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Abstract

:

The NO. 3 coal seam of the Weiqiang coalmine is faced with a water inrush threat caused by two large reservoirs and the upper confined aquifer. However, existing empirical formulas cannot accurately predict the height of the fractured water-conducting zone; thus, it is necessary to investigate the extent of the fractured water-conducting zone according to the geological conditions of the No. 3 coal seam. The microseismic monitoring system (MMS) was used to monitor the surrounding area of the 1311 working face in real time to obtain the microseismic event information during the fracture development. The detailed situation of the fractured water-conducting zone in three-dimensional space was determined by computer analysis. The results show that the height of the fractured water-conducting zone is 110 m, which is consistent with the range (105.4~120.4 m) measured by various field drilling results and the mechanical mechanism analysis based on the key strata theory (112 m). The achievement of microseismic monitoring provides a guarantee for safety production and prevention and control of mine water disaster in the 1311 working face of the No. 3 coal seam, and can also be applied and promoted in coalmines with similar geological conditions, with significant social and economic benefits.
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1. Introduction


Coal is an important energy resource in China, and the annual output is gradually approaching 4 billion tons. By 2030, coal may still account for about 50% of primary energy consumption. Such a huge amount of mining and consumption has put forward higher requirements for the safe mining of coal resources [1,2,3]. Mine water inrush accidents represent one of the five major disasters in mining production. Since the 1950s, they have caused huge economic losses of more than 1 billion yuan [4]. In mining engineering, the overlying strata will move and deform in a large range due to the mining effect. At the same time, internal defects and fissures of the rock mass continue to develop, forming an important channel for water from the aquifer to the working face, or the water-conducting zone. Water inrush sources and water inrush channels in mines are two major factors that cause water disasters. The water-conducting zone is the main cause of the water inrush channel [5], which makes it easy for mine water inrush accidents to occur. Therefore, exploring the development of the water-conducting zone is the basic strategy for water disaster prevention and control.



Many scholars have carried out research to confront this problem. On the one hand, the development of the water-conducting zone is closely related to the movement mechanism of the overlying strata above the goaf, and theoretical research in this area is abundant. The key stratum theory proposed by Qian [6,7] emphasizes the controlling effect of key strata on rock formations, which is still widely used and studied. Jiang et al. [8], Xu et al. [9,10], and Qin et al. [11] further discussed the movement law of overlying strata and the method of discriminating key strata. Huang et al. [12] and Hu et al. [13] explored various factors affecting the development height of water-conducting zones. Xu et al. [14] gave a method for predicting the development height by the position of the key strata. Cao et al. [15] and Wang et al. [16] explored the development characteristics of water-conducting fractured zones. Additionally, Zhang et al. [17] and Chen et al. [18] studied the methodologies (theoretical models, numerical simulations, and field measurements) for estimating pillar system loads and strengths. The above research results have laid a solid theoretical foundation for the prediction of the water-conducting zone. On the other hand, there are various methods for predicting the development of water-conducting zones. At present, empirical formulas, numerical simulations, similar physical experiments, microseismic monitoring, and field drilling detection methods are widely used, and most projects use several methods to jointly determine the development height, which can give more accurate and objective results. In engineering, the empirical formulas provided by “The regulations for coal pillar retention and pressed coal mining of buildings, water bodies, railways and main roadways” (hereafter referred to as three lowers) cannot be applied to coal seam mining under some special conditions, and often incur larger errors [13]. Miao et al. [19], Wang et al. [5], Hu et al. [13], and Li et al. [20] pointed out this phenomenon and put forward theoretical formulas suitable for different mining conditions. Du et al. [21], Chen et al. [22], and Lv [23] used RFPA, UDEC, and other software to carry out numerical simulations on the development of the water-conducting zone heights, which is consistent with the actual monitoring results. Therefore, numerical simulations and similar physical experiments are often used to predict the laws of overburden caving zones and to predict development heights. In addition, in view of the water inrush problem faced by coal seams, the risk analysis of aquifers was carried out according to the on-site geological conditions, and it was pointed out that aquifers have an important impact on coal seam mining [24,25,26,27]. Recently, due to the development of new technologies such as computer technology and communication technology, microseismic monitoring has been gradually applied in mining engineering. A large number of researchers have combined microseismic monitoring technology with deep learning, numerical simulation, and other technologies, and applied them in coal mining projects in many places around the world [28,29,30,31,32,33,34,35,36,37]. D’Angiò et al. [28] proposed the Damping Ratio Anomalies Monitoring (DaRtAM) to detect the rock mass damaging. Ma et al. [29] combined microseismic monitoring and numerical simulation (RFPA) to analyze the water inrush problem of the Dongjiahe coal seam. Srinivasan et al. [30], Simser et al. [31], Occhiena et al. [32], Hassani et al. [33], and Mngadi et al. [34] have applied microseismic monitoring technology to mining sites around the world and guided the safe mining of coal resources. Many scholars have applied microseismic monitoring technology in the fracture monitoring of mine strata, the distribution of mining stress fields, and the movement law of overlying strata in the stope [38,39,40,41,42,43,44], which has deepened the cognition of the mining law of the overlying strata. Wang et al. [45], Jiang et al. [46], Liu et al. [47], and Han et al. [48] used microseismic monitoring technology to conduct field measurements and research on the development height of water-conducting zones and the height of fracture damage, and monitoring results show that microseismic monitoring has the advantages of rapid diagnosis, real-time monitoring, and early warning. On-site drilling detection is often limited by funds, manpower, time, and scale, and thus cannot show the characteristics of dynamic development of water-conducting fractured zones. However, as monitoring results are the most credible, on-site drilling detection is often used for the verification of other research methods.



