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Abstract

:

The hydrogeological conditions of coal mines in China are quite complex, and water inrush accidents occur frequently with disastrous consequences during coal extraction. Among them, the risk of coal mining under a river is the highest due to the high water transmissivity and lateral charge capacity of the unconfined aquifer under the river. The danger of mining under a river requires the accurate determination of the developmental mechanisms of the water flowing fractured zone (WFFZ) and the water flow mechanisms influenced by the specific geological conditions of a coal mine. This paper first used the transient electromagnetic (TEM) method to monitor the development of the WFFZ and the water flow mechanisms following the mining of a longwall face under a river. The TEM survey results showed that the middle Jurassic coarse sandstone aquifer and the Klzh unconfined aquifer were the main aquifers of the 8101 longwall panel, and the WFFZ reached the aquifers during the mining process. Due to the limited water reserves in the dry season, the downward flowing water mainly came from the lateral recharge in the aquifer. The water inrush mechanisms of the 8101 longwall panel in Selian No.1 Coal mine were analyzed based on the water flow mechanisms of the aquifer and the numerical simulation results. This provides theoretical and technical guidance to enact safety measures for mining beneath aquifers.
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1. Introduction


The hydrogeological conditions of coal mines in China are quite complex, and water-bearing bodies exist in coal mines. Water inrush accidents not only cause a huge number of casualties and economic losses but also seriously affect the normal production of the coal mine. Water inrush accidents occur mostly as roof water inrush during extraction. In general, the fractured roof strata can be divided into the caved zone, fractured zone and bending zone. The water flowing fractured zone (WFFZ) is composed of the lower two zones, in which mining-induced fractures are relatively developed. The connection between the mining-induced fractures of the longwall face and the overlying water-bearing bodies results in a strong water-conducting channel, through which the water from the overlying aquifer flows downward into the longwall face and causes a water inrush accident. Consequently, it is necessary to determine the developmental mechanisms of a WFFZ and the water flow mechanisms during the mining process to guide the safe extraction of a longwall face.



Many scholars have studied the developmental mechanism and height prediction of WFFZs. An empirical formula was developed through both theoretical and practical research involving several hundred longwall faces in the development of a WFFZ of overlying rock strata after mining [1,2], providing a theoretical basis for the fast calculation of the height of a WFFZ. Miao et al. [3] studied the key stratum of the overlying strata and found the effects that the key stratum has on the development height of the WFFZ. Gao et al. [4] detected the height of the WFFZ after mining using a borehole water injection (discharge) fracture measuring system and a borehole teleview logging system. These measures turned out to be intuitive and precise. Currently, numerical simulation and laboratory modeling are used mostly to estimate the development of the WFFZ and water inrush mechanisms [5,6,7,8]. Field detection after mining is also widely used. However, no research on the measurement of the height of the WFFZ and water inrush mechanisms during the mining process has been reported. Because the transient electromagnetic (TEM) method is sensitive to low apparent resistivity areas, simple in construction and adaptable to complex geologic environments, it has been widely used to detect water enrichment areas in recent years [9,10,11,12,13]. The TEM method has been widely used due to its sensitivity to underground aquifers [14,15,16]. Xue et al. [10] used the TEM method to detect a mined-out area and concluded that the water-filled voids were enlarging with time. Rödder et al. [17] detected both sides of the Araba fault using the TEM method combined with 2D forward modeling, 3D forward modeling and data processing, and then analyzed the difference in resistivity on the two sides of the Araba fault. Therefore, this paper attempts to detect the WFFZ with the TEM method.



The present research was carried out in the Selian No. 1 coal mine. There is a river passing through the surface of the 8101 longwall face. The river is usually dry, and the main source of water is rain, which can cause a temporary flood. The mining depth in this area is approximately 125 m. The unconfined aquifer beneath the river has strong lateral recharge capacity, and the groundwater reserves in the rainy season are extremely large. Once the flood water flows down the mining-induced fractures into the longwall face, it will cause a serious accident. The objective of the present research was to monitor the developmental mechanisms of the WFFZ following the mining of the longwall face and analyze the water inrush mechanisms of the 8101 longwall face. It is hoped that the results can provide technical support for mining beneath aquifers and provide a reference for future research on groundwater resource migration and environmental protection.




