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Most hilly areas are dotted with gullies, some of which contain plenty of water, especially in rainy seasons. Once surface water penetrates the underground working face, it will lead to an increased water inflow of the working face. Even worse, it may induce water and sand burst accidents. To prevent geological disasters such as water and sand burst and ensure the safe production in coal mines, it is necessary to reveal the development law of “two zones” in the overburden caused by shallow-seam fully mechanized top coal caving high-intensity mining in hilly areas with exposed bedrock and timely grasp the communication between the water-flowing fractured zone (WFFZ) and the water in surface gullies. In this study, the working face P2 of the exposed bedrock surface in the Coal Mine DN is taken as the research object. First, the characteristics of overburden movement and the law of exposed bedrock surface movement in areas with exposed bedrock were investigated through similar simulation. Meanwhile, the temporal–spatial evolution of overburden movement caused by shallow-seam fully mechanized top coal caving high-intensity mining was clarified, and the mode of overburden movement was revealed. Moreover, the reason why the water inflow of the underground working face increases suddenly was theoretically explained. The following conclusions were drawn: Under shallow-seam fully mechanized top coal caving high-intensity mining, the WFFZ of the working face P2 is directly connected to the exposed bedrock surface, and the movement of the overburden is subject to the typical “two-zone” mode. The development height of the WFFZ is greater than the value in the traditional “three-zone” mode calculated according to the empirical formulas. The ratio of the WFFZ height to the mining thickness is 43.75. Under the “two-zone” mode, a water-flowing channel exists in the overburden near the open-off cut and the stopping line. When the surface water source is in the right position, the water inflow of the underground working face will increase suddenly.
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INTRODUCTION
Underground coal mining often induces large-scale damage to overburden and surface movement, further accelerating the occurrence of mine geological disasters such as water and sand burst under the condition of shallow-seam mining (Kratzsch, 1983; Gray, 1990). The key to preventing water and sand burst is to reveal the height of “two zones” (i.e., the caved zone and the fractured zone) in the overburden (Sun et al., 2011; Author Anonymous, 2014). At present, the prediction of the height of the “two zones” in China is mainly based on the calculation formulas concluded with reference to the conventional mining and fully mechanized mining faces in the 1950s and 1990s. The formulas are presented in the Code for coal pillar preservation and pressed coal mining of buildings, water bodies, railways, and main tunnels (hereinafter referred to as the Code) (State Administration of s, 2017). With the popularization of fully mechanized top coal caving mining and one-time full thickness mining under a large mining height, the mining height and advancing speed of the working face, together with the height of “two zones,” have increased significantly (Yonghua and Renchang, 2003; Yanchun et al., 2011). Relevant scholars have found the limitations of the calculation formulas for the height of “two zones” in the Code and conducted studies on the height of “two zones” under large mining height, thin bedrock, small buried depth, and fully mechanized top coal caving mining (Minggao and Xiexing, 1995; Baobin and Xiaolei, 2013; Jianjun et al., 2008; Xiaoqian and Zhenquan, 2015; Duan et al., 2011; Qingxian et al., 2013; Yiqiong, 2008), following which some conclusions have been put forward.
However, studies on the height of “two zones” in the overburden of fully mechanized top coal caving high-intensity mining working faces in the shallow-seam gully areas remain insufficient. Such studies are of prime importance for ensuring the production safety of the mines, especially for those water-containing gully areas in the overburden. Therefore, research on the structural characteristics of overburden under fully mechanized top coal caving mining in the shallow-seam gully areas with exposed bedrock, as well as the development height of “two zones” in the flowing fractured zone, is of great significance for improving the basic theory and guiding the field production.
The key to studying the height of “two zones” is to reveal the mechanism of overburden migration. Currently, studies on the mechanism of overburden migration in shallow-seam high-intensity mining working faces mainly focus on the displacement migration mode of the overburden (Weitao et al., 2021; Yunjiang et al., 2021), the distribution law of overburden failure (Rezaei et al., 2015; Sasaoka et al., 2015; Thongprapha et al., 2015; Vervoort, 2016; Enke et al., 2020), and the conduction relationship concerning overburden failure (Zhiguo et al., 2019; Xiaoshuai et al., 2021; Zhenkang et al., 2021).
