and FZ of the comprehensive mining working face is selected 5 times the mining height.
[image: image]
where Hm is the coal seam mining height and HFZ is the height of the FZ.
[image: image]
where Hm is the coal seam mining height and HWCFZ is the height of WCFZ.
Figure 7 shows the contour map of the development height of the WCFZ of 5−2 coal seam.
[image: Figure 7]FIGURE 7 | The contour map of 5−2 WCFZ development.
Gully Fissure Leakage Experiment
According to the site survey, the actual width of the bottom of the gully is 10 m, and the bottom of the leakage gully in the experiment is 0.4 m. Therefore, the determined model ratio with the corresponding geometric ratio is 25:1.
In order to improve the safety of conversion according to the proportional model, the ground fissure width developed in each interval section was calculated according to the maximum width of the fissure in that section when calculating the gully leakage. Due to the limited experimental conditions, ground fissures with a width less than 20 cm were calculated using 50 cm as the maximum limit value to obtain the gully fissure width values required for the experiment (Table 2).
TABLE 2 | Summary of experimental fissure widths.
[image: Table 2]By simulation experiments, the leakage amounts with ground fissure width of 0.2, 0.4, 0.8, and 2.0 cm and the leakage amount of gully with different flood flows and different experimental widths were obtained (Table 3).
TABLE 3 | Experimental gully leakage under different flood volumes and seam widths.
[image: Table 3]The experimental data on gully leakage of ground fissures of different widths and water flows were compiled and analyzed. In this way, the relationship between the total water volume of a single ground fissure that is not of the same width and the amount of gully leakage was obtained. The regression relationship is shown in Figure 8.
[image: Figure 8]FIGURE 8 | Leakage for different experimental fissure widths: (A) 0.20 cm; (B) 0.40 cm; (C) 0.80 cm; (D) 2.00 cm.
The above relationship shows that the overall positive correlation trend between gully leakage and total gully water. The geometric model ratio of λL = 25:1 was obtained according to the ratio of the actual width of the river channel to the width of the experimental model channel.
The indoor leakage experimental platform was designed according to the gravity similarity criterion. The corresponding ratios are: the corresponding total water flow ratio is λQ = λL2.5 = 252.5 = 3125:1; the flow velocity ratio is λV = λL0.5 = 250.5 = 5. Since the initial velocity of both the experimental platform and the actual gully water flow is 0, the corresponding leakage ratio is consistent with the geometric ratio of λL = 25:1 (Wei et al., 2019).
Converting the geometric and flow ratios of the above experimental model to the actual model, and based on the leakage reduction coefficients of the study site with similar geological conditions by the study (Hou et al., 2020), the leakage volume between different flood volumes and seam widths in the gully under actual conditions in the region is obtained by the following equations:
1) When the actual seam width of the gully is <5 cm:
[image: image]
2) When the actual seam width of the gully is 5–10 cm:
[image: image]
3) When the actual seam width of the gully is 10–20 cm:
[image: image]
4) When the actual seam width of the gully is >20 cm:
[image: image]
where q is represents single fissure leakage (m3/h); a = 0.3 is the leakage discount factor [9]; Qf represents actual flood volume in the gully (m3/h); λL is the geometric ratio between the experiment and the practical situation; λQ is the flow ratio between the experiment and the practical situation.
Evaluation of the Risk Degree of Water Hazard From Gully Breaching
The Current Situation of Mine Water Output
The average water output of the mine in 2018 in the study site was 27.5 m3/h, and the maximum water output was 46.4 m3/h. In 2019, the average water output of the mine was 30.27 m3/h, and the maximum water output was 38.5 m3/h. In 2020, the average water output of the mine was 40.81 m3/h, and the maximum water output was 45 m3/h.
Calculation of Mine Drainage Capacity
The water flow in the underground production process and the configuration of the drainage system show that the maximum drainage capacity (Qdr-max) of the mine drainage system is 360 m3/h.
The remaining drainage capacity (Qre-dr) of the mine can be obtained by subtracting the maximum daily drainage amount by the actual drainage capacity of the drainage system (Qm-max).
[image: image]
By applying the characteristics of ground fissure development in the study site obtained in the previous paper, the amount of gully outburst water (Bq) of different working faces was calculated for comparing the amount of gully outburst water with the remaining drainage capacity. In this way, the risk degree of water hazard from gully outburst water in the study site could be determined. If Qre-dr > Bq, the risk is low; if Qre-dr < Bq, the risk is high. The specific results are shown in Table 4.
TABLE 4 | The amount of water leakage and the risk degree.
[image: Table 4]CLASSIFICATION OF GULLY GROUND FISSURES FOR TREATMENT
According to the evaluation of the degree of risk of water hazard from gully collapse, the ground fissures should be treated after the end of over-gully retrieval in the working face of the study site to avoid potential water hazards from gully collapse in the mine.