2. Survey Area


2.1. Geological Conditions


The Selian No. 1 coal mine lies in the Dongsheng District of Ordos, Inner Mongolia (39°53′52.85″ N, 109°52′37.49″ E). Characterized by a fluctuating surface, the terrain of this area is high in the north and low in the south (Figure 1). The gullies are widely developed in and around this area, and the rivers are seasonal. The recorded maximum flood peak of the around area is 2580 m3/h. The 8101 longwall face is the first longwall face in this coal mine in which the 2-21 coal seam is mined. The strike length and the inclined length of the 8101 longwall face are 1780 m and 280 m, respectively. The ground elevation is 1382–1442 m, and the floor elevation is 1250–1264 m. The average depth is approximately 170 m, and the thickness of the coal seam ranges from 2.5 to 5.0 m, with an average of 4.0 m. There is a river (dry at that time) passing through the surface of the 8101 longwall face, beneath which the buried depth of the 2-21 coal seam is approximately 125 m.



The overburden strata are shown in Figure 2. There are four main aquifers: the Quaternary loose pore phreatic aquifer with low-medium water abundance and strong permeability, the Klzh unconfined aquifer in the lower series of the Cretaceous with low-medium water abundance, the middle Jurassic clastic rock type aquifer with low water abundance and poor permeability, and the Yan’an formation clastic rock type confined aquifer of the middle-lower Jurassic with low water abundance. Therefore, the main aquifers that pose a threat to the extraction of the 8101 longwall face are the Klzh unconfined aquifer and the middle Jurassic coarse sandstone aquifer. The Klzh unconfined aquifer is closely related to the river and has strong transmissivity and storage capacity. The water level of the unconfined aquifer is greatly affected by climatic conditions and seasonal changes. The water level of this aquifer rises with the rainy spring and summer, and drops with the less rainy winter. Due to its high water transmissivity and lateral recharge capacity, the drop in water level in some areas will cause the water recharge from other areas of the aquifer. Therefore, in order to ensure the mining safety of 8101 longwall face, it is necessary to study the developmental mechanisms of the WFFZ.




2.2. Failure Characteristics of the Overburden Strata


The three zones of the overlying strata are shown in Figure 3. The caved zone is located in the lowest part of the overlying strata. There is ample space between the rocks in this zone, which leads to strong connectivity. Water and sand can burst into the longwall panel through this tunnel. The fractured zone is located above the caving zone. Although the lithology changes little compared to the original strata, the fractures that generally exist in this zone promote the development of the water-conducting channel through which water can move downward to the goaf. The WFFZ is composed of the caved zone and the fractured zone. The bending zone refers to the strata between the top of the fractured zone and the surface. There are few fractures in this zone, and the water conductivity remains unchanged. Sometimes, the fractured zone can develop up to the surface when mining the shallow-buried longwall face. In this case, the overlying strata can be divided into two zones: the caved zone and the fractured zone.



During underground longwall mining, when the gob reaches a certain size, strata movement will reach the surface and form the subsidence basin. The scope of the subsidence area is larger than that of the gob. In other words, surface subsidence occurs in front of the longwall face under the influence of mining. The rock fractures of the overlying strata are developed in advance. This phenomenon is known as the advanced influence. Zone A is the fractured zone developed ahead of the working face, as illustrated in Figure 3. The advanced distance (l) is defined as the horizontal distance between the working face and the point where the surface begins to move (with a surface subsidence of 10 mm). The angle of advanced influence (δ, also known as the major influence angle) is related to the advanced distance and mining depth (h), and their relationship is as follows [18]:


δ=tan−1hl



(1)







For the longwall face beneath the aquifer, the key to safe mining lies in the determination of whether the WFFZ can connect to the aquifer. Because the unconfined aquifer under the river has strong lateral recharge capacity, and the water conductivity of WFFZ is greatly enhanced compared to the original strata, the connection of the WFFZ and aquifer will lead to the downward flow of water. This will greatly increase the risk of water inrush accidents. Therefore, it has great significance to accurately determine the height of the WFFZ to ensure mining safety of 8101 longwall face.