In this study, the working face P2 in the Coal Mine DN, which is located in hilly areas with an exposed bedrock surface and is mined by the method of shallow-seam fully mechanized top coal caving, is taken as the research object. First, the geological conditions of fully mechanized top coal caving in hilly areas with exposed bedrock were analyzed, and the structural characteristics of the roof overburden in the working face were experimentally determined. Besides, the overburden fractures and the height of “two zones” in the working face were investigated by means of experiments and theoretical analysis. Furthermore, the height of “two zones” in the overburden was explored based on the changes of mine water inflow. Finally, the on-site measured height and the results obtained from the empirical formulas were compared. The research results obtained are crucial.
PROJECT BACKGROUND
Surface Profile
The Coal Mine DN has a designed production scale of 4.0 Mt/a. The working face P2, which is 220 m in width and 1,138 m in the designed mining length, is the second working face in the first panel. The coal seam 3#, whose ground elevation ranges from +658 m to +780 m and floor height ranges from +509 m to +472 m, is the mining coal seam. The working face P1 (450 m in the north) and the unexploited region lie on the west of the working face P2, while the working face P3 (unexploited) lies on the east of it.
In terms of its surface landform, the working face features unique loess-covered low mountains and an exposed bedrock surface. Three gullies (numbered 1, 2, and 3 from south to north) where water flows all year round with a total volume of 15–20 tons/h (larger in the rainy season) exist in the working face (Table 1). The water mainly comes from descending springs in the weathered crust (Figure 1).
TABLE 1 | Gully distribution.
[image: Table 1][image: Figure 1]FIGURE 1 | Gullies of working faces P2 and P3.
Mining Technical Parameters
The working face adopts longwall fully mechanized top coal caving, and the roof is managed by the all caving method. The relevant mining technical parameters are listed in Table 2.
TABLE 2 | Mining technical parameters of the fully mechanized caving faces P2 and P1.
[image: Table 2]MEASURED HEIGHT OF “TWO ZONES” IN THE OVERBURDEN
Calculation Based on Empirical and Literature Formulas
According to the relevant data of the mines, the coal seam 3# of the working face P2 belongs to the Taiyuan Formation of the upper carboniferous system and has a thickness of 4.8 m, a stable morphology, and a complex structure. In addition, the drilling histogram near the working face reveals that the lithology of the overburden of the working face P2 is comprehensively evaluated as medium-hard (Figure 2).
[image: Figure 2]FIGURE 2 | Drilling histogram of the working face P2.
Based on a large number of measured data of the water-flowing fractured zone (WFFZ) under the condition of top coal caving mining, Chinese scholars, after regression, have obtained empirical formulas for the height of the WFFZ applicable to top coal caving mining. Among them, the empirical and literature formulas of the height of the WFFZ under top coal caving mining of gently sloped medium-hard overburden thick coal seam are as follows.
The formula proposed by Liu is
[image: image]
The formula proposed by Teng is
[image: image]
The formula proposed by Xu is
[image: image]
The formula proposed by Ding is
[image: image]
According to the above formulas, the selected points for calculating the height of the WFFZ in the working face P2 are 56.21–77.05 m, 106 m, 47.57–70.55 m, and 42.22–68.74 m, respectively. The height of the WFFZ in the working face P2 under thick-seam top coal caving mining ranges from 42.22 to 106 m, and the ratio of the WFFZ height to the mining thickness is 8.80–22.08.
Measurement and Analysis of WFFZ
In the light of the theory of mining subsidence, the judgment formula for sufficient mining of the working face is
[image: image]
When c is greater than or equal to 1.2–1.4, the working face is mined sufficiently, and the vertical and horizontal ranges of overburden failure reach the maximum. When c is smaller than 1.2–1.4, the working face is mined insufficiently, and the damage range of overburden is not fully developed. The mining of the P1 working face was completed in early February 2006, with a dip of 230 m, a strike of 550 m, and a mining depth of 229 m:
[image: image]
It can be seen from the above formula that the strike of the P1 working face is mined sufficiently, while the dip is mined insufficiently. That is, the overburden failure of the working face is not fully developed.
According to the hydrological observation data, there are three sources of water in the overburden, that is, the earth surface, the loose layer, and the bedrock. Relatively less water comes from the loose layer and the bedrock. The bedrock in the overburden and the aquifer of loose layer have been connected to the working face after the recovery of the working face P1, but the water inflow is merely 6 m3/h during the recovery.
The working face P2 is close to the working face P1, and they share similar hydrogeological and mining conditions. After the working face P2 starts to be recovered following the working face P1, the dip of the working face P2 can be sufficiently mined, and the longitudinal failure of the overburden can reach the maximum range. At this time, if the longitudinal failure of the overburden reaches the surface, the surface water will flow into the working face, increasing the water inflow of the working face. Therefore, the surface cracks and changes of water inflow of the working face P2 can tell whether the WFFZ in the overburden has reached the surface.