A ground fissure treatment grade based on the correspondence between the development height of HWCFZ and Dm is created according to Dynamic Evolutionary Characteristics of Ground Fissures, as shown in Table 5. This treatment grade provides a scientific basis for the accurate and efficient treatment of different types of ground fissures.
TABLE 5 | Classification of gully ground fissures for treatment.
[image: Table 5]The relationship between the burial depth of the 5−2 coal seam in the study site and the development height of the hydraulic conductivity fissure zone after mining the coal seam is analyzed. The type of fissure in the gully section of the study site is predicted by the classification criteria of fissure safety in the mining gully. The predicted results of the safety zoning of fissure in the overlying rock layer of the 5−2 coal in the gully of the study site are given in Figure 9.
[image: Figure 9]FIGURE 9 | Predicted safety zoning of the 5−2 coal overburden fissure.
According to the ground fissure development characteristics of the gully after the 5−2 coal seam retrieval and the water collapse level map of different gully sections in the study site, if the retrieval location 125203, 125205, and 125207 working faces pass through the gully before the onset of the rainy season from July to September, the water catchment area at the bottom of the gully will easily collapse into the well along the ground fissure, posing a certain threat of water collapse and water hazards to the safe retrieval of the working faces.
DISCUSSION
The results of the field measurements show that the ground fissures are stable after 5 days. In order to avoid the secondary fracture of ground fissures to destroy the treatment effect, 1 week after the working face is completely mined over the gully, the ground fissures in the gully should be treated in time and completed before the rainy season comes. The main factor affecting the amount of water leakage from the working face is the width of the surface cracks. The indoor leakage experimental platform obtained the amount of leakage from ground fissures of different widths in gullies, and found the overall positive correlation trend between gully leakage and total gully water.
Converting the geometric and flow scales of the above experimental model to the actual model, and the actual water leakage hazards on different working faces are obtained. The results of water leakage experiments show that if the working face is not treated after mining, there is a certain threat of water leakage risk in the mine.
A ground fissure treatment grade based on the correspondence between the development height of HWCFZ and Dm, the grades of different working faces in the study site are Type “I” and Type “II.” Based on the above, in order to reduce the treatment cost and shorten the period, different grades of treatment methods are proposed. In the following, the 125203 working face is taken as an example to discuss the treatment of ground fissures.
Firstly, the ground was excavated as a whole. Secondly, “I” type was backfilled according to “cushion liner” and “topsoil layer.” “II and III” types were backfilled according to “cushion liner,” “impervious layer,” and “topsoil layer.” Finally, the excavated river was treated from bottom to top with red clay, gravel, interlayer tarpaulin, trinity mixture fill, or loess. The specific number and thickness of backfill layers are shown in Figure 10. If the treatment area is farmland (area A), the thickness of the topsoil layer after excavation and backfilling needs to reach 0.8 m, and the filling material is loose loess to ensure normal cultivation after treatment. After excavation and backfilling in area B, the thickness of the topsoil layer needs to be greater than 0.3 m, and the filling material is trinity mixture fill. When the safety of fissure is “IV,” it is safe. After the workings are retrieved, the water-conducting fissured zone will not penetrate the ground. There is no threat of water leakage or water hazard in the mine, so there is no need for treatment. After ground treatment, the original slope of the terrain will be maintained and not affect the normal flooding.
[image: Figure 10]FIGURE 10 | Diagram of ecological restoration and treatment effects: (A) treatment repair schematic; (B) before treatment; (C) during treatment; (D) after treatment.
CONCLUSION
In this study, the quantitative calculation and risk prediction of water leakage caused by surface cracks in gully terrain are carried out, on the basis of which the corresponding treatment methods are put forward. The research results were applied in the field treatment of Anshan coal mine in Shaanxi, which proved the practicality and reliability of the method. The main conclusions are drawn as follows:
1) In this study, we have used the self-developed and designed water leakage test platform, and the mathematical prediction model between the amount of gully flood leakage and the width of gully fissures and gully flood flow was obtained. The prediction model shows that the overall positive correlation trend between gully leakage and total gully water is changing.
2) Given the water hazard in mines caused by frequent flowing water in the gully and flooding along with the mining fissures during heavy rainfall seasons, the criteria for classifying the risk of water leakage from the mining fissures in the gully were proposed. Besides, a method for predicting the amount of water leakage from the mining fissures in the gully was proposed, and the safety of bubbling fissures was evaluated.
3) The zoning of the risk of water leakage was divided according to the remaining drainage capacity of the mine. The dynamic development of mining ground fissures is about 5 days. Therefore, the treatment of ground fissures in the gully should be started 1 week after the shallow buried coal seam is completely retrieved over the gully and mined back, which can better ensure the treatment effect. The field application results show that the treatment method can effectively prevent water hazards by mining ground fissures in the gully, which is of significance to prevent gully collapse accidents and improve coal mine safety production.
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