3. Materials and Methods


3.1. Determination Methods of the Height of the WFFZ


Many scholars have calculated the height of the WFFZ. Peng et al. [18] performed a large amount of work on the mining destruction of the overlying strata in the U.S. and concluded that the height of the WFFZ can develop 30–50 times the mining thickness. Palchik et al. [20] noted that the height of the WFFZ can develop to 20–100 times the mining thickness. Qian et al. [21] performed many theoretical studies and field surveys on overburden rock failure in coal mines in China, concluding that the height of the WFFZ is dependent on the rock lithology and mining thickness. A harder lithology and a larger mining thickness lead to a higher WFZZ. In general, the height of the WFFZ is 9–12 times the mining thickness for weak strata, 12–18 times the mining thickness for medium-hard strata and 18–28 times the mining thickness for hard strata. Through theoretical analyses and field tests in China, an empirical formula was developed by the National Bureau of Coal Industry of China to calculate the height of the WFFZ [22]. The empirical formula satisfied the design of mining beneath water for most coal mines in China at that time and was widely used to calculate the height of the WFFZ in China. However, the empirical formula is applicable only when the mining thickness ranges from 1.0 to 3.0 m due to the limited technical level of coal mines at that time. The empirical formula is as follows:


H=100∑ Mp1∑ M+p2±q



(2)




where H is the height of WFFZ, m; M is the mining height, m; p1 and p2 are coefficients determined by the overlying rock strata lithology; ±q is the root mean square error.



In addition, there are borehole water injection (discharge) fracture measuring systems, borehole teleview logging systems [3,4], radon detection technology [23] and microseismic monitoring technology [24] to determine the height of the WFFZ. These methods are intuitive, precise and effective and widely used in coal mines. Wei et al. [25] combined various detection methods with physical and numerical simulations to determine the height of the WFFZ after mining, and the results were reliable. However, the methods above have limitations to varying degrees. For the longwall face with a mining height larger than 3 m, the empirical formula is not applicable. The latter can only detect fractures that have developed in the boreholes after mining, and the data from several boreholes are not enough to obtain the fracture development for the entire longwall face.




3.2. TEM Method and Field Setup


The working principle of the TEM method is shown in Figure 4. Generally, a current with a certain waveform (generally square wave) is passed through a transmitting coil. A pulsed primary electromagnetic field is generated in front of it. When the current is turned off, the primary electromagnetic field gradually decays and then disappears. The underground geological body generates an induced eddy current, which generates an attenuated secondary field carrying the electrical properties of the geological body. The receiving coil records the induced electromotive force of the secondary field. Then we can analyze the distribution rules of the underground geological body.



During data processing, late-time apparent resistivities can be calculated from the measured induced electromotive force using the following equation [26]:


ρ=μ04πt(2μ0SS05t·ϵh(t)I0)23



(3)




where ρ is the late-time apparent resistivity, Ω·m; μ0 is magnetic permeability T·m/A; t is time, s; S is the transmitter loop area, m2; S0 is the receiver coil area, m2; ϵh(t) is the measured induced electromotive force, V; I0 is the transmitting current, A.



The corresponding depths of the late-time apparent resistivities can be calculated using the following equation [27]:


d=2ρtμ0



(4)







To obtain the apparent resistivity distribution of each survey line, Equations (3) and (4) were used to calculate ρ and d. Through data processing and apparent resistivity mapping, the following results are obtained.



According to the geological conditions of the 8101 longwall face, the central loop TEM method was adopted to survey the riverbed above the longwall face (Figure 5). The parameters are as follows: the transmitting voltage is 24 V, the transmitting current is 2 A, and the transmitting frequency is 25 HZ (time range of 0.08–8.4 ms). The multiturn transmitter loop is 2.0 m × 2.0 m with 64 turns, and the multiturn circular receiver loop is 40 turns with a diameter of 1.0 m. The survey area is a parallelogram with the adjacent sides 300 m and 100 m in length. There are three survey lines in the survey area, with 30 survey points in each line. The point spread is 10 m, and the line spread is 30 m.