In view of the above situation, observation stations shall be established on the surface for crack observation, and monitoring points shall be established underground for water inflow monitoring. The specific layout scheme is as follows:
① The three gullies above the working face are mainly composed of descending springs in the weathered crust. The location of the gullies and observation line is shown in Figure 3. An observation line A with 46 observation stations (spacing 20 m) is arranged along the strike of the working face. Among the observation stations, A1–A6, A17–A19, and A28–A32 are on the exposed bedrock surface and the others are on the loess-covered surface. Besides, an observation line B with 18 observation stations (spacing 20 m) is arranged along the No. 2 gully, and the whole line is on the exposed bedrock surface.
[image: Figure 3]FIGURE 3 | Location of gully and observation lines.
② During the recovery of the working face P2, the water inflow of the working face is monitored underground six times a day. The relevant data on the hourly water inflow are listed in Table 3.
TABLE 3 | Water inflow of the fully mechanized caving face P2.
[image: Table 3]As illustrated in Figure 4, during the recovery, the water inflow of the working face P2 was around 10 m3/h. On 3 February 2007, the water inflow increased abruptly to 13.6 m3/h and then was maintained at about 15 m3/h. Taking the mining surface overburden during the recovery (Figure 5) into consideration, at this time, penetrating cracks had been found at the A17 observation station of the No. 2 gully. Therefore, it is determined that the WFFZ in the overburden had developed to the exposed bedrock surface, with the maximum WFFZ height and the ratio of the WFFZ height to the mining thickness being 226 m and 47.08, respectively. The ratio calculated by the empirical formulas mentioned above is only 8.80–22.08, which is far smaller than the measured value.
[image: Figure 4]FIGURE 4 | Change of water inflow in the working face P2.
[image: Figure 5]FIGURE 5 | Surface rock cracks above the working face.
EXPERIMENTS AND RESULTS
Experimental Design
To simulate WFFZ development under high-intensity mining, a physical simulation experiment was performed according to the mine geological and mining data. To simplify the experimental conditions, the surface is simplified to horizontal terrain in this paper. According to the characteristics of overburden and simulated materials, the simulated geometric similarity ratio is 1:200, the unit weight ratio is 0.6, the stress ratio is 0.004, and the time ratio is 0.082. Gypsum, calcium carbonate, and fine sand are used as raw materials for the production of simulation materials. After each layer is laid, the mica powder is evenly spread as the joint surface between rock layers. The finished model is shown in Figure 6.
[image: Figure 6]FIGURE 6 | Physical model experiment.
Overburden Failure Law
After the model was made and dried for 1 week, the simulated excavation was carried out by means of one-time full thickness mining in sections. The rock stratum failure in each excavation stage is shown in Figure 7.
[image: Figure 7]FIGURE 7 | Breakage states of rock strata of the physical model in different periods.
When the working face is excavated for 15 cm, the roof of the coal seam falls and accumulates in blocks in the goaf (Figure 7A). When the working face is excavated for 60–100 cm, the immediate roof falls. As the excavation proceeds, the roof continues to collapse, forming a trapezoidal collapse space above the goaf (Figures 7B,C). When the working face is excavated for 110 cm, all overburden bedrock in the coal seam collapses, and surface cracks run through the working face (Figure 7D).
According to the pressure arch theory, a pressure arch exists on the periphery of the collapse space. In the initial stage of excavation, the height of the rock arch increases continuously, and the roof repeats the cyclic process of “arch formation and arch breakage.” In this process, the rock and soil mass above the rock arch only undergo bending compression, and the overburden balance structure belongs to a “rock arch.” When the excavation reaches 110 cm, the thickness of the overburden becomes smaller than the critical arch height of the rock arch. Consequently, the rock arch is broken, and the overburden movement directly enters the “no arch” stage. In addition, the cracks connect the surface and the working face, and the WFFZ directly reaches the surface. Under such conditions, the mining balance structure of rock and soil mass develops from “rock arch” to “no arch.”
DISCUSSION
High-intensity mining is characterized by shallow seam, large mining thickness, and high advancing speed. Under high-intensity mining, the overburden and the surface are seriously damaged, which mainly goes through the following three periods.