In summary, although the current detection methods are diverse, they each have certain limitations. There are still many limitations in empirical and theoretical formulas, which are difficult to popularize and apply. Numerical simulations and physical experiments are generally only used as auxiliary research methods for conducting height prediction because the parameter settings are too ideal, the artificial parameter adjustment lacks objectivity, and it is difficult to consider the complex construction and geological conditions of the field. As a new technology, microseismic monitoring still needs to be further promoted and applied. On-site drilling detection cannot be carried out on a large scale due to the high cost. Therefore, in practical engineering, the strategy of “complementary advantages and multiple measures” is often adopted to improve the accuracy of the predicted value.



There are two large reservoirs near the No. 3 coal seam in the Weiqiang coalmine, which is facing the threat of water inrush from the roof confined aquifer. Once the water-conducting zone breaks through the aquifer during the mining process, it will cause serious economic losses. In addition, the empirical formula cannot accurately give the height of the water-conducting zone, and the height of the water-conducting fracture zone must be accurately determined according to the existing mining conditions of the No. 3 coal seam. In response to the above problems, microseismic monitoring equipment was installed in the 1311 working face of the No. 3 coal seam. After capturing the microseismic signal, the inversion analysis was obtained, and the monitoring results were verified by on-site drilling and mechanical mechanism analysis. The research results of this article will guide the rock formation control and water hazard prevention in the subsequent mining of the working face, ensure the safe and efficient mining of the mine, and can also be promoted in the surrounding mines, with significant economic and social benefits.




2. Weiqiang Coalmine Overview


The Weiqiang mining field is located in the northwest of the Yuheng mining area of the Jurassic coalfield in northern Shaanxi (Figure 1). The No. 3 coal seam is the mineable coal seam in the whole area of the mine field, among which the coal seam of the 1311 working face is stable and simple in structure. The thickness of the coal seam is between 2.85 and 3.48 m, the average coal thickness is 3.15 m, the actual mining height is 3.32 m, and the dip angle of the coal seam is less than 1°. The longwall fully mechanized mining method is adopted, and the roof is managed by all caving methods. The overlying strata of the No. 3 coal seam are mainly medium-thick-layered siltstone and thick-layered medium-grained feldspar sandstone, with a thickness of 10.2–26.93 m, including the sandstone aquifer at the bottom of the fourth member of the Yan’an Formation. The floor of the coal seam is mainly light gray medium-thick-layered siltstone, 3.82–10.86 m thick, with well-developed horizontal wave bedding.