3.3. Curve Fitting and Numerical Modeling Method


To compare the change behavior of the water levels from TEM results more intuitively, the water levels of each survey station were extracted every day for curve fitting with MATLAB (R2014b, The MathWorks Inc., Natick, MA, US 2014) We adopted the rational polynomials method, which had the best fitting result. The main advantage of the rational polynomials method is its flexibility with data that has a complicated structure.



The rational polynomials equation is defined as:


y=∑i=1npixn−ixm+∑i=1mqixm−1



(5)




where n is the degree of the numerator polynomial and m is the degree of the denominator polynomial. Through comparison, we finally chose the cubic/linear rational equation as the governing equation of curve fitting.



After comparing the change behavior of the water levels, a 2D finite-element numerical model developed with COMOSL (3.5a, COMSOL Inc., Stockholm, SWE 2018) Multiphysics was designed to study the lateral recharge and water seepage mechanisms of the aquifer. According to the geological conditions of the 8101 longwall face, the water seepage model was built based on the conservation of mass and the pressure equilibrium. The model consists of three parts, representing the overlying aquifer, the WFFZ and the roadway of the 8101 longwall face. The upper part is 100 m wide and 20 m thick, representing the Klzh unconfined aquifer in the lower series of the Cretaceous and the middle Jurassic coarse sandstone aquifer, and the corresponding physical field is Darcy flow. The middle part is 10 m wide and 100 m thick, and the corresponding physical field is high-speed Forchheimer flow, representing the water flowing fractured zone. The middle part was set on the right side of the model to simulate the case that the WFFZ connected to the corner of the aquifer. The lower part is 100 m wide and 5 m thick, representing the roadway of the 8101 working face, and the corresponding physical field is Navier–Stokes flow. The model is shown in Figure 6. The finite element method with local mesh refine strategy was adopted, and the model was divided into 7314 triangular elements.



The seepage of water in aquifers obeys Darcy’s law [28] as follows:


u=−kη(∇p+ρgZ)



(6)




where u is the flow velocity of water (m/s), k is the rock permeability (m2), η is the dynamic viscosity (Pa·S), Z is the hydraulic head (m), ρ is the fluid density (kg/m3), g is the gravitational acceleration (9.8 m/s2), and ∇ is the gradient operator.



The flow of water in the WFFZ obeys the Ahmed-Sunada (Forchheimer) relation, and the equations of motion, continuity and state are as follows [29]:


ρCa∂u∂t−βρuu+ηku+∇p=f



(7)






∂(∅ρ)∂t+∇·(ρu)=ρq



(8)






∅=∅0[1+c∅(p−p0)]



(9)




where Ca is the acceleration coefficient, β is the non-Darcy factor, q is the source intensity, p0 is the initial pressure (Pa), ∅0 is the initial porosity, c∅ is pore compressibility, and ∇ is the divergence operator.



The flow of water in the roadway is mainly free flow, obeying the Navier–Stokes equation [29]:


{ρ∂u∂t−η∇·(∇u+∇uT)+ρu∇u+∇p=f−∇·u=0



(10)







The initial flow velocity of the model was 0 m/s, and the initial pressure was atmospheric pressure (the relative pressure was 0 Pa). The stable water inflow boundaries were set on the top of the aquifer at t = 0 s, and the inflow velocity was 1.0 × 10−3 m/s. The water inflow was removed at t = 4000 s in order to simulate the water flow mechanisms under limited water content. The outlet boundaries were set on both sides of the roadway; the relative pressure was 0 Pa. Other boundaries of the model were set as no-slip walls. According to the lithology of the overlying strata of the 8101 longwall face and the physical parameters of water, the parameters were set as shown in Table 1.





4. Results and Discussion


According to the lithology of the overlying strata, the rock type is hard. The coefficients p1 and p2 of Equation (2) are 1.2 and 2.0, respectively, and q is 8.9. The predicted height of the WFFZ is 49.9 to 67.7 m. The nearest distance from the aquifer to the 8101 working face is 97.25 m. Therefore, the WFFZ cannot reach the aquifer according to the empirical formula. But the empirical formula is only suitable for coal seam with the thickness of less than 3 m. So the result from the empirical formula needs to be treated cautiously as the average thickness of the 8101 longwall face is 4 m.