Period 1. When the failure height of the overburden is smaller than its thickness:
In this stage, as the working face continues to advance, the overburden first bends and then breaks when the maximum tensile intensity in the middle of the rock stratum is exceeded. The collapse degree of the roof mainly depends on the thickness and lithology of the overburden as well as the mining method. With the continuous expansion of the goaf area, the lower strata of the roof will fracture and collapse when their limit span is reached. When the collapsed gangue fails to completely fill the goaf, the overburden becomes suspended, adding its own weight to the surrounding rock of the goaf via beams and plates. As a result, a pressure arch is formed in the surrounding rock. As the horizontal and vertical failures of the overburden expand, the span and height of the pressure arch are also increasing. In this stage, the failure height of the overburden is smaller than its thickness (Figure 8A).
[image: Figure 8]FIGURE 8 | Failure mode of strata in the two zone mode.
Period 2. When the failure height of the overburden equals its thickness:
At this time, the overburden is in a critical state of failure. The height of the pressure arch in the overburden and the failure height of the overburden both reach the maximum. The overburden is damaged in its full thickness, and the WFFZ reaches the surface (Figure 8B).
Period 3. After the failure height of the overburden equals its thickness:
As the working face continues to advance, the overburden failure only develops horizontally. That is, the failure height of the overburden no longer changes, but the horizontal failure range of the overburden expands with the advancement of the working face (Figure 8C).
The above stages can be divided into two states, i.e., “rock arch” and “no arch,” according to the existence state of a pressure arch in the overburden.
State 1: “Rock Arch”
In this state, the rock strata in the pressure arch are broken seriously and are in the pressure release area. The weight of the rock strata outside the pressure arch is transmitted to the foot of the pressure arch. As the working face advances, the height and dimension of the pressure arch are increasing, and the arch foot on the advancing side of the working face is also moving forward. The height of the pressure arch reaches the limit if it equals the thickness of the overburden. This state corresponds to Periods 1 and 2 described above.
State 2: “No Arch”
In this state, as the working face continuously advances, the pressure arch breaks, and hence, no pressure arch exists in the overburden. At this time, a conduction channel, which directly connects to Positions A and B on the surface, occurs between the continuous moving rock stratum and the broken rock stratum above the open-off cut and the advancing position of the working face. The two positions can be determined through the following methods:
[image: image]
where [image: image] is the horizontal distance from Position A to the open-off cut or from Position B to the advancing position of the working face, m; H is the thickness of the overburden, m; and [image: image] is the breaking angle of the bedrock, °. Similar material model tests show that the breaking angle of the bedrock is about 48°.
When there are water-containing gullies near Positions A and B, the water will flow into the working face, hence increasing its water inflow.
Actual measurement reveals that the No. 2 gully is 168–288 m away from the stopping line where the mining depth is about 240 m. The calculated distance between Position B and the stopping line is
[image: image]
It can be concluded that the No. 2 gully is located near Position B of the working face P2. After the working face P2 starts to be recovered following the working face P1, the dip can reach the state of sufficient mining, and the longitudinal failure of the overburden can reach the maximum range. The WFFZ reaches the surface, forming water-flowing channels on both sides of the stopping line and open-off cut. As a result, the water inflow in the underground working face increases.
Traditionally, “three zones” (i.e., caved zone, fractured zone, and sagging zone) exist in the overburden of the working face (Figure 9). The prediction formulas for the height of the WFFZ described in Project Background are based on the “three-zone” mode. After the recovery of the working face P2, only the caved zone and fractured zone remain in the overburden of the working face, which belongs to a typical “two-zone” mode. The prediction formula of the WFFZ based on the traditional “three-zone” mode is not suitable for the “two-zone” mode, which explains the large deviation of predicted values through the formulas.
[image: Figure 9]FIGURE 9 | Longitudinal distribution of three zones in the overburden in the three zone mode.
CONCLUSION

1) The overburden of the working faces P2 and P1 moves under the “two-zone” mode. The height prediction formula of the WFFZ based on the traditional “three-zone” mode is inapplicable to the “two-zone” high-intensity mining mode, which results in the relatively small calculated result. After the working faces P2 and P1 were recovered, both the strike and the dip reach the state of sufficient mining, and the height of the WFFZ is the most fully developed.
2) Under the “two-zone” mode, a conduction channel that directly connects to the surface exists between the continuous moving rock stratum and the broken rock stratum above the open-off cut and the advancing position of the working face. If there is a water source near the surface of the channel, the water will flow into the working face, causing an increase in the water inflow of the underground working face.
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