In the panel area where the mining area is located, there are many ground structures such as water systems, reservoirs, cultural relics, etc. In particular, there are two reservoirs in Dachuangou in the east of the coalmine, namely Hejia Village and Luotuobozigou Reservoir (Figure 2), and the total storage capacity is about 2.37 million m3. According to the previous geological data, when the No. 3 coal seam is mined, the water disaster will mainly affect the confined aquifer of the sandstone fissures on the roof of the coal seam. At this time, the mining of large-area near-horizontal coal seams will inevitably cause large-scale movement of overlying rocks. Once the water-conducting zone develops to the water-resisting layer, it will have a high probability of water inrush disaster. Therefore, the determination of the development height of the water-conducting zone in the overlying rock on the 1311 working face plays an important role in evaluating the safe mining of the No. 3 coal seam.




3. Microseismic Monitoring


3.1. Principle and Composition of MMS (Mining Microseismic Monitoring)


Under the action of mine pressure, the rock formations in the mining area show different degrees of deformation, cracking, and breaking. This macroscopic damage is actually the result of the gradual evolution of many internal defects and micro-fractures. During the mining process, the local strain energy in the surrounding rock is concentrated, resulting in the compaction of the old micro-cracks in the coal-rock body and the initiation of new micro-cracks. The microseismic event is that the above-mentioned surrounding rock continuously radiates energy outward during the process of microcrack generation and dislocation. Microseismic monitoring technology can collect real-time information of micro-earthquakes in the rock formation by reasonably arranging sensor arrays in the mining area, determining the location of micro-crack ruptures, and using related software to visualize micro-seismic events.



The MMS used on-site is an ESG MMS equipped with three-dimensional visualization software (MMS-View). The system is completed by the Canadian ESG Company, and is used to monitor the microseismic events of weak seismic waves in the process of deformation and rupture of rock mass. The ESG system consists of two parts: software and hardware. The software system consists of Paladin standard version monitoring system, HNAS software (real-time signal acquisition and recording), SeisVis software (3D visualization of events), and WaveVis software (waveform processing and event relocation). The hardware system consists of a 42-channel accelerometer, Paladin sensor interface box, Paladin seismic recorder, Paladin master control time server, software operation monitoring card WatchDog, and other facilities.



Based on computer technology, communication technology, GPS real-time precise positioning technology, and visualization software, MMS can determine the time, location, and magnitude of rock mass microseismic events in real time in the three-dimensional space of the stope rock mass, and then determine the range of rock mass deformation and give a safety assessment. At present, MMS has been effectively used in the stability analysis and monitoring and early warning of slopes, tunnels, mines, dams, and other projects.




3.2. Location Algorithms and Moment Magnitude


The damage of rock mass can be analyzed through microseismic monitoring. First of all, it is necessary to invert and locate the position of the microfracture accurately, and then obtain the parameters such as the moment magnitude of the microseismic event, so that the source parameters reflecting the stability of the rock mass can be calculated and the mechanism of rock formation can be explored. The positioning accuracy of the microseismic monitoring system is 10 m, which can meet the needs of the project. It should be noted that during the microseismic monitoring process, the system will collect various vibration signals, including environmental noise (blasting, car whistle, drilling, impact). The basic principle of signal noise reduction is to determine the type of noise according to the signal characteristics (frequency–amplitude curve) of different noises, so as to identify and determine the microseismic signal of rock mass rupture. For example, the signal characteristic of blasting is large amplitude, small attenuation, and long duration; the signal characteristic of whistle is small amplitude, long duration, and multi-peak; the signal characteristic of drilling is periodic variation and small amplitude; and the signal of impact is characterized by fast decay and short duration. Based on this principle, waveform analysis of different signals can be performed to identify effective microseismic signals and improve monitoring accuracy.