Before using the TEM method to detect the development of the WFFZ, this paper used the observation results of the surface cracks to guide the TEM survey schedule. During the extraction, the fractures in the overlying strata are developed in advance. The ground geological survey was carried out before the longwall face reached the riverbed. Based on the ground observation, the distance of the advanced influence is, on average, 14.1 m ahead of the working face (Table 2). As the advanced distance is related to the moving angle of the terrane, the angle of the advanced influence was obtained using Equation (1) to guide the TEM survey. The average depth of the coal seam is 170 m, so the angle of the advanced influence δ = 85.3°. When the working face reaches the riverbed, the average depth of the coal seam is 125 m. The corresponding distance of the advanced influence should be 12.2 m.



4.1. TEM Survey Results


The field experiment was carried out before the longwall face reached the riverbed. Some of the results are shown in Figure 7 and Figure 8. The curves of the induced electromotive forces with a slow decay indicate that a good conductor exists in this area, and the resistivity in this area is low (Figure 7). A poor conductor would result in a fast decay. Furthermore, the late time-induced electromotive force derived from a good conductor would be higher than that derived from a poor conductor (areas bordered in red in Figure 8). In other words, the resistivity of the water-bearing area is much lower than that of the area without water.



As the distance of the advanced influence should be 12.2 m when the longwall face reached the riverbed, the experimental survey was carried out when the longwall face reached 1245.5 m on January 27th. The distance between the longwall face and the riverbed was 24.5 m on that day. The survey lasted from January 28th to February 9th, with 90 survey points each day and 13 days in total. Because we encountered a snowstorm during the survey process on February 7th, only 30 survey points were measured on that day. The total number of survey points is 1110.



The 8101 longwall face position during the survey period is shown in Table 3. The footage of the working face is 1251.5 m on the first day of the survey, and the distance between the survey area and the working face is 18.5 m. Although there might be a fractured zone ahead of the working face, the fracture could not reach the overlying aquifer.



Figure 9 shows the TEM results without mining influence. The low resistivity area at a depth of 20–40 m corresponds to the Klzh unconfined aquifer in the lower series of the Cretaceous and the middle Jurassic coarse sandstone aquifer. The water level and volume of the aquifer remained unchanged without mining influence.



Figure 10 shows the results of the TEM survey during the mining process. Combining the survey results and the position of the 8101 longwall face, the change of the water level and the development of the WFFZ during the mining process can be analyzed.



The survey results of line 1 are shown in Figure 10a. The footage of the longwall face on the first day of the survey was 1251.5 m, and the survey area was not affected by mining. The arrow indicates the location of the Klzh unconfined aquifer (apparent resistivity 15 Ω·m and below, at a depth of approximately 20–40 m). The water level was stable. Affected by mining, the water from the overlying aquifer began to flow down (to 60 m and below) by the second day. By the 4th day, the low resistivity area near a depth of 40 m had migrated downward to 60–80 m. This indicates that the water from the overlying aquifer continued to flow downward, and the yield of water decreased significantly compared to the second day. By the 8th day, the low resistance area near the original aquifer gradually disappeared, indicating that the water had moved downward to 80–100 m. Along with the diffusion of the low resistivity area, the resistivity became higher because there was no water supply from the surface. By the 13th day, the low resistivity area was almost the same as the 8th day, only more inconspicuous. The water distribution in the overlying strata had become stabilized.



The survey results of line 2 are shown in Figure 10b. The arrow indicates the location of the aquifer (apparent resistivity 15 Ω·m and below, at a depth of approximately 60–100 m). The water level was stable. The results of line 2 showed that the water level of the aquifer was relatively low. The different water levels of line 2 could result from fault(s) in the overlying strata, as the fault zone is often filled with water, and the nearby water level will be affected. If the fault zone is disturbed by mining, the fault structure will form a water flowing channel, and the water transmitting ability of it will be greatly enhanced [30,31]. By the second day, the resistivity of this area became higher, indicating a reduction of the water volume. By the 4th day, the water content continued to decrease and moved further downward (the resistivity of the area near 100–130 m became lower). By the 8th day, the water had almost finished moving downward (the low resistance area near the original aquifer gradually disappeared). By the 13th day, the low resistivity area was almost the same as the 8th day, only more inconspicuous. The water distribution in the overlying rock strata had become stabilized.



The survey results of line 3 are shown in Figure 10c. The arrow indicates the location of the Klzh unconfined aquifer (apparent resistivity 15 Ω·m and below, at a depth of approximately 20–40 m). The water level was stable. By the second day, the water from the overlying aquifer had begun to flow down (to 60 m and below). By the 4th day, the low resistivity area near 40 m had migrated downward to 60–100 m. This indicates that the water from the overlying aquifer continued to flow downward through the WFFZ, and the yield of water decreased significantly compared to the second day. By the 8th day, the low resistance area near the original aquifer had gradually disappeared, indicating that the mining fractures had connected to the aquifer and the water had moved downward to 70–100 m. By the 13th day, the low resistivity area was almost the same as the 8th day, only more inconspicuous. The water distribution in the overlying rock had become stabilized.




4.2. Curve Fitting of the Water Levels


Through curve fitting, the change behavior of the water level for each survey line was obtained (Figure 11). It is obvious that the water levels of each survey line declined quickly during the mining process. After a short-term and rapid downward move, the seepage slowed down, and the water level tended to be stable because there was no surface water supply. The decline of the water level in line 1 lasted for three days, and the water tended to be stable after the 4th day of the survey. The decline times of line 2 and line 3 are two days and four days, respectively. The change rate of the water level for lines 1 and 3 are similar, while the change rate for line 2 is relatively fast. As mentioned before, the different change rates of line 2 could result from fault(s) in the overlying strata.



Figure 12 shows the comparison of water levels of different survey stations. The water level was stable on the 1st day. On the 2nd day of the survey, the longwall face reached 1265.5 m. The distance from longwall face to the 1st survey station of line 3 was 6.3 m. As mentioned before, the advanced fractures could connect to the Klzh unconfined aquifer at the location of 1st survey station of line 3. The distances from longwall face to the other three survey stations were 119.3 m, 66.3 m and 179.3 m for 30th survey station of line 3, 1st survey station of line 1 and 30th survey station for line 1, respectively. Although the latter three survey stations had a certain distance from the working face, the water level at these positions all declined obviously. This illustrates that the Klzh unconfined aquifer has a strong lateral recharge capacity. When the water level declined at a position of the aquifer, the lateral seepage occurred to recharge this position. Because the water content of the aquifer was limited, the water level of the whole aquifer under the riverbed was affected when the advanced fractures reached the aquifer. The water level decreased most from the 1st day to the 2nd day, gradually decreased from the 2nd day to the 4th day, and gradually stabilized after the 4th day.




4.3. 2D Modeling Results


Figure 13 shows the water flow velocity of the vertical cut line. The flow velocity was 0 m/s at t = 0 s. When the water inflow was loaded (simulating the connection between the WFFZ and the aquifer), the water began to flow down. The flow velocity increased quickly and then tended to be stable after t = 2000 s. The maximum flow velocity of the model reached 1 × 10−2 m/s at t = 4000 s. As there was no water supply, the flow velocity gradually decreased after t = 4000 s and tended to be stable after t = 6000 s, with the maximum flow velocity of 1.5 × 10−5 m/s. In the vertical direction, the water flow velocity increased from the top of the aquifer to the roadway. The flow velocity reached the maximum at the position of 30 m (under the entrance of the WFFZ). As can be seen from Figure 13, there is an inflection of a sudden increase in flow velocity at 1 m beneath the top of the aquifer. That is because the flow velocity at the top of the aquifer was not affected by the lateral seepage while the lower part was affected. At the position of 20 m on the vertical line, another inflection of sudden increase occurred due to the great change of permeability and porosity at the interface of the aquifer and WFFZ. After a rapid increase, the flow velocity tended to be stable in the WFFZ.



Figure 14 shows the water flow velocity of the horizontal cut line. The flow velocity in the aquifer also increased at first, then stabilized, decreased and finally stabilized. It can be seen that the lateral recharge phenomenon existed in the aquifer, which caused the increase of water flow velocity from left to right and reached the maximum at the position of 75 m. The maximum flow velocity in the aquifer was 3.9 × 10 −3 m/s at t = 4000 s, and occurred at 20 m to the right boundary of the aquifer, which was above the interface between the aquifer and the WFFZ. During the decline process of the water flow velocity in the aquifer, the gap between the velocity of the left and right side became smaller. The maximum flow velocity declined to 5.5 × 10−6 m/s at t = 6000 s, and the flow velocity at 50 m was 4.1 × 10−6 m/s. Since there was still an area of aquifer between them, it can be considered that the downward flow of water mainly came from the lateral recharge. Combining with Figure 15, the lateral recharge dominated the water flow at t = 6000 s and later.




4.4. Discussion


The TEM survey revealed the distribution of the aquifers of the 8101 longwall face without mining influence and the water flow mechanisms during the mining process. The work confirmed that the TEM method can effectively detect the underground water distribution [10,13,14,15]. At the same time, the TEM survey results also showed that the WFFZ could connect to the aquifer, and that the height of the WFFZ was over 97.25 m, which was 24–31 times the mining height. This is consistent with the result of Peng’s work [18] and Palchik’s work [20], and is much larger than the result of 49.9–67.7 m calculated from the empirical formula [3,32].



During the mining process of the 8101 longwall face, the water flow of the aquifer has some interesting characteristics. The 2D numerical and the TEM survey showed that the water quickly flowed down when the WFFZ connected to the overlying aquifer, which is consistent with the literature [29]. As there was no surface water supply, the water level gradually tended to be stable. The TEM survey confirmed the existence of lateral recharge phenomenon in the aquifer [33,34]; when the water level declined at a position of the aquifer, the lateral seepage occurred to recharge this position, leading to the decrease in the water level of the Klzh unconfined aquifer. In other words, although the damage of WFFZ was local, it affected the entire aquifer. Based on the TEM survey result, the 2D numerical simulation showed that the lateral recharge played an important role in aquifer water seepage [35] and even dominated the water flow in the late stage when the water volume of the aquifer was limited.



Because the TEM survey was carried out in the dry spell, the water volume was limited and the harm could be neglected. Since the 8101 longwall face is the first longwall face of Selian No.1 coal mine, when mining other longwall faces under this river, it is necessary to consider not only the influence of the corresponding aquifers and WFFZs but also the influence of the goaf and the WFFZ of 8101 longwall face. Therefore, it is necessary to take corresponding measures such as cutting off rivers, rock fracture grouting and other measures to ensure mining safety.





5. Conclusions


This paper first monitored the development of the WFFZ in the process of mining beneath a river with the TEM method. Detailed analysis found that the WFFZ reached the middle Jurassic coarse sandstone aquifer and the Klzh unconfined aquifer; in other words, the height of the WFFZ was over 97.25 m, which was quite different from the 49.9–67.7 m calculated by empirical formula. Hence, it is not appropriate to calculate the height of the WFFZ only by the empirical formula when the mining height exceeds 3 m. During the mining process, the rock fractures were developed in advance, and the downward seepage of water started before the longwall face reached the corresponding area. Combined with the numerical simulation results, we found that the water flowed downward quickly when the mining-induced water flowing fractures reached the overlying aquifer. The Klzh unconfined aquifer under the riverbed had a strong lateral recharge capacity, and when the water declined at the position closest to the longwall face, lateral seepage occurred to recharge this position. This caused a drop in the water level of the entire aquifer. As the river was in a dry spell, there was no surface water supply, the water storage of the aquifer was limited, and the flow slowed down after a short-term rapid downward movement. Finally, the water distribution of the overlying strata tended to be stable. During that period, roof water spraying occurred during the mining process. The harm was mainly caused by the lateral recharge of aquifer. Although it had a certain interference with the mining of the 8101 longwall face, the harm was limited. If the mining process had been carried out in the rainy season, the surface water would have continually moved downward into the longwall face, and the risk of water inrush accidents would be extremely high.



This research is focused on the development of the WFFZ of shallow buried coal seams. Further studies are needed in regard to the coal seam under the goaf, the deep buried coal seam or the repeated mining of close-distance coal seams. The data and results of this paper can provide a basis for the research of mining-induced water seepage mechanisms based on big data and the further study of the flow mechanