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Abstract

:

Coal mining under the aquifer in Northwest China has brought a series of ecological problems, such as the decline of groundwater levels and the death of surface vegetation. The study of the impermeability of rock strata between coal seams and the overlying aquifers is of great significance to solve these problems and realize water-preserving coal mining (WPCM). Based on mining-induced overburden damage and permeability deterioration, the concept of the “three seepage zones” of overburden is proposed, namely the pipe flow zone, water seepage zone and nominal water-seepage-resistance zone (NWSRZ). Meanwhile, the concept of water-seepage-resistance strata (WSRS) is put forward from the aspects of initial permeability, structural strength, swelling and the stratigraphic structure of the overlying strata. AHP-fuzzy comprehensive evaluation (AHPF) is employed to construct a model to evaluate the water-blocking capacity (WBC) of the WSRS. The model includes three secondary factors and nine tertiary indicators, and the weights and membership functions of the indicators are determined. Subsequently, the model is generalized and applied to the Yu-Shen mining area. The membership degrees are spatially visualized by means of thematic maps. The comprehensive evaluation values Φ of the WBCWSRS of 400 boreholes in the mining area under backfill mining, narrow strip mining, slice mining and longwall cave mining are calculated. Then, the Kriging method is employed to plot the zoning maps of Φ under four different mining methods. In view of different grades of WBCWSRS, three corresponding countermeasures, i.e., mining methods optimization, curtain grouting and underground reservoir construction, are put forward. The fluid–solid coupling embedded in FALC3D software is employed to establish a numerical calculation model to simulate the water table fluctuation of the underground aquifer under the four mining methods, and the reliability of the model is verified indirectly. In this paper, mathematical theory is combined with WPCM to develop an evaluation model of WBCWSRS, which provides a reference for the coordinated development of coal extraction and water resource preservation in arid and semi-arid mining areas.
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1. Introduction


With the gradual depletion of coal resources in the Middle East of China, mining activities have been rapidly transformed into arid and semi-arid mining areas in the northwest areas [1,2,3]. The northwest mining regions, whose coal reserves exceed 70% of the country’s total, are the main coal-producing areas in China [4,5,6]. In 2020, the coal output in the northwest areas was 2.3 billion tons, accounting for nearly 60% of the country’s total. However, the total amount of water resources in this area is nearly 4% of the country’s total [7]. As the main body of the Shaanbei coal base, which is one of the five major coal bases in Northwest China (Xinjiang, Ningdong, Shendong, Shanbei and Huanglong coal base), the Yu-Shen coal area is generally characterized by thick and shallow coal seams, water resource shortages and a fragile surface ecological environment [8,9,10]. Large-scale and high-intensity longwall cave mining has resulted in a series of problems, such as breakage and damage, the development of water-conducting fractures and the permeability deterioration of the overburden [11,12]. Severe mining disturbances cause the formation of water percolation channels between the mined-out areas and the overlying aquifers, which give rise to water inrush and water table lowering in the overlying aquifers. Not only does this phenomenon seriously threaten the mine’s safety but it also contributes to the vegetation withering and land desertification [13].



In view of these problems of phreatic water loss during coal extraction in the Yu-Shen mining area, Fan Limin first put forward the concept of WPCM and regarded the preservation and conservation of the ecological water level as the ultimate objective. He developed a model that included 34 sub-factors to evaluate the WPCM [14,15]. In addition, Wang Shuangming and Huang Qingxiang analyzed the spatial combination relationship of coal seams, aquifers and aquifuges, and put forward a partitioning scheme for WPCM [16,17]. Li Wenping et al. investigated the different characteristics and classified the types of eco-geological environment in the Yu-Shen mining area. They divided the phreatic water leakage into four areas, i.e., severe, moderate, slight and no water loss areas, from the perspective of the phreatic aquifer failure mechanism and effective thickness of the water-resistant layer [18,19]. Scholars abroad have also carried out large amounts of in-depth research on coal mining under the water body, despite the fact that the concept of WPCM has not been systematically defined in foreign countries. They hold the view that overlying water bodies should be considered as environmental constraints in longwall cave mining [20,21,22,23]. Furthermore, they have investigated and assessed the hydrological effects caused by coal mining in many foreign coal mines [24,25,26,27]. Furthermore, the sustainable development of groundwater resources for WPCM is also a popular topic regarding foreign coal mines [28]. In addition, researchers divided the overlying strata into the caving zone, connected fracture zone, disconnected fracture zone, micro-fracture zone and no fracture zone from the aspects of stress evolution, permeability deterioration and fracture development under longwall cave mining. The range of the caving zone and the interconnected zone is termed as the water-conducting fracture zone (WCFZ), where water can flow from the overlying aquifer to the mined-out area [29,30,31,32].



As an indispensable part of green mining, WPCM aims to ameliorate the migration, the fissure development, as well as the permeability deterioration of the overburden. It contributes to preventing the formation of effective water seepage channels between the overlying water bodies and the gob, so as to protect the water volume and water level and prevent water disasters. At present, the research of WPCM concentrates on the risk assessment of water inrush from the roof and floor [33]. Using a comprehensive evaluation method to develop a model for evaluating the risk degree of water inrush, and proposing countermeasures based on various hazard grades, is an important way to achieve WPCM [34,35,36,37,38,39]. The comprehensive evaluation methods include AHP, the fuzzy comprehensive evaluation method, the Delphi method, the weighted average method, the principal component analysis method and the BP neural network method [40,41,42,43,44,45,46,47,48]. AHP has a wide range of applications. In addition to evaluating the hydrochemical characteristics and water quality of groundwater [49], it can also be combined with other research methods to assess the development of macro- and micro-fractures under different conditions [50]. For instance, it can be employed to predict the developing law of surface fractures and compound crack propagation under impact load [51,52,53]. In addition, AHP can be utilized to evaluate the mining stress field and overburden movement, since water-conducting fissures are formed due to the deformation and stress exceeding the critical value of the overlying strata, so as to better study the water inrush from the roof [54,55,56,57]. AHPF can realize quantitative analysis and quantitative analysis simultaneously; it is therefore the most commonly employed method to solve complex problems affected by multiple indicators.



There are many factors affecting the WBCWSRS. In addition to the type, the vertical level and the integrity of the WSRS and the equivalent thickness of the NWSRZ, the water yield property, recharge and mining-induced water level lowering of the overlying aquifer should also be taken into account. Additionally, the mining methods and mining parameters of the coal extraction system should also be considered. The relationship between the influencing factors of the WBC is fuzzy, and the influence characteristics of each indicator on the WBC are also fuzzy. The permeability deterioration and the change law of the WBC under the action of coal extraction are also fuzzy. These characteristics determine that the WBCWSRS is fuzzy, which is consistent with the characteristics of fuzzy mathematics.



Therefore, on the basis of systematically illustrating the scientific connotations of the WSRS, AHPF will be employed to identify the influencing factors of the WBCWSRS to build a mathematical evaluation model of the WBC. Then, the model will be generalized and applied to the Yu-Shen mining area. The evaluation results of the WBC will be spatially visualized by means of thematic maps, and the membership degrees will be therefore determined. Combined with the weight distribution, the comprehensive evaluation values Φ of WBCWSRS for 400 boreholes under backfill mining, narrow strip mining, slice mining and longwall cave mining will be calculated. Subsequently, the zoning map of Φ in the entire coal area under four various mining methods will be plotted using the Kriging method. Based on the grade of WBC, control measures such as mining methods optimization, curtain grouting and underground reservoir construction will be put forward. Furthermore, with the aid of the FLAC3D fluid structure coupling module, the water table lowering of the underground aquifer under four mining methods will be simulated, which can indirectly verify the reliability of the prediction model. The research results can provide a theoretical basis for the realization of the harmonious development of coal extraction and water preservation in arid and semi-arid mining areas.




2. Research Background


2.1. Location and Climate


The Yu-Shen mining area, located in the north of Yulin City, Shaanxi Province, China, covers a total area of 5160 km2. The maximum length of the coal area is around 97 km from east to west, slightly greater than that of 95 km in the direction from south to north. The total coal reserve of the entire mining area is greater than 30 billion tons. The climate of the study area conforms to the characteristics of the continental monsoon climate of the middle temperate zone. Its average annual rainfall is only approximately 400 mm and occurs mainly in July to September, while the average annual evaporation is more than 1900 mm [5]. According to the definition of arid and semi-arid areas from the aspect of precipitation, areas whose annual precipitation is less than 350 mm are arid areas, while they belong to arid and semi-arid areas when the precipitation varies from 350 to 500 mm. The characteristics of the Yu-Shen mining area show good agreement with those of arid and semi-arid areas.




2.2. Geological Background


The typical comprehensive stratigraphic column of the Yu-Shen coal area and the lithological characteristics are shown in Figure 1. The surface is primarily covered by Quaternary strata, and bedrock outcrops are sporadically distributed in valleys. From youngest to oldest, the strata are: the Quaternary System (Q), the Neogene System (N), the Lower Cretaceous Luohe Formation (K1l), the Anding Formations (J2a), Zhiluo (J2z), the Yan’an (J2y) and the Lower Jurassic Fuxian Formation (J1f). The Salawusu Formation is the major underground aquifer that needs to be taken into account in the process of coal extraction. Moreover, the clay and sub-clay in the Lishi and Baode Formations, playing the role of resisting water percolation from the aquifer to the mined-out area, can be regarded as the one type of WSRS that resists water seepage by the lithology. The Yan’an Formation is the coal-bearing stratum, consisting of five minable coal seams.