The MMS uses the widely used Geiger positioning method to locate microseismic events through an iterative process. Given the initial space–time coordinates of the test point,   θ   x , y , z , t    , the correction amount   Δ θ   x , y , z , t     is generated based on the least squares method, and the two are added to obtain new coordinates. If the new coordinates satisfy Formula (1), it is the source parameter; otherwise, it needs to iterate until it is satisfied.


           x i  − x    2  +      y i  − y    2  +      z i  − z    2       1 2    =  v p  ⋅    t i  − t    



(1)




where     x , y , z     is the spatial coordinate of the test point, t is the time when the microseismic event occurs,      x i  ,  y i  ,  z i      is the spatial coordinate of the ith sensor,    t i    is the time when the sensor i captures the elastic wave P wave, and    v p    is the P wave velocity. The initial values of the above-mentioned variables such as coordinates, time, and wave speed are all manually specified. The first-order Taylor expansion is performed near the time calculated from the spatial coordinates of the test point, and the arrival time of the P wave captured by sensor i is expressed as:


   t  o , i   =  t  c , i   +   ∂  t i    ∂ x   Δ x +   ∂  t i    ∂ y   Δ y +   ∂  t i    ∂ z   Δ z +   ∂  t i    ∂ t   Δ t  



(2)




where    t  c , i     is the time that the P wave obtained from the spatial coordinates of the test point is transmitted to the sensor i, and the other parameters are expressed as:


     ∂  t i    ∂ x   =      x i  − x      v p  R     ;     ∂  t i    ∂ y   =      y i  − y      v p  R     ;     ∂  t i    ∂ z   =      z i  − z      v p  R     ;     ∂  t i    ∂ t   = 1    R =          x i  − x    2  +      y i  − y    2  +      z i  − z    2       1 2      











For a microseismic system with N sensors, N equations can be established, and the matrix expression form is:


  A Δ θ = B  



(3)




where


   A =         ∂  t 1    ∂ x         ∂  t 1    ∂ y         ∂  t 1    ∂ z      1        ∂  t 2    ∂ x         ∂  t 2    ∂ y         ∂  t 2    ∂ z      1                      ∂  t n    ∂ x         ∂  t n    ∂ y         ∂  t n    ∂ z      1      ,   Δ θ =       Δ x       Δ y       Δ z       Δ t       ,   B =        t  o , 1   −  t  c , 1          t  o , 2   −  t  c , 2               t  o , n   −  t  c , n           











Solve Equation (3) with the Gaussian elimination method to obtain the corresponding correction:


   A T  A Δ θ =  A T  B  



(4)






  Δ θ =      A T  A     − 1    A T  B  



(5)







After the correction amount is obtained by Formulas (4) and (5),     θ + Δ θ     is used as a new test point to continue iterating until the given error requirement is met.



After the microseismic event is located, the source parameter calculation is carried out. The moment magnitude MW can be calculated from the seismic moment M0, which is used to measure the magnitude level. The seismic moment M0 is determined by the low-frequency limit Ω0 of the far-field displacement spectrum of the seismic wave:


   M 0  =   4 π  ρ 0   c 0 3  R  Ω 0     F c   R c   S C     



(6)




where ρ0 is the density of the source medium, c0 is the seismic wave velocity, R is the distance between the source position and the measuring point, Fc is the seismic wave radiation coefficient, Rc is the seismic wave free surface amplification coefficient, and Sc is the seismic wave field correction coefficient. In this case, the source cannot be accurately determined, so it is assumed that the radiation coefficients of P-wave and S-wave are both 0.52, and considering that the sensors are often arranged in the borehole, Rc and Sc are taken as 1, then:


   M 0  =   4 π  ρ 0   c 0 3  R Ω    F c     



(7)







The relationship between the moment magnitude MW and the seismic moment M0 is:


   M W  =  2 3  log  M 0  − 6.033  



(8)







According to the source parameters, the activity law of the overlying strata can be analyzed, and the development of the fractured water-conducting zone (fractured zone and caving zone) can be judged by combining the distribution characteristics of the “three-zones” (bending zone, fractured zone, and caving zone).




3.3. On-Site Monitoring System Layout


The monitoring position is selected near the 1311 working face of the No. 3 coal seam in the Weiqiang coalfield, and the data processing equipment and monitoring equipment of the MMS system are arranged up-hole and down-hole, respectively (Figure 3). Real-time monitoring, positioning, and analysis against the coal and rock mass micro-fractures are carried out in the mining-affected area of the working face, and the development height of the water-conducting zone is analyzed in combination with the deformation and stress characteristics of the “three zones”.



As shown in Figure 3, in order to achieve advanced monitoring, a microseismic monitoring system with a range of 400 m was arranged at the transport roadway (at a distance of 560 m from the 1311 working face), and the monitoring duration was 4 months. The site is equipped with six high-precision sensors, and the hole is located at the reserved coal pillar on the left side of the 1311 auxiliary transportation roadway, about 1.5 m away from the bottom plate. In order to improve the quality of on-site monitoring signals and reduce external construction noise interference, each sensor is placed at a depth of 1 m in the hole, and the distance between each sensor is about 50 m. During the sensor installation process, first, the sensor is sent to the bottom of the borehole and firmly attached to the rock wall at the bottom; then, an appropriate amount of cement mortar is slowly injected into the borehole to make the mortar cover the sensor; finally, when the mud begins to solidify, the installation tool is slowly pulled out of the hole, and the hole is filled with cement to fix the sensor at the bottom of the hole. The latitude and longitude coordinates and elevation of each probe position are shown in Table 1.



On-site debugging of the monitoring system is carried out after the hardware equipment is installed: (1) for the initial positioning test, simply tap the anchored sensor and determine whether the difference between the event coordinates calculated by the microseismic event positioning and the actual sensor coordinates is within the error range; (2) set the P wave speed and frequency range to 5500–6500 and 2500–3000, respectively; (3) adjust the threshold to obtain high-quality microseismic events and reduce interference events, which can be dynamically adjusted by the proportion of staged microseismic events to the total events.




3.4. Analysis of Microseismic Monitoring Results


The microseismic activity characteristics from 24 October 2019 to 15 February 2020 were projected along the strike of the coal seam according to the periodic breaking time of the key strata. The distribution characteristics of microseismic activities in the roof and overlying strata during the fracture process of rock formations are analyzed, with emphasis on the aggregation characteristics of microseismic events along the strike.



Figure 4a,b shows the characteristics of microseismic activity before the low-level key strata are broken. Microseismic events are scattered in the immediate roof and low-level rock formations. After the initiation and gradual expansion of micro-cracks in the coal rock mass and low-level key strata, there is a tendency to form a microseismic event accumulation area in front of the coal wall.



As shown in Figure 4c, as the working face continues to advance, the microseismic events in front of the coal wall increase sharply and form a gathering area, where macroscopic fractures occur in the low-level key strata, and the working face suffers periodic pressure. At the same time, due to the slewing and sinking of the broken rock blocks above the working face, another microseismic event gathering area is formed in the rear goaf. The distribution density of microseismic events between the two gathering areas is relatively small, and the rock blocks above the working face still have good integrity after breaking. In addition, observed from the vertical direction, the accumulation area of the two microseismic events is linearly distributed, which is the fracture line of the stratum formed after the periodic compression of the low-level key strata, and most of the microseismic events initiated by the micro-seismic events of the mid-level key strata are also distributed in this range.



Figure 4d shows that the roof strata experienced a large area of caving and gyration subsidence after the low-level key strata were completely broken, and most of the newly added microseismic events in the strike direction were distributed between the broken key rock blocks, that is, between two clusters of microseismic events. At the same time, the microseismic events were further initiated and expanded in the mid-level key strata, and there was a tendency to form agglomeration areas on the extension line of the fracture line formed after the low-level key strata were broken.



It can be found that the microseismic events occur in pairs along the strike accumulation area during the fracture process of the median and low-level strata, and are located on the stratum breaking line and its extension line formed after the incoming pressure, that is, the two ends of the key stratum breaking. The broken key block and the weak rock formation above it will initiate and expand cracks during the process of gyration and subsidence, which induces microseismic events.



In summary, with the gradual progress of the 1311 working face, the micro-fractures in the overlying stratum continue to develop. From the analysis of the evolution results of microseismic activities and the development characteristics of the water-conducting zone in the “three zones”, it is known that the distribution of microseismic events within 25 m of the overlying stratum is relatively dense, and the fissures are relatively developed, which is regarded as the upper boundary of the caving zone. In addition, the density of microseismic events in the range above 110 m is significantly weakened, which is regarded as the upper boundary of the water-conducting zone of the overlying stratum.





4. Field Drilling Verification


Drilling detection above the 1311 working face of the No. 3 coal seam (Figure 5) and the development range of the water-conducting zone were comprehensively determined by using four methods: simple hydrological observation method, engineering geological catalogue, geophysical logging, and downhole television. Figure 6 shows the results of the four kinds of detections implemented at YZK01.



The simple hydrological observation method entails observing the consumption of flushing fluid, mud water level, and drilling footage during the drilling process. The engineering geology catalogue involves counting the RQD value, which is the quality index, by studying the integrity of the core and the development of fissures. Geophysical logging mainly analyzes rock formations from the perspective of apparent density, three lateral resistivity, spontaneous potential, long and short source distance gamma, natural gamma, acoustic wave, and other parameters that change with burial depth. The downhole television method uses intelligent panoramic imaging logging in the borehole to form a 360° image of the rock wall and identify the development of fractures. The results obtained by the above methods are shown in Table 2.



In summary, the development height of the water-conducting zone obtained by field drilling detection ranges from 105.4 m to 120.4 m.




5. Mechanical Mechanism Analysis


During mining, the overlying rock layer is deformed and ruptured in a large range due to mining. At this time, the rock layer that controls all or part of the rock mass movement is called the key strata, and is generally also a hard rock layer. If the critical layer breaks, the deformation of all or part of the rock layer above it will remain the same; that is, the overall movement will occur. The one that controls all the upper rock layers is called the main key strata, and the breaking law of the main key strata directly affects the law of surface subsidence and movement, and the one that only plays a leading role in part of the rock layer is called the sub-key strata [6,7]. In actual engineering, there is only one main key strata, but the sub-key strata may have multiple layers due to the existence of multiple hard rock layers. At present, the key strata theory is widely used to analyze problems such as overlying rock motion control, pressure relief gas drainage, etc. It is an important means to understand the problems of fracture development and stope pressure.



The development height of the water-conducting zone in the overlying stratum of the 1311 working face is directly affected by the distribution and fracture of key strata. In response to this problem, based on the physical and mechanical parameters of each rock formation in the stope, the KSPB (Key Strata Judging Program) developed by China University of Mining and Technology was used to determine the position of the main/sub-key strata in the overlying strata. The calculation results are shown in Table 3.



It can be seen from Table 3 that there are six hard rock layers above the coal seam, one main key strata, and one sub-key strata. Among them, the main key strata is a siltstone layer with thickness of 15.5 m and depth of 281 m; the sub-key strata is a feldspar sandstone layer with thickness of 22.63 m and depth of 393 m. Xu et al. [14] pointed out that the position of the key strata of the overlying rock will affect the development height of the water-conducting zone. Only when the position of the key strata is less than a certain critical height from the mined coal seam, the fracture of the key strata will penetrate into the water-conducting zone, and at the same time, the ruptured fractures of the overlying strata will also penetrate into the water-conducting zone. However, the height of the main key strata of the No. 3 coal seam in the Weiqiang mine field is 112 m, which exceeds the critical height by 33.2 m (ten times the mining height). According to the calculation method proposed by Xu et al. [14], the height of the water-conducting zone can be determined as the range from above the coal seam top (393 m depth) to the bottom of the main key strata (281 m depth). Therefore, the height of the water-conducting zone is 112 m, and the ratio of the height of the fractured zone to the mining height is 33.73 m.




6. Conclusions


Based on the microseismic monitoring technique applied to monitor the strata movement and breakage of the 1311 working face of the No. 3 coal seam in the Weiqiang coalmine, the following conclusions can be drawn:




	(1)

	
The MMS is used to monitor the microseismic events of the overlying rock in the mining area of the No. 3 coal seam in real time. The results show that the water-conducting zone gradually develops upward with the advancement of the 1311 working face, and the microseismic events at 110 m from the top of the coal seam are significantly weakening. Combined with the characteristics of the “three zones”, the height of the water-conducting zone was determined to be 110 m.




	(2)

	
By comprehensively using four methods—the simple hydrological observation method, engineering geological catalogue, geophysical detection, and downhole television—the range of the water-conducting zone is about 105.4–120.4 m.




	(3)

	
Based on the key strata theory, the mechanical mechanism of the development of the water-conducting zone was analyzed. The KSPB was used to determine the position of the key strata, and the height of the water-conducting zone was determined to be developed to the bottom of the 15.5 m thick siltstone layer, and the height was 112 m.




	(4)

	
The microseismic monitoring is consistent with the theoretical results of on-site drilling detection and key strata theory, and can accurately determine the time, location, and nature of rock mass micro-ruptures. Compared with traditional prediction methods, it has the advantages of safety, high efficiency, accurate prediction, and easy studying of the law of overlying rock movement. Therefore, the promotion of microseismic monitoring technology is conducive to the safe production of mines, and has good social and economic benefits.
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Abbreviations








	xi, yi, zi
	The spatial coordinate of the ith sensor



	x, y, z
	The spatial coordinate of the test point



	ti
	The time when the sensor i captures the elastic wave P wave



	t
	The time when the microseismic event occurs



	vp
	Velocity of P wave



	tc,i
	The time that the P wave obtained from the spatial coordinates



	
	of the test point is transmitted to the sensor i



	ρ0
	The density of the source medium



	c0
	The seismic wave velocity



	R
	Distance between the source position and the measuring point



	Fc
	The seismic wave radiation coefficient



	Rc
	The seismic wave free surface amplification coefficient



	Sc
	The seismic wave field correction coefficient



	MW
	The moment magnitude



	M0
	The seismic moment
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Figure 1. Schematic diagram of the working faces. 
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Figure 2. Location of the two reservoirs. (a) Satellite map of Hejiagou Reservoir. (b) Satellite map of Luotuobozigou Reservoir. 
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Figure 3. Operation and monitoring plan of MMS in the 1311 working face. (a) Operation schematic diagram of MMS. (b) Field monitoring plan of MMS. 
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Figure 4. Temporal and spatial distribution characteristics of microseismic events from October 2019 to January 2020 (a–d). 
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Figure 5. Schematic diagram of YZK01 plane position. 






Figure 5. Schematic diagram of YZK01 plane position.



[image: Sustainability 14 08385 g005]







[image: Sustainability 14 08385 g006 550] 





Figure 6. The height of “three-zones” measured by field drilling detection. (a) Simple hydrological observation method. (b) Engineering geological catalogue. (c) Geophysical logging. (d) Downhole television. 
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Table 1. Coordinates and elevation of sensors.
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	Sensor Number
	N
	E
	Elevation (M)





	1
	037:59:55.915306
	109:15:12.732641
	788.218



	2
	037:59:57.532875
	109:15:12.694932
	787.749



	3
	037:59:59.157386
	109:15:12.657013
	788.916



	4
	038:00:00.510342
	109:15:12.622709
	786.871



	5
	038:00:02.140542
	109:15:12.589681
	786.828



	6
	038:00:03.759413
	109:15:12.560642
	785.881
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Table 2. Field drilling detection results.
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	Method
	Height of Water-Conducting Zone (m)
	The Ratio of the Height of the Fractured Zone to the Mining Height





	Simple hydrological observation method
	120.4
	36.27



	Engineering geological catalogue
	111.7
	33.64



	Geophysical logging
	108
	32.53



	Downhole television
	105.4
	31.75
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Table 3. Discrimination of key strata location.
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Strata

	
No.

	
Depth (m)

	
Thickness (m)

	
Name

	
Key Strata

	
Hard Rock Formation

	
Three Zones






	
Q21

	
1

	
68.00

	
68.00

	
Loess

	

	

	
bending zone




	
K1zh

	
2

	
69.20

	
1.20

	
medium-grained sandstone

	

	




	
3

	
120.65

	
51.45

	
coarse-grained sandstone

	

	
NO. 5




	
J2a

	
4

	
127.90

	
7.25

	
sandy mudstone

	

	




	
5

	
132.40

	
4.50

	
fine-grained sandstone

	

	




	
6

	
136.80

	
4.40

	
sandy mudstone

	

	




	
7

	
140.00

	
3.20

	
coarse-grained sandstone

	

	




	
8

	
143.90

	
3.90

	
sandy mudstone

	

	




	
9

	
149.80

	
5.90

	
siltstone

	

	




	
10

	
153.50

	
3.70

	
sandy mudstone

	

	




	
11

	
157.10

	
3.60

	
siltstone

	

	




	
12

	
162.00

	
4.90

	
fine-grained sandstone

	

	




	
13

	
166.30

	
4.30

	
medium-grained sandstone

	

	




	
14

	
170.00

	
3.70

	
siltstone

	

	




	
15

	
173.50

	
3.50

	
sandy mudstone

	

	




	
16

	
175.00

	
1.50

	
medium-grained sandstone

	

	




	
17

	
180.40

	
5.40

	
sandy mudstone

	

	




	
18

	
182.00

	
1.60

	
medium-grained sandstone

	

	




	
J2z

	
19

	
186.60

	
4.60

	
siltstone

	

	




	
20

	
191.30

	
4.70

	
medium-grained sandstone

	

	




	
21

	
196.50

	
5.20

	
siltstone

	

	




	
22

	
207.50

	
11.00

	
coarse-grained sandstone

	

	




	
23

	
220.00

	
12.50

	
siltstone

	

	




	
24

	
221.80

	
1.80

	
medium-grained sandstone

	

	




	
25

	
243.30

	
21.50

	
siltstone

	

	
NO. 4




	
26

	
245.90

	
2.60

	
fine-grained sandstone

	

	




	
27

	
248.30

	
2.40

	
siltstone

	

	




	
28

	
252.00

	
3.70

	
medium-grained sandstone

	

	




	
29

	
259.40

	
7.40

	
fine-grained sandstone

	

	




	
30

	
264.10

	
4.70

	
siltstone

	

	




	
31

	
265.50

	
1.40

	
coarse-grained sandstone

	

	




	
32

	
281.00

	
15.50

	
siltstone

	
main key strata

	
NO. 3




	
33

	
282.80

	
1.80

	
medium-grained sandstone

	

	

	
fractured zone




	
34

	
295.80

	
13.00

	
siltstone

	

	




	
35

	
298.10

	
2.30

	
medium-grained sandstone

	

	




	
36

	
305.80

	
7.70

	
sandy mudstone

	

	




	
37

	
310.00

	
4.20

	
siltstone

	

	




	
38

	
313.10

	
3.10

	
medium-grained sandstone

	

	




	
39

	
319.60

	
6.50

	
siltstone

	

	




	
40

	
321.30

	
1.70

	
sandy mudstone

	

	




	
41

	
324.90

	
3.60

	
medium-grained sandstone

	

	




	
42

	
329.60

	
4.70

	
siltstone

	

	




	
43

	
336.00

	
6.40

	
medium-grained sandstone

	

	




	
44

	
341.00

	
5.00

	
fine-grained sandstone

	

	




	
45

	
358.28

	
17.28

	
coarse-grained sandstone

	

	
NO. 2




	
J2y

	
46

	
360.13

	
1.85

	
siltstone

	

	




	
47

	
361.90

	
1.77

	
mudstone

	

	




	
48

	
365.79

	
3.89

	
siltstone

	

	




	
49

	
366.67

	
0.88

	
mudstone

	

	




	
50

	
370.37

	
3.70

	
siltstone

	

	




	
51

	
393.00

	
22.63

	
feldspar sandstone

	
sub-key strata

	
NO. 1

	
caving zone




	
J2y3

	
52

	
396.32

	
3.32

	
coal
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