2.3. Characteristics of Underground Aquifer


There are four aquifers occurring in the Yu-Shen coal area. The four aquifers can be classified into two types: the phreatic aquifer and the confined aquifer. The former is composed of the unconsolidated porous phreatic aquifer, the Salawusu Formation phreatic aquifer and the burnt rock phreatic aquifer, while the latter is the porous bedrock-confined aquifer, as demonstrated in Figure 2.



The porous bedrock-confined aquifer is characterized by limited porosity, high permeability, poor water richness and a restricted distribution range. The unconsolidated porous phreatic aquifer is the highest aquifer and it is close to the surface. It is thin and is primarily recharged from precipitation, forming a complete aquifer with its underlying Salawusu Formation aquifer in the majority of areas in the Yu-Shen mining area. The burnt rock phreatic aquifer cannot form a water-storing structure and is primarily recharged from its overlying Salawusu Formation aquifer. The Salawusu Formation aquifer is widely distributed in the mining area, and its maximum thickness can be up to 67.3 m. The water level is generally less than 10 m [5,6]. It is indispensable for the water demands of the surface ecology and domestic water use. Hence, the Salawusu Formation aquifer is the only one that needs to be considered in the process of evaluating the WBCWSRS in the Yu-Shen coal area.





3. Scientific Connotations of WSRS and NWSRZ


3.1. Definition and Classification of WSRS


The classification of WSRS is illustrated in Figure 3. The stratum between the overlying aquifer and the coal seam plays different roles in preventing water seepage, due to the varying lithology and thickness [58]. For instance, the stratum of clay, loess or mudstone is characterized by low strength and initial permeability coefficient, as well as a high softening and swelling rate when soaked in water [59,60,61]. Therefore, it can be regarded as a type Ⅰ WSRS (single WSRS), as shown in Figure 3a. In addition, the deflection of the thick and hard rock layer (key stratum) between the coal seam and the aquifer is far less than that of its lower layer, leading to a separation space between them [62]. This can reduce the damage and deformation of the strata above the key stratum, and reduce the fracture development and permeability deterioration of its overlying layers. The key stratum acts as a structural impermeability barrier and can be regarded as a type II WSRS, as shown in Figure 3b.



Thirdly, the impermeability between soft rock and hard rock provides mutual promotion and assistance. On the one hand, hard rock has a decisive influence on the deformation damage and fracture development of the composite strata consisting of soft and hard strata. The high strength of hard rock is beneficial to restrain the movement and deformation of the laminate strata, so as to reduce its damage, fracture development and permeability deterioration. However, the initial permeability coefficient of hard rock is much higher than that of soft rock, contributing to its impermeability effect being much smaller than that of soft rock. Therefore, it makes little contribution to the impermeability of the composite strata. On the other hand, the initial permeability coefficient of the soft stratum is far less than that of the hard rock. It is a natural impermeable stratum (water-resisting layer). However, it features low strength and mining disturbance, resulting in its breakage, contributing to the loss of its water-blocking capability completely without the support of a hard stratum. Therefore, the composite strata composed of soft strata and hard strata can be defined as type Ⅲ WSRS, as shown in Figure 3c. Fourth, if all the strata between the coal seam and the aquifer are characterized by low strength and minor thickness, and they do not include soft strata such as clay or thick and hard strata, their impermeability is far less than the first three types of WSRS, and they can therefore be defined as type Ⅳ WSRS, as shown in Figure 3d. Fifth, if there is only one rock stratum (such as burnt rock), with large porosity and extremely developed initial fissures between the coal seam and the aquifer, it will immediately break and become unstable, affected by coal extraction, leading to mine water and sand inrush. In order to realize WPCM under this stratigraphic structure, curtain grouting and other measures should be employed to maintain its WBC. In this case, it can be considered that there is no WSRS, as shown in Figure 3e.




3.2. Scientific Connotations of NWSRZ


At present, scholars occupied in WPCM usually take the mining-induced WCFZ developing to the aquifer or the fractures penetrating the aquiclude as the criterion for WPCM. The influence of the initial permeability and the ratio of permeability deterioration (k/k0) of the undamaged strata between the coal seam and the overlying aquifer after mining on the WBC or water diversion capability are ignored. In fact, although there is a certain thickness of the complete strata between the top of the WCFZ and the aquifer, if the primary fracture is well developed and the initial permeability is high, water seepage may still occur under the action of a head pressure difference. Moreover, relevant scholars have put forward the concept of the water resistance index, which has promoted the development of the theory of WPCM. However, it only roughly characterizes the water-resisting index based on the strength of strata, the mechanism of water blocking or water diversion of the aquifuge or intact strata from the perspective of the initial permeability, and mining-induced permeability deterioration is still not considered. Furthermore, prior to coal extraction, the water-resisting key strata are qualitatively described as the strata where water finally needs to penetrate or is finally blocked. Its structural instability and seepage instability do not consider other intact rock layers besides itself. Therefore, it is necessary to systematically characterize the impermeability of the intact strata from two aspects: the initial seepage field (primary fracture field) of strata and the evolution of the seepage field after coal extraction.



Therefore, according to the damage degree and the ratio of permeability deterioration of overlying strata after mining, the overburden is divided into “three seepage zones” from bottom to top, namely the “pipe flow zone”, “water seepage zone” and “NWSRZ” (complete rock stratum after longwall cave mining). The NWSRZ is composed of various types of WSRS or even without WSRS, as illustrated in Figure 4. The criteria for the “three seepage zones” are given based on the permeability deterioration rate, i.e., pipe flow zone (k/k0 > 1000), water seepage zone (1000 > k/k0 > 20), NWSRZ (20 > k/k0 > 1). Due to different mining stress environments, the ratio of permeability deterioration in the horizontal direction of the water seepage zone also varies widely. In the vicinity of the left and right sides of the surrounding line of the WCFZ, the ratio of permeability deterioration ranges from 500 to 1000 due to the joint action of tensile and shear stress. This place can be defined as the seepage increased zone. In contrast, in the middle of the WCFZ, the permeability of the mining fractured rock mass recovers to a certain extent under the action of compressive stress, giving rise to its permeability deterioration rate ranging from 20 to 100. This area can be regarded as the seepage recovery zone.



In the area between the seepage increased zone and the seepage recovery zone, the strata are only subject to tensile stress, and the permeability degradation rate usually ranges from 100 to 500. It is worth noting that the WSRS is a concept before coal mining, while the NWSRZ is only a concept after mining. Furthermore, the WSRS and NWSRZ interact with each other. The structural combinations and mechanical characteristics of WSRS determine the range of NWSRZ, while the impermeability (equivalent permeability coefficient) of NWSRZ can also reflect the water-resisting capability of WSRS. The NWSRZ is significant while evaluating the water-blocking ability of WSRS and thus should be taken into consideration.





4. Indicators and Membership Functions of WBCWSRS


The indicators affecting WBCWSRS are complex and fuzzy, showing good agreement with the characteristics of fuzzy mathematics. The fuzzy comprehensive evaluation method can solve many multi-leveled and complex problems, so as to achieve an overall evaluation of objects affected by many indicators. By using the membership function and obtaining the membership degree of each indictor, it can shift qualitative problems into quantitative ones. In this paper, AHPF was employed to develop a triple-leveled model on the premise of determining the influencing factors of WBCWSRS. In the AHP model, three factors were chosen as secondary indicators, i.e., the WSRS system, underground aquifer system and coal extraction system, while nine indicators—namely the types, integrity and vertical level of WSRS, the equivalent permeability of NWSRZ, the water richness, recharge and water table lowering of the underground aquifer as well as the mining methods and mining parameters—were determined as tertiary factors, as shown in Figure 5. The membership function of each indicator was constructed by means of analyzing the field measurement results and referring to previous researchers’ achievements, which will provide the basis for the prediction of the WBCWSRS.



4.1. WSRS System


4.1.1. Classification of WSRS (T)


According to the hardness, initial permeability, expansion rate and the combination characteristics of strata, the WSRS can be classified into four categories.



	
Type I WSRS: a single low-permeability, thick and soft strata. The permeability coefficient is usually less than 10−7 cm/s, and the Protodyakonov coefficient is generally less than 2. In contrast, it features good softening and swelling rate when soaked in water and good fissure self-healing properties. The lateral expansion rate is generally greater than 40%. This type of WSRS mainly uses its lithology to resist water seepage and thus realize WPCM.



	
Type II WSRS is usually a thick and hard stratum with high original permeability. Its initial permeability coefficient is generally greater than 10−4 cm/s, and there is no low-permeability soft rock formation, such as clay, loess, mudstone, etc., in this type of WSRS. It usually has poor lithological WBC, while it has high mechanical strength. The WSRS can still maintain its structural integrity under mining disturbances and has good WBC.



	
Type III WSRS is a composite stratum composed of soft and hard strata. The Protodyakonov coefficient of the hard rock layer is generally greater than 8. Although the permeability coefficient of hard strata is larger than that of soft rock layers, it can ameliorate the migration and breakage of the overlying strata and ensure that the WSRS maintains structural stability. This type of WSRS has the best WBC.



	
Type IV WSRS neither has soft rock formation nor hard rock with extremely high hardness. However, this type of stratum structure still has WBC to some extent.






The degree of difficulty in realizing WPCM of different types of WSRS is as follows: type IV > type II > type I > type III.


   μ  1 a    T  =     1.0 ,    Type    III    WSRS      0.8 ,    Type    I    WSRS      0.6 ,    Type    II    WSRS      0.4 ,    Type    IV   WSRS     0 ,   Without      WSRS      ,  



(1)








4.1.2. Vertical Level of WSRS (Hs)


It is assumed that the WSRS occurs directly in the lower part of the aquifer. According to the vertical level, the WSRS can be divided into three types. First, the high-level WSRS is from the top boundary of WCFZ to the overlying aquifer, i.e., the range of the traditional protection zone. Second, the spatial level of the medium-level WSRS is from the top boundary of the caved zone to that of WCFZ. Third, the elevation of the low-level WSRS is lower than the top boundary of the caving zone. The high-level WSRS, which is higher than the height of the WCFZ, can significantly withstand the downward water seepage from the overlying water body to the gob.



For moderate-level WSRS, the vertical level of the WSRS is less than the height of the WCFZ and greater than the height of the caving zone, and the water-conducting fractures penetrate the aquifer. At this time, if the fractures of the WSRS cannot be healed by swelling soaked in water and the overlying water can flow freely through the WSRS into the mined-out area, it will lead to water resource loss and water table lowering of the underground aquifer. If the mining-induced fractures in the WSRS are completely healed after encountering water expansion, there will be a short-term water seepage through the WSRS, and large-scale leakage or piping flow will not occur. The groundwater is only slowly infiltrated through the WSRS, and no water inrush hazards will occur. If the WSRS is less than the height of the caving zone, it will be completely destroyed under the action of drastic mining disturbances, resulting in water inrush and sand bursting. Under this circumstance, the groundwater flows into the goaf in a large scale, and broad water table lowering will occur. The WBCWSRS of the lowest vertical level of WSRS is also the lowest. Hence, the membership function of the vertical level of WSRS is:


    μ  1 b      H s    =       1.0 ,      H s  >  H f        0.3 ,      H c  ≤  H s  ≤  H f        0 ,      H s  <  H c        



(2)




where Hc is the height of the caving zone, m; Hf refers to the height of WCFZ in longwall cave mining, m; Hs denotes the vertical level of WSRS, m.




4.1.3. Equivalent Permeability of NWSRS (ke)


The equivalent permeability coefficient of the NWSRZ is an important index with which to evaluate the degree of water loss from the overlying aquifer. The smaller the equivalent permeability coefficient, the lower the risk of groundwater loss. During previous research on WPCM in the Yu-Shen mining area, the authors found that a type Ⅰ WSRS composed of a 12 m clay stratum can effectively prevent water infiltration from the overlying aquifer, while a clay formation with a thickness of 40 m can completely realize the seepage isolation of the overlying aquifer. Compared with clay, other rock strata, including sandstone, sandy mudstone, shale and mudstone, have a certain degree of weakening of WBC. The permeability coefficients of strata with various lithologies are listed in Table 1.



The equivalent permeability coefficient of the NWSRZ can be calculated according to Formula (3).


   k e  =  H     H 1     k 1    +    H 2     k 2    + … +    H n     k n      =  H    ∑  i = 1  n        H i     k i          ,  



(3)




where ke denotes the equivalent permeability coefficient of the NWSRZ, cm/s; H is the thickness of the NWSRZ, m; Hi is the thickness of the i-th overlying stratum in NWSRZ, m; ki is the permeability coefficient of the i-th overlying stratum in NWSRZ, cm/s.



The time when the water in the overlying aquifer flows through the NWSRZ is H/ke. If H/ke > 12/kc, the NWSRZ is incapable of resisting water seepage. In contrast, when H/ke < 40/kc, it can completely withstand water seepage from the overlying water body. Therefore, the membership function of the equivalent coefficient ke of the NWSRZ is:


   μ  1 c      k e    =     0 ,     H ·  k c   /  12   >  k e          H ·  k c  − 12  k e     /  28  k e    ,     H ·  k c   /  40   ≤  k e  ≤   H ·  k c   /  12       1 ,     H ·  k c   /  40   <  k e      ,  



(4)




where kc is the permeability coefficient of the clay layer, cm/s; ke is the equivalent permeability coefficient of the NWSRZ, cm/s.




4.1.4. Integrity of the WSRS (Si)


The integrity of the WSRS is a significant indicator for blocking the overlying groundwater flow and realizing WPCM. However, if the high-level WSRS located on both sides of the valley is eroded by the cutting effect, it contributes to the establishment of a hydraulic connection between the underground aquifer and the water in the valley. The water in the valley can leak laterally into the underlying strata of the WSRS, and the WSRS loses its capability of preventing water flow. Furthermore, the fault cuts the WSRS and destroys the integrity and continuity of the WSRS, and also provides a connected water diversion channel for groundwater to flow into the mined-out area. During coal extraction, the strategy of leaving the lateral coal pillars unmined can prevent the water leakage from the valley or overlying aquifers under the conditions of lateral cutting and faults. On the other hand, due to the uneven spatial distribution of coal measure strata, there is no WSRS in some areas. Due to the absence of WSRS, the water flow in longwall cave mining is inevitable.


   μ  1 d      S i    =     0.0 ,    S i    =   Occurrence   loss     0.2 ,    S i    =   Fault   damage     0.5 ,    S i    =   Lateral   erosion     1.0 ,    S i    =   Intergral   occurrence     ,  



(5)









4.2. Underground Aquifer System


4.2.1. Water Yield Property (Aw)


The water richness of an aquifer has a positive correlation with its capability of being recharged and storing water. Meanwhile, the ability to recharge and store water of an aquifer increases with the ascending thickness and permeability. See Table 2 for the classification of the water abundance properties of underground aquifers. It is obvious that the higher the water richness, the lower the capability of the WSRS to prevent downward water seepage. The membership function of the water richness of an aquifer is:


   μ  2 a      A w    =     1.0 ,    A w    =    Low      0.7 ,    A w    =   Medium     0.3 ,    A w    =   High     ,  



(6)








4.2.2. Water Table Lowering (Lc)


Arid and semi-arid areas are ecologically fragile, featuring sparse surface vegetation, water resource shortages and land desertification. The Quaternary Salawusu Formation aquifer is of great significance for both water demands for ecology and domestic use. The water level fluctuation of an underground aquifer is likely to cause the death of surface vegetation, which is not conducive to the realization of WPCM. The broader the decline in the water level, the weaker the WBCWSRS. The water table lowering after coal extraction is selected as the evaluation index.


   μ  2 b      L c    =     1.0 ,    L c  ≤ 1.0     0.7 ,   1.0 <  L c  < 3.0     0.3 ,   3.0 <  L c  < 5.0     0.0 ,    L c  ≥ 5.0       ,  



(7)








4.2.3. Recharge of Underground Aquifer (α)


The majority of the underground aquifers in Northwest China are primarily recharged by precipitation, followed by lateral flow and irrigation infiltration. The greater the rainfall infiltration capacity, the more difficult it is for the WSRS to block water seepage. The precipitation recharge coefficient is selected as the evaluation standard:


   μ  2 c    α  =     1 ,   α < 0.1         4 − 10 α    / 3  ,   0.1 ≤ α ≤ 0.4     0 ,   α > 0.4     ,  



(8)









4.3. Coal Extraction System


4.3.1. Coal Mining Method (Mm)


Different mining methods exert various mining disturbances on the overburden, and the development of water-flowing fissures varies. Hence, the influence on the ratio of the permeability deterioration of the WSRS also varies. Longwall cave mining can only be employed under the condition of the coal–water spacing being far greater than the height of the WCFZ and thus the WBC of NWSRZ being great enough. WPCM mining methods are essential for coal extraction under close water bodies. It mainly includes partial mining, coordinated mining and backfill mining. The partial mining methods are primarily height-restricted mining, strip mining, narrow strip mining, room and pillar mining, etc. These methods tend to leave part of the coal resources unextracted to support the roof, so as to ameliorate the migration, fracture development and permeability deterioration of the overburden. In this context, the WBCWSRS can be maintained and the WPCM is easy to achieve. However, the recovery rates of these partial mining methods are generally lower than 40% since they abandon a large amount of the coal resources by means of leaving permanent coal pillars to support the roof, which is a serious waste of resources. In addition, harmonic mining involves primarily the optimization of the working face layout and slice mining. The former optimizes the arrangement, mining sequence, mining direction and mining time of multiple adjacent mining faces to counteract overburden deformation to some extent. This method has a large mining range and tends to be restricted by the positions of surface buildings and structures. Backfill mining is currently the most effective method to mitigate the movement of the overburden and maintain the stability of WBCWSRS. Therefore, the membership function of the mining method is:


   μ  3 a      M m    =     1.0 ,    M m  =  Backfill   mining      0.8 ,    M m  =  Partial   mining      0.5 ,    M m  =  Harmonic   mining        0.3 ,    M m  =  Longwall   mining        ,  



(9)








4.3.2. Mining Parameters (P)


Mining parameters are primarily the mining height, advancing speed, as well as the length and advancing length of the working face. Various mining parameters lead to different degrees of mining disturbance in the overburden. Hence, the development of mining-induced fissures and the permeability deterioration degree of the overburden also vary. If the ratio of permeability deterioration of the WSRS is greater than the critical value, the water in the aquifer will flow into the goaf through the WSRS, resulting in water inrush accidents. At this time, the WSRS is in an unstable state and the WBCWSRS is nearly equal to 0.



During the process of field investigation, the authors found that when the length of the working face is less than 100 m, the damage and permeability deterioration of the overburden can be ameliorated to a large extent. In contrast, the overlying strata above the mining face whose length is greater than 300 m suffer from drastic mining disturbances and tend to break easily, giving rise to the decline of the WBCWSRS. Additionally, the authors have previously studied the relationship between the advancing speed of the working face and the changing law of the water level. We found that the water table drops sharply when the speed is less than 3 m/d, whereas, when it varies between 3 and 10 m/d, the rate of water table lowering decreases significantly. When the advancing speed is greater than 15 m/d, the effect of the advancing speed on the water level fluctuation is no longer obvious. Moreover, if the buried depth of the coal seam is shallower than 100 m, the WSRS is easily damaged since the coal–water spacing is small. In contrast, when it is deeper than 800 m, the deep buried depth with high in situ stress is likely to cause the horizontal unloading of the WSRS, contributing to the propagation of fractures and the aggravation of the permeability deterioration of the WSRS. Meanwhile, horizontal unloading occurs in a small range, and its influence on the crack propagation of the WSRS is thus restricted. Therefore, the multivariate membership function of the mining parameters is:


   μ  3 b   ( P ) = 0.055 − 0.02771  x 1  + 0.0155  x 2  + 0.002007  x 3  + 0.00023  x 4  ,  



(10)




where x1 is the mining height, m; x2 is the advancing speed, m/d; x3 and x4 is the length and advancing length of the working face, respectively, m.






5. Mathematical Modeling and Weight Determination of WBCWSRS


5.1. Establishment of Mathematical Evaluation Model for WBCWSRS


The WBCWSRS is characterized by great fuzziness, many uncertain factors and dynamic evaluation. AHPF is a method that applies the principle of fuzzy transformation and relationship synthesis to comprehensively analyze and evaluate the grade of the objects restricted by multiple indicators. The boundaries and extensions of the influencing factors do not have precise affirmation and negation since they have a certain degree of fuzziness. AHPF can effectively combine qualitative description with quantitative analysis, and use a fuzzy algorithm to quantitatively synthesize the nonlinear evaluation to obtain the results of quantitative evaluation. Therefore, it is employed to evaluate the WBCWSRS. Six factors and nine sub-factors are determined. In the AHP model, A refers to the overall target, B represents the level of criteria and C denotes the level of sub-criteria.



The judgment matrix is constructed by using this hierarchy to quantify the WBCWSRS. The influencing indicators are as follows:


U = {u1, u2, u3},



(11)







It is assumed that the fuzzy subset V refers to the discourse domain of WBCWSRS. The compression evaluation value Φ, which suggests the grade of WBCWSRS, is the membership degree of U in V. The fuzzy subset V can be expressed as follows:


V = {I, II, III, IV, V},



(12)







The value of Φ can be determined using the following equation:


  Φ =   ∑  i = 1  n    w i     u i  (  u i  ) ,  



(13)




where wi denotes the weight of the i-th indicator and ui(ui) represents the membership degree of the i-th index.



The WBCWSRS can be classified into five grades, namely very high, high, moderate, low and extremely low, as listed in Table 3. Then, the grade of WBCWSRS will be determined by calculating the value of Φ and referring to the standard in Table 3.




5.2. Weight Distribution of Indicators of WBCWSRS


Scholars and experts occupied in WPCM, the prediction of WCFZ and the evaluation of water inrush were invited to assess the relative importance among the indicators of WBCWSRS in the AHP model. rij is a positive integer from 1 to 9 and its reciprocal, and indicates the relative importance of the i-th indicator relative to the j-th one. The judgment matrix is a positive and negative matrix and can be expressed as:


  R =      r  i j       n × n   =     1    r  12     ⋯    r  1 n        1 /   r  12        1    ⋯    r  2 n       ⋯   ⋯   ⋯   ⋯      1 /   r  1 n        1 /   r  2 n       ⋯    1      ,  



(14)







The following judgment matrixes are determined on the basis of feedback from the experts:


    R  A ~ B   =     1   3   3      1 / 3    1    3 / 2       1 / 2     2 / 3    1          R   B 1  ~ C   =     1    1 / 2     1 / 3    1     2   1    2 / 3    2     3    3 / 2    1   3     1    2 / 3     1 / 3    1          R   B 2  ~ C   =     1   2   4      1 / 2    1   2      1 / 4     1 / 2    1          R   B 3  ~ C   =     1   3      1 / 3    1       











Taking the relative weight calculation of sub-factors of the WSRS system, for instance, the judgment matrix    R   B 1  ~ C     is as follows:


   R   B 1  ~ C   =     1    1 / 2     1 / 3    1     2   1    2 / 3    2     3    3 / 2    1   3     1    2 / 3     1 / 3    1      











Step 1: The largest eigenvalue and corresponding eigenvector calculation.



	
Calculate the product Mi of each row indicator of the judgment matrix:







    M i  =  ∏  j = 1  n   r  i j       i , j = 1 , 2 , … n   ,   



(15)





	2.

	
Calculate the n-th power root of Mi and obtain Vi:








    V i  =    M i   n  ,   



(16)





	3.

	
Normalize Vi:








    W i  =    V i   /   ∑   V i      ,   



(17)





	4.

	
The obtained Wi is the eigenvector of the judgment matrix:








    W i  =    W 1  ,  W 2  , … ,  W n      ,   



(18)





	5.

	
Calculate the maximum eigenvalue λmax of the matrix    R   B 1  ~ C    :








    λ  max   =  1 n    ∑  i = 1  n         R W    i     W i      ,   



(19)





The largest eigenvalue λmax of the matrix    R   B 1  ~ C     is 4.0817 and the corresponding eigenvector W = (0.1413, 0.2830, 0.4240, 0.1517).



Step 2: The consistency test of the judgment matrix    R   B 1  ~ C    .



Formulas (20) and (21) were utilized to implement the consistency test:


  C . I . =      λ  max   − n    /    n − 1     ,  



(20)






  C . R . =     C . I .    /    R . I .     ,  



(21)




where C.I. denotes the consistency indicator; C.R. refers to the consistency ratio; R.I. represents the average consistency index; λmax is the largest eigenvalue; n refers to the number of indexes of the matrix    R   B 1  ~ C    .



The relative weights of every two indexes should be redistributed and the matrix should be reconstructed under the condition that C.R. ≥ 0.1. Otherwise, the weight distribution is acceptable and reasonable. The C.R. of the matrix    R   B 1  ~ C     is 0.031 < 0.1, suggesting that the relative weight distribution is reasonable. The sort vector W of the matrix is obtained and the weight of the WSRS system is 0.5502. Therefore, the weight distribution of the matrix    R   B 1  ~ C     can be obtained by calculating 0.5502 × W = (0.0777, 0.1557, 0.2333, 0.0835).



In order to make the weight distribution as reasonable as possible, many well-known and pioneering experts and scholars engaged in WPCM and mining-induced overburden permeability deterioration were invited to evaluate the relative weights of every two influencing factors in each judgment matrix of the AHP model. The consistency test results and the final mean value of the weight of each influencing factor are listed in Table 4 and Table 5, respectively.



As Table 5 shows, the weight of the WSRS system is greater than that of the underground aquifer system and coal mining system. The equivalent permeability of NWSRZ is more important than the other three influencing factors of the WSRS system. Among the underground aquifer system, water richness has the greatest impact, followed by water table lowering and recharge. In the category of the coal extraction system, the impact of the coal extraction method on WBCWSRS is much greater than that of the mining parameters.





6. Generalization and Application of the Evaluation Model


6.1. Membership Degree Determination of the Indictors


6.1.1. Thematic Maps of Indicators of WSRS System


Types of WSRS


According to the spatial level and the combination relationship of the overlying strata with various lithologies, the authors divided the stratigraphic structure in the Yu-Shen coal area into five types, i.e., sand–soil–bedrock (I), sand–bedrock (II), bedrock (III), soil–bedrock (IV) and burnt rock (V). The geological profile is illustrated in Figure 6. The overlying layers of sand–soil–bedrock refer to a lithologic structure composed of sand, water-resisting soil and bedrock. In addition, the soil–bedrock overburden consists of a waterproof soil layer and bedrock. The impermeable soil layer is primarily the loess from the Lishi Formation and the clay from the Baode Formation. Due to the occurrence of the higher soil layer and lower bedrock, these two types of stratigraphic structures belong to type Ⅲ WSRS, which is composed of soft rock and hard rock. As it bears no water, water preservation is not taken into account in the area with a soil–bedrock structure. The overburden of the bedrock is composed of bedrock only and it is exposed to the Earth’s surface directly. It is unnecessary to consider water conservation here due to the extremely low water yield property of the porous bedrock-confined aquifer. The overburden of sand–bedrock is composed of sand and bedrock, and the phreatic aquifer occurs directly over the bedrock, without a continuous clay aquifuge separating them. Meanwhile, the bedrock above the coal-bearing strata is thick enough, indicating this structure is the key area for WPCM. These two types of stratigraphic structure belong to class Ⅱ WSRS, which has the structural hard rock only.



The burnt rock overburden, formed by the spontaneous combustion of coal seams, is completely broken, with high initial porosity. The mining-induced water-conducting fractures reach the surface directly and the permeability deterioration is extremely serious. The longwall cave mining directly leads to water and sand inrush in the working face. It belongs to the area where there is no WSRS occurring and hence is the key WPCM area. The distribution of different stratigraphic structures in the Yu-Shen mining area is shown in Figure 7a, and the zoning map of the types of WSRS is shown in Figure 7b.




Vertical Level of WSRS


Several collieries, such as Hanglaiwan, Jinjitan and Yuyang et al., in the Yu-Shen mining area have obtained the height of the caved zone and WCFZ by field measurement under longwall cave mining. However, the mining height of these mines is less than 5 m, and the maximum height of the coal seams in this area can reach 12 m. Therefore, based on the comprehensive geological histogram and field measured data of this coal mine, the Universal Distinct Element Code (UDEC) software is employed to simulate the height of the caving zone and WCFZ under various stratigraphic structures and mining heights. The parameters of the numerical model are continuously optimized until the results are consistent with those from field measurement. The fracture distribution under longwall cave mining is shown in Figure 8.



Subsequently, the prediction formula of the height of the caving zone and the WCFZ under longwall cave mining is obtained, by comprehensively analyzing the results from numerical simulation and field measurement. It is noted that, for the overburden of burnt rock, the mining depth is generally shallower than 150 m, and the mining-induced water-conducting fractures will immediately develop and reach the surface following the coal extraction. Therefore, it is unnecessary to conduct numerical simulation under this stratigraphic structure.


   H c  =   100 M   0.6 M + 14.1   ,  



(22)






       H f  = 21.75 M + 28.28    R  2   = 0.99  ( Sand − soil − bedrock )       H f  = 22.20 M + 37.13    R  2   = 0.97  ( Sand − bedrock )       H f  = 16.70 M + 30.80    R  2   = 0.97  ( Bedrock )       H f  = 21.97 M + 28.42    R  2   = 0.98  ( Soil − bedrock )      ,  



(23)




where Hc refers to the height of the caved zone, m; Hf denotes the height of WCFZ, m; M is the mining height, m.



In addition, based on the measured data of fracture development under narrow strip mining in the Yubujie colliery, the UDEC numerical calculation software is also employed to obtain the distribution law of fissures, as shown in Figure 9.



Single-factor regression analysis on the sensitivity of the mining height, width of extracted and unextracted strips, hard rock lithology ratio (stratigraphic structure) and mining depth to the height of WCFZ was carried out. Then, a formula for predicting the height of WCFZ under narrow strip mining was obtained by using the multiple linear regression method as well as SPSS Statistics 22 software.


   H d  = 5.60 M + 0.013 H + 17.86  R h  + 29.02 ln  w m  − 2.68  w p  − 61.6   R 2   = 0   . 92  ,  



(24)




where Hd denotes the height of WCFZ in narrow strip mining, m; M is the mining height, m; H is the mining depth, m; Rh represents the hard rock lithology ratio; wm is the width of the extracted strip, m; wp is the span of the unextracted strip, m.



Based on the thickness of the first-mined coal seam and the overburden lithology of 400 boreholes in the Yu-Shen mining area, the height of the caving zone and WCFZ of each borehole in longwall cave mining, as well as the height of the WCFZ in narrow strip mining, are calculated. The Kriging interpolation method is employed to plot thematic contour maps, as shown in Figure 10. On this basis, the membership degree of the vertical level of WSRS in longwall cave mining and narrow strip mining can be determined.




Equivalent Permeability Coefficient of the NWSRZ


(1) Determination of the range of NWSRZ.



The type I WSRS in the Yu-Shen mining area is mainly composed of loess in the Lishi Formation and red soil in the Pliocene Baode Formation. The lithology of Lishi loess is dominated by grayish yellow sandy soil, silty clay and loam. Its maximum thickness can reach up to 110 m, with an average of 23 m. The red clay from the Baode Formation is brownish red clay and loam and it is 30 m thick on average. According to the data of 400 boreholes in the Yu-Shen mining area, the contour map of the thickness of the type I WSRS is as shown in Figure 11a. The contour map of the distance from the first-mined coal seam and the overlying aquifer is shown in Figure 11b. Because the permeability of bedrock (type Ⅱ WSRS) is far larger than that of type I WSRS, it is necessary to separately determine the thickness of type I WSRS and type Ⅱ WSRS in the process of calculating the equivalent permeability of the NWSRZ. The thickness of the bedrock can be obtained by subtracting the thickness of type I WSRS from the distance between the first-mined coal seam and the aquifer, as shown in Figure 11c. The thickness of NWSRZ is obtained by subtracting the height of WCFZ from the distance between coal seam and aquifer. Combining the contour map of the height of WCFZ of longwall cave mining and narrow strip mining shown in Figure 10b,c, the contour maps of the thickness of NWSRZ under the two mining methods are obtained, as shown in Figure 11d,e.



(2) Calculation of the equivalent permeability coefficient of the NWSRZ.



The initial permeability coefficients of various lithologic strata listed in Table 1 and the mining-induced permeability deterioration of strata (k/k0) in the NWSRZ were comprehensively considered. The equivalent permeability coefficient of the NWSRZ under backfill mining, narrow strip mining, slice mining and longwall cave mining was calculated by using Equation (3). The Kriging method was then employed to draw the contour map of the equivalent permeability coefficient of the NWSRZ under the four mining methods, as shown in Figure 12.



When the height of WCFZ is less than the thickness of bedrock, the NWSRZ consists of bedrock and type I WSRS. If it is greater than the height of bedrock but less than the upper interface of the type I WSRS, the NWSRZ is only partially composed of type I WSRS. However, if the water-conducting fractures develop to the Salawusu Formation aquifer above the type I WSRS, the NWSRZ does not exist. It is worth noting that in the process of plotting, the thickness of bedrock and type I WSRS varies widely, since the characteristics of the stratigraphic structures in diverse areas in mining area are various. There is no NWSRZ in the northeast and south boundary areas of the mining area, namely the unfilled and blank parts in Figure 12.





6.1.2. Thematic Maps of Indicators of Underground Aquifer System


As the primary supply source for domestic water use and surface vegetation water use, the Salawusu Formation aquifer is of great significance for the local residents and ecological environment of the study area. It is the main aquifer that should be taken into account in the process of WPCM in the Yu-Shen mining area. This aquifer is widely distributed in the mining area and its lithology is dominated by medium sandstone, siltstone and fine sandstone. The total high-yield area of the aquifer is more than 500 km2, while both the medium- and low-yield regions cover a total area of more than 1900 km2, as illustrated in Figure 13a. Furthermore, the groundwater level in the majority of areas in the mining area has decreased by less than 1 m after coal extraction. However, at the southeast and northeast boundaries of the study area, the water level dropped sharply, with a maximum drop of more than 15 m; the water table lowering in various regions of the coal area is demonstrated in Figure 13b. Additionally, the coefficient of recharge from precipitation in the study area varies from 0.2 to 0.54, decreasing from northwest to southeast as a whole, as shown in Figure 13c.




6.1.3. Thematic Maps of Indicators of Coal Extraction System


There are five main mineable coal seams in the Jurassic Yan’an Formation stratum, which is a coal-bearing stratum. The dip angle of the coal seams ranges from 1 to 3° and the thickness of the first-mined coal seam varies widely, ranging between 0 and 14 m. The burial depth of the first-mined coal seam decreases from west to east in the whole area, and the greatest depth can reach 700 m. The contour maps of the thickness and the buried depth of the first-mined coal seam are shown in Figure 14.





6.2. Comprehensive Evaluation of the WBCWSRS for Yu-Shen Coal Area


According to the thematic maps of the Yu-Shen mining area, the membership degree of each indicator affecting the WBCWSRS is determined. Subsequently, the comprehensive evaluation values Φ of the WBCWSRS for 400 drilling holes, under backfill mining, narrow strip mining, slice mining and longwall cave mining, are calculated by combining the weight distributions listed in Table 5. The process of calculating Φ is illustrated in Figure 15. Then, the Kriging interpolation method is employed to plot the contour maps of Φ under the four mining methods in the Yu-Shen mining area, as shown in Figure 16.



As Figure 16 shows, the distribution range of the grade of WBCWSRS under the four distinct mining methods is almost the same, and only the values of Φ are divergent. Because the heights of WCFZ corresponding to different mining methods are diverse, the thicknesses and the equivalent permeability coefficients of the NWSRZ are various. Meanwhile, the equivalent permeability coefficient of the NWSRZ has the largest weight, indicating its significant influence on the WBCWSRS. Additionally, the collected data from the field investigation of a borehole under diversion mining methods are the same, so the values of Φ under various mining methods are varied, whereas the distribution laws are the same. The maximum value of Φ is located in the midwest and northern boundaries of the mining area, because the thicknesses of the bedrock and soil layer (type Ⅰ WSRS) in these two areas are large, and thick bedrock can ensure the structural stability and integrity of type Ⅰ WSRS. Meanwhile, the thick and complete type Ⅰ WSRS can effectively prevent the infiltration of the overlying aquifer, since its permeability coefficient is far less than that of the bedrock. Furthermore, although the WBCWSRS of the southwest, northeast and southeast boundaries of the mining area are all low, the reasons are different among them. The WSRS of the southwest boundary belongs to type II WSRS. The thickness of the bedrock is large, while the thickness of the soil layer in this area is almost equal to 0. At the same time, the large thickness of the coal seam results in the high development of WCFZ, contributing to the low thickness of the NWSRZ, so it belongs to a low WSRS zone. The northeast boundary is a soil–bedrock overburden, and it is a type III WSRS. Meanwhile, the thickness of the bedrock is much less than that of the soil layer, and the WBC is close to a type I WSRS. There is no bedrock with large thickness to mitigate the mining disturbance to the soil layer in this area, causing the water-conducting fissures to penetrate the soil layer directly. This will lead to the absence of the NWSRZ. However, this area bears no water and belongs to the anhydrous coal mining area. It is meaningless to study the impermeability of the WSRS in this area. Additionally, the southeast boundary is mainly the overburden of burnt rock, without WSRS existing. Once the coal seam is extracted, the WCFZ directly connects the overlying aquifer with the mined-out area, bringing about water table lowering and water and sand inrush into the goaf. Therefore, it belongs to the high-permeability area.



The maximum value of Φ in backfill mining is 1, which can completely resist water seepage. In addition, it is 0.96 under narrow strip mining, which is slightly lower than that of backfill mining. In contrast, the maximum value of Φ for slice mining and longwall cave mining is 0.9 and 0.88, respectively. Without taking the area without an underground aquifer into account, the acreage of the area where the Φ is more than 0.7 accounts for nearly 100% of the whole mining area when backfill mining is employed. By contrast, the proportion of narrow strip mining, slice mining and longwall cave mining is approximately 85%, 40% and 30%, respectively. Therefore, the impact of backfill mining and narrow strip mining on WSRS is far lower than that of slice mining and longwall cave mining, which also shows the limitation of slice mining in ameliorating the mining disturbance.




6.3. Countermeasures for Maintaining the WBCWSRS


Taking longwall cave mining as an example, for the area where there is no underground aquifer or the grade of WBCWSRS is extremely high (0.9 < Φ < 1), longwall cave mining is a suitable method to extract coal resources safely and efficiently. For collieries with high WBCWSRS (0.8 < Φ < 0.9), the coordinated mining method may be the ideal one. By adjusting the layout of the working face, mining direction and mining sequence, it enables the overburden to sink as a whole, so as to control the development of WCFZ and mitigate the permeability deterioration of the WSRS. Under this circumstance, the impact of coal extraction on the underground aquifer will be reduced to a certain extent, contributing to the realization of WPCM. Moreover, for the area whose WSRSWBC grade is medium (0.7 < Φ < 0.8), the coal extraction further aggravates the mining disturbance of the overlying layers. The development degree of the mining-induced fissures in overlying strata deepens, and thus the grade of WBCWSRS decreases accordingly. Therefore, partial mining methods such as strip mining, height-limited mining as well as room and pillar mining should be adopted. All of these mining methods mitigate the overburden’s migration and fracture development by sacrificing a fraction of the coal resources, so as to reduce the permeability deterioration of WSRS and maintain its WBC to the overlying aquifer.



In addition, when the WBCWSRS is low (0.6 < Φ < 0.7), in order to avoid shallow water seepage caused by drastic migration, fracture development and permeability deterioration of WSRS, it is necessary to adopt backfill mining to achieve WPCM. Furthermore, there is no WSRS occurring in the area where the stratigraphic structure is of the burnt rock type. Its WBC is extremely low (Φ < 0.6). The traditional longwall backfill mining has a large exposed space, while it takes a long time for the filling body to reach the design strength. Therefore, the movement and permeability degradation of the overburden cannot be strictly limited, and the loss of water resources is still inevitable. In order to protect the underground aquifer and surface ecological environment, the advantages of the interception method and dredging method should be comprehensively compared and analyzed. Firstly, curtain grouting can be employed to reconstruct the WSRS. This method injects filling slurry into the pores, voids and fissures of the rock stratum between the aquifer and the coal seam to form a continuous water-blocking curtain. The concept is herein termed the reconstruction of WSRS. This method can block the hydraulic transmission channel between the coal seam and the overlying water body, and prevent the water resources from percolating from the aquifer to the mined-out area, contributing to mine water inrush disasters.



In addition, constructing an underground reservoir to store and utilize mine water is also an optional method to realize WPCM in burnt rock areas. By using the corresponding pumping and water-purifying installation, the polluted ponding in the goaf will be purified. The treated mine water will be pumped and utilized for surface vegetation, irrigation and production and domestic water use. The method can make full use of polluted water resources and reduce direct groundwater extraction, which is conducive to WPCM. However, if the cost of extraction and sewage treatment is higher than the coal sales revenue, the coal extraction shall be stopped.





7. Influence of Mining Methods on Underground Aquifer and WSRS


7.1. Construction of Fluid–Solid Coupling Numerical Model


Fast Lagrangian Analysis of Continua (FLAC3D), a three-dimensional finite difference program developed by ITASCA, is one of the most widely employed numerical simulation software programs in geotechnical engineering and underground mining. Based on the engineering and geological conditions of the Yubujie coal mine in the Yu-Shen mining area, strata with similar lithology are appropriately simplified and merged, and thirteen strata are determined from bottom to top. A three-dimensional numerical calculation model is established, as shown in Figure 17. The fluid–solid coupling module of FLAC3D is used to simulate the water table fluctuation of the aquifer above the WSRS, under backfill mining, narrow strip mining (partial mining), slice mining (harmonic mining) and longwall cave mining [65,66].



With due consideration of the critical mining and boundary effect, the size of the numerical model is finally determined to be 850 m × 550 m × 305 m (X × Y × Z). The dimension of the working face is 450 m × 150 m (strike × dip). The width of the boundary pillar in the strike direction is 205 m, which is slightly broader than that of 200 m in the dip direction. The thickness of the coal seam is 4 m and the dip angle is 0. The three boundaries located in the starting point of the X axis, Y axis and Z axis are fixed, and meanwhile two boundaries situated at the ending point of the X axis and Y axis are also anchored. The displacement and velocity of these five boundaries are equal to 0. In contrast, the top boundary is set as the free boundary, which can migrate in the vertical and horizontal directions.



In order to determine the mechanical parameters of various rock strata, the FLAC3D numerical calculation software is employed to conduct the uniaxial compression test of rocks from various overlying strata. The obtained stress–strain curves are compared with the curves obtained from indoor tests, and the simulation parameters are continuously optimized until the stress–strain curves from simulation are broadly in line with those from the indoor tests. Thus, the mechanical parameters of each stratum in the numerical model are determined.



The Mohr–Coulomb constitutive model is utilized for the roof and floor strata and coal seam, while the strain-softening model is employed for the filling body in backfill mining. By comparing the failure form and plastic shear strain of the backfill from the indoor uniaxial mechanical test and the uniaxial numerical simulation, as well as the stress–strain curves, the numerical simulation parameters of the elastic stage and the plastic yield stage of the backfill are calibrated. In order to optimize the procedure of numerical calculation, the simulation considers that with the increase in plastic shear strain, the cohesion and friction angle of the filling body decrease. Their values are the residual values when the plastic shear strain is 0.01. The mechanical parameters of strata, coal seam and backfill are listed in Table 6.




7.2. Water Table Lowering under Various Mining Methods


During fluid–solid coupling simulation, the seepage mode is activated by adding the “CONGIG fluid” code to the mechanical calculation. The pore pressure and pore water pressure gradient are set by utilizing the “Initial PP” code. Moreover, the permeability coefficients of the overlying and underlying strata, coal seam and filling body are regarded as an isotropic seepage model. The permeability coefficient of clay, which is defined as type Ⅰ WSRS, is less than 10−7 cm/s. For other rocks, including fine sandstone, medium sandstone, siltstone, etc., the initial permeability coefficients are assigned according to Table 1. The porosity is set to 0.5 and the tensile strength of fluid is set to 109 MPa. Both the Biot coefficient and saturation are set to 1. The default boundary of the FLAC3D model is impermeable. There is no fluid exchange between the nodes on the boundary and the outside, and the pore water pressure value on the boundary nodes can change freely. A fixed pore pressure indicates the previous boundary condition. Along the permeable boundary, the fluid can flow into or out of the model. If the pore pressure is fixed to zero, the saturation will change. Otherwise, the saturation will be 1, and the fixed value of pore pressure cannot be less than that of the tensile strength of the fluid. The overlying aquifer near the top boundary is set as a free surface, and the surrounding and bottom boundaries are set as pervious boundaries using the “Fix pp” code.



According to the numerical simulation results of fluid–solid coupling, the groundwater drawdown funnel and the contour map of the water table lowering under the four different mining methods are drawn, as shown in Figure 18. The groundwater level of backfill mining only decreases by 0.22 m, indicating that the mining disturbance to the WSRS is very low. The water level of the overlying aquifer of narrow strip mining diminishes by 1.33 m, indicating slight water table lowering. The narrow strip with a width of 15 m, being left as a permanent coal pillar to support the roof and ameliorate the deformation and permeability deterioration of WSRS, may account for the subtle water level fluctuation. Therefore, this mining method is conducive to maintaining the impermeability of the WSRS, so as to better protect the overlying Salawusu Formation aquifer. In contrast, the water level of the Salawusu Formation aquifer declines by 5.98 m and 6.64 m, respectively, under slice mining and longwall cave mining. This suggests that it is feasible to reduce the mining disturbance to the WBCWSRS, and finally mitigate the mining impact on the overlying aquifer. On the other hand, the water table lowering of slice mining is only 10% less than that of longwall cave mining, suggesting that its capability to protect the WSRS is limited.




7.3. Constraints of Ecological Vegetation on Mining Methods and Mining Parameters


The surface vegetation in the study area is dominated by Salix psammophila, Artemisia annua, Populus euphratica and Salix. The depth of the Salawusu Formation aquifer varies from 0.5 to 1.8 m, and the surface vegetation is luxuriant. Based on the field investigation conducted by Wang Shuangming [67], the relationship between the groundwater level and the growth conditions of the four aforementioned vegetation types are demonstrated, as shown in Table 7. When the depth of the underground aquifer is deeper than 3.0 m, the growth of surface vegetation will be inhibited and degraded. Therefore, the range of water table lowering cannot be greater than 1.2–2.5 m. In order to ensure the successful growth of the vegetation above the mining block, the drawdown of the groundwater level should be strictly controlled within 1.2 m.



As illustrated in Figure 18, backfill mining leads to a maximum decrease of 0.22 m in the Salawusu aquifer, which meets the requirements for the successful growth of vegetation. Moreover, the maximum value of water table lowering in narrow strip mining is 1.33 m, which is greater than 1.2 m. Therefore, optimizing the mining parameters of this mining method is an effective means to control the decline in the groundwater level. For instance, it is reasonable to appropriately broaden the width of the unextracted strip pillar while narrowing down the span of the extracted strip pillar to control the water level decline of the underground aquifer. The maximum drawdown of the water level corresponding to slice mining and longwall cave mining is 5.98 m and 6.64 m, respectively. It seems that, regardless of how the mining parameters are adjusted, it is impossible to meet the requirement of the maximum water table lowering being less than 1.2 m. It is obvious that the two mining methods cannot be employed in the study area since neither of them can effectively maintain the WBCWSRS and ecological water level. Hence, backfill mining is an ideal method to preserve the underground aquifer and thus protect the surface vegetation. Meanwhile, if this method is confronted with the filling scale being smaller than that of the filling demand due to high filling costs and insufficient sources of raw materials, optimizing the mining parameters of the narrow strip mining method is an alternative to make it feasible for groundwater lowering to be less than the critical value.





8. Discussion


	(1)

	
In previous studies, relevant scholars used the AHP method to identify the influencing indicators of the WBC of the water-resisting layer, and ranked the importance of the factors according to the weight distribution [68,69,70]. In addition, there are also some scholars who employed AHPF to evaluate the WBC of an aquiclude in a mining area, but all of them take an average value to represent the whole mining area to determine the membership degree of the influencing factors [71,72,73]. Their prediction results are obviously unreasonable, inaccurate and irrational, because the hydrogeological conditions at different locations in the same mining area are obviously varied [74]. Furthermore, different from the traditional evaluation of the WBC of an aquifuge, from the perspective of the mining-induced permeability deterioration rate of the overburden, the concept of “three seepage zones” is firstly put forward in this paper, and the scientific connotations of the nominal WSRZ (after coal extraction), which is important for WPCM, are systematically defined. Additionally, the concept of WSRS (before mining) is proposed, and it is classified into five various types on the basis of the initial permeability, thickness, strength, porosity and the stratigraphic structure of the WSRS [75]. The influence mechanism of the type of WSRS on the vertical level and thickness of the nominal WSRZ is revealed. Subsequently, a comprehensive evaluation mathematical model for predicting the WBCWSRS based on AHPF is established. The innovation of this paper is that the membership degree of the factors of the WSRS for various boreholes is accurately determined based on the hydrogeological conditions of each borehole, and the comprehensive evaluation value of the WBCWSRS of each borehole is obtained precisely. The zoning map of the grade of WBCWSRS for the whole mining area that has been plotted is undoubtedly more accurate than that of the previous research, so as to better guide the implementation of WPCM [76].




	(2)

	
The prediction model has wide applicability and can be applied to most mining areas in China. However, in the process of generalizing and applying the model, it should be noted that it cannot be employed in mining areas where the hydrogeological conditions vary greatly from those of the Yu-Shen mining area. For instance, the model cannot be applied to some of the mining areas in Xinjiang province, since the coal seams are generally extremely thick and their mining process is completely different from that of other common mining areas such as the Yu-Shen mining area [77]. Therefore, to accurately predict the impermeability of the WSRS in the process of coal mining in these mining areas, experts and scholars working on WPCM in these coal fields should be invited to analyze the weight distribution of the influencing factors and the membership function again, and then determine the impermeability of the WSRS according to the drilling data at different positions in the mining area.




	(3)

	
When using the fluid–solid coupling module of FLAC3D, our predecessors generally only studied the variation in the pore water pressure of the aquifer. They argue that the amplitude of pressure fluctuation can indirectly reflect the impact of coal extraction on the aquifer [78,79,80]. The authors hold the view that the water level fluctuation induced by coal extraction is responsible for the pore water pressure variation of the Quaternary Salawusu formation aquifer. Hence, a simple formula is utilized to convert the variation in pore water pressure into that of the water level of the aquifer. The water table fluctuation reflects the degree of mining disturbance and the permeability deterioration of the WSRS indirectly; thus, it can verify the rationality and accuracy of the prediction model of the WBCWSRS. Moreover, with due consideration of the water table lowering corresponding to four different coal mining methods and the ideal ecological water level of surface vegetation, this paper proposes a mining control method, i.e., macro-adjustment of mining methods and minor adjustment of mining parameters, to achieve ecological preservation and conservation in coal mining.








9. Conclusions


The conclusions drawn from the research are as follows:




	(1)

	
With due consideration of the initial permeability, strength, thickness, rock combination and swelling when soaked in water of the overlying strata, the concept of WSRS is first proposed. The classification system of WSRS is constructed and the WSRS is divided into four types. Based on the mining-induced damage and permeability deterioration of the overlying strata, the overburden is divided into the “pipe flow zone”, “water seepage zone” and “NWSRZ” from bottom to top. The partition standard of the new “three zones” from the perspective of mining-induced permeability deterioration is given, i.e., pipe flow zone (k/k0 > 1000), water seepage zone (20 < k/k0 < 1000) and NWSRZ (1 < k/k0 < 20).




	(2)

	
The AHPF is employed to construct a prediction model of the WBCWSRS. In the AHP model, three indicators, i.e., WSRS system, underground aquifer system and coal extracting system, are selected as sub-factors, and nine factors, such as the vertical level of WSRS, are selected as third-tier indicators. The weight distribution of influencing factors at all levels is determined. Among the secondary indicators, the WSRS system is the most important one. The equivalent permeability coefficient of NWSRZ is the most significant factor among the third-level indicators, followed by the vertical level of WSRS and the mining method.




	(3)

	
The thematic maps of factors affecting the WBCWSRS in the Yu-Shen mining area are drawn. According to the established membership functions of the third-tier factors, the membership degrees of the indicators at the third level are determined. Combined with the weight distribution, the comprehensive evaluation values of the WBCWSRS for 400 boreholes in the whole mining area are calculated under backfill mining, narrow strip mining, slice mining and longwall cave mining. The Kriging interpolation method is employed to draw the contour map of Φ. According to the zoning map of Φ in the entire coal area, the WBCWSRS in the mining area is classified into five categories, namely extremely high (0.9 < Φ < 1), high (0.8 < Φ < 0.9), medium (0.7 < Φ < 0.8), low (0.6 < Φ < 0.7) and extremely low (Φ < 0.6).




	(4)

	
Corresponding countermeasures are put forward for the WSRS with various WBC. For areas with no Salawusu aquifer or with extremely high WBCWSRS, longwall cave mining can be selected. The coordinated mining methods, such as slice mining, can be employed to achieve WPCM in the areas with high WBCWSRS. For areas with medium WBCWSRS, the partial mining methods, including narrow strip mining, room-and-pillar mining and height-limited mining, can be employed. Moreover, backfill mining is an ideal method to realize WPCM for areas with low WBCWSRS. In view of the areas with extremely low WBCWSRS, such as the stratigraphic structure of burnt rock, WSRS reconstruction or underground reservoir construction can be employed to achieve WPCM in the sense of blocking and dredging.




	(5)

	
The fluid–solid coupling module of FLAC3D is employed to simulate the variation law of the groundwater level under backfill mining, narrow strip mining, slice mining and longwall cave mining. The water level drop of the Salawusu aquifer corresponding to the four mining methods is 0.22 m, 1.33 m, 5.98 m and 6.64 m, respectively, which indirectly suggests the various impacts of the four mining methods on the stability and integrity of the WBCWSRS. Two mining methods, such as backfill mining and narrow strip mining, which have been optimized in terms of their mining parameters, are determined to meet the water demand of ecological vegetation in the study area.
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Figure 1. Comprehensive geological histogram of the Yu-Shen coal area. 
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Figure 2. The main types of underground aquifers in the Yu-Shen coal area. 
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Figure 3. The columns of various types of WSRS. (a) Type Ⅰ WSRS; (b) Type Ⅱ WSRS; (c) Type Ⅲ WSRS; (d) Type Ⅳ WSRS; (e) Without WSRS. 
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Figure 4. Schematic map of “three seepage zones” and the various components of NWSRZ: (a) consisting of type Ⅰ WSRS and intact strata; (b) consisting of type Ⅱ WSRS and intact strata; (c) consisting of type Ⅲ WSRS; (d) consisting of type Ⅳ WSRS. 
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Figure 5. Indicators of AHP hierarchy for evaluating the WBCWSRS. 
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Figure 6. Schematic diagram of geological section of five various stratigraphic structures in the Yu-Shen mining area. (a) Sand–soil–bedrock; (b) sand–bedrock; (c) bedrock; (d) soil–bedrock; (e) burnt rock. 
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Figure 7. Thematic map of the stratigraphic structure and the types of WSRS in the Yu-Shen mining area. (a) Zoning map of stratigraphic structure; (b) zoning map of the types of WSRS. 
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Figure 8. The distribution of water-conducting fractures under longwall cave mining (the mining height is 5 m) [63]. Adapted from Ref. [63]. 
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Figure 9. The distribution of water-conducting fractures under narrow strip mining (the width of the extracted and unextracted strip is 25 m and 15 m, respectively) [64]. Adapted from Ref. [64]. 
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Figure 10. Thematic maps of the vertical level of the WSRS. (a) Contour map of the height of the caved zone in longwall cave mining; (b) contour map of the height of WCFZ in longwall cave mining; (c) contour map of the height of WCFZ in narrow strip mining (the width of the extracted and unextracted strip is 25 m and 15 m, respectively). 
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Figure 11. Thematic maps of the WSRS system in the Yu-Shen coal area. (a) The thickness of the loess and red clay (type Ⅰ WSRS); (b) the distance between the overlying aquifer and the first-mined coal seam; (c) the thickness of the bedrock (type Ⅱ WSRS); (d) the thickness of NWSRZ under longwall cave mining; (e) the thickness of NWSRZ under narrow strip mining (the width of the extracted and unextracted strip is 25 m and 15 m, respectively). 
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Figure 12. The equivalent permeability coefficient (×106) of the NWSRZ in the Yu-Shen coal area while using various mining methods. (a) Backfill mining; (b) narrow strip mining; (c) slice mining; (d) longwall cave mining. 
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Figure 13. Field-measured data of the underground aquifer system. (a) Zoning map of water yield property of Salawusu Formation aquifer; (b) zoning map of water table lowering of aquifer after coal extraction; (c) zoning map of the coefficient of recharge from precipitation. 
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Figure 14. Thematic maps of the coal extraction system. (a) Contour map of the thickness of the first-mined coal seam; (b) contour map of the buried depth of the first-mined coal seam. 
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Figure 15. Flow chart of AHP-fuzzy comprehensive evaluation for predicting the WBCWSRS. 
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Figure 16. Thematic map of the comprehensive evaluation values Φ of the WBCWSRS in the Yu-Shen mining area while using four different mining methods. (a) Backfill mining; (b) partial mining; (c) slice mining; (d) longwall cave mining. 
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Figure 17. Numerical simulation model of Yubujie colliery. 
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Figure 18. Fluid–solid coupling simulation results of groundwater depression cone and the contour map of water table lowering using four different mining methods. (a) Backfill mining; (b) narrow strip mining; (c) slice mining; (d) longwall cave mining. 
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Table 1. Permeability coefficient of the overlying strata with various lithologies.
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	Lithology
	Permeability Coefficient (cm/s)





	Clay
	<10−7



	Loess
	3 × 10−4–6 × 10−3



	Siltstone
	6 × 10−4–1 × 10−3



	Fine sandstone
	1 × 10−3–6 × 10−3



	Medium sandstone
	6 × 10−3–2 × 10−2



	Coarse sandstone
	2 × 10−2–6 × 10−2



	Circular gravel
	6 × 10−2–1 × 10−1



	Gravel
	1 × 10−1–6 × 10−1
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Table 2. Classification of water abundance properties of underground aquifers [5].
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	Water Richness
	Thickness (m)
	Unit Water Inflow (L·s−1·m−1)
	Permeability Coefficient (m·d−1)





	Very high
	>30
	>10
	>50



	High
	15–30
	5–10
	10–50



	Medium
	5–15
	0.1–5
	1–10



	Low
	1–5
	0.005–0.1
	0.01–1



	Very low
	<1
	<0.005
	<0.01
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Table 3. Criteria for evaluating the WBCWSRS.
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	Grade
	Type
	Φ Value
	Remark





	Ⅰ
	Very high
	Φ > 0.90
	The underground aquifer can completely be preserved and conserved since the WSRS is fully capable of resisting water seepage.



	Ⅱ
	High
	0.90 ≥ Φ > 0.80
	Mining activities exert little influence on the WBCWSRS. Micro water seepage may occur in the WSRS. However, it is too small to be emphasized, and the WPCM can still be achieved under this situation.



	Ⅲ
	Moderate
	0.80 ≥ Φ > 0.70
	Mining-induced migration of overburden aggregates, and fractures with moderate aperture are generated and developed in the WSRS, contributing to the degradation of WBCWSRS. Underground water is prone to penetrating through the WSRS and then percolating into the mined-out area. However, this is controllable by taking countermeasures, such as partial mining and harmonic mining.



	Ⅳ
	Low
	0.70 ≥ Φ ≥ 0.60
	The WSRS has been slightly broken and interconnected fractures with wide aperture from the bottom to the top of WSRS have been formed. It is necessary to use backfill mining to maintain the integrity of WSRS. Otherwise, water inrush may happen without any countermeasures being taken.



	Ⅴ
	Extremely low
	0.60 > Φ
	The WSRS is totally broken and water and sand inrush will occur; the mining activities should be strictly prohibited.










[image: Table] 





Table 4. Results of consistency test of the judgment matrices of Yu-Shen mining area.
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	Matrix
	Sort Vector
	λmax
	C.I.
	R.I.
	C.R.





	A~B
	(0.5502, 0.2395, 0.2103)
	3.0722
	0.0361
	0.52
	0.0690



	B1~C
	(0.1413, 0.2830, 0.4240, 0.1517)
	4.0817
	0.0272
	0.89
	0.0310



	B2~C
	(0.5453, 0.2726, 0.1821)
	3.0017
	0.0009
	0.52
	0.0016



	B3~C
	(0.7500, 0.2500)
	2
	0
	0
	0
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Table 5. Influencing indicators and weight distribution of WBCWSRS.
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Weights of Layer B

	
Weights of Layer C






	
WSRS system B1

0.5502

	
The classification of the WSRS C1

0.0777




	
The vertical level of WSRS C2

0.1557




	
The equivalent permeability of NWSRZ C3

0.2333




	
The integrity of WSRS C4

0.0835




	
Underground aquifer system B2

0.2395

	
Water yield property C5

0.1306




	
Water table lowering C6

0.0653




	
Recharge C7

0.0436




	
Coal extraction system B3

0.2103

	
Mining methods C8

0.1577




	
Mining parameters C9

0.0526




	
Total of layer B

1.0000

	
Total of layer C

1.0000
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Table 6. The physical and mechanical parameters of strata and filling body.
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	Strata
	Bulk Density

(kN/m3)
	Bulk Modulus

(GPa)
	Shear Modulus

(GPa)
	Friction

Angle (°)
	Cohesion

(MPa)
	Tensile Strength

(MPa)





	Fine sandstone
	26
	30.8
	20.3
	35
	5.6
	4.0



	Sandstone
	25
	2.5
	2.3
	36
	2.2
	1.3



	Clay
	19
	0.28
	0.093
	25
	0.85
	0.35



	Siltstone
	24
	16.1
	11.6
	21
	2.0
	1.2



	Gritstone
	25
	20.8
	11.9
	23
	3.0
	1.4



	Mudstone
	22
	8.3
	4.3
	25
	2.1
	1.0



	Medium sandstone
	25
	23.1
	14.5
	2.8
	4.4
	2.0



	Coal/filling body
	18/17
	2.2/0.13
	0.76/0.11
	20/36
	1/0.19
	18.8/18.0
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Table 7. Relationship between water level and the growth of ecological vegetation from field investigation [67].
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Vegetation Type

	
Water Level and the Growth of Vegetation






	
Salix mongolica

	
<1.5 m (Flourishing)

	
1.5–3.0 m (Decent)

	
3.0–5.0 m (Regular)

	
>5.0 m (Terrible)




	
Artemisia annua

	
<1.5 m (Flourishing)

	
1.5–3.0 m (Decent)

	
3.0–5.0 m (Regular)

	
>5.0 m (Terrible)




	
Populus diversifolia

	
<1.5 m (Flourishing)

	
1.5–3.0 m (Decent)

	
3.0–5.0 m (Regular)

	
>5.0 m (Terrible)




	
Dryland willow

	
<3.0 m (Flourishing)

	
3.0–7.0 m (Decent)

	
7.0–12.0 m (Regular)

	
>12.0 m (Terrible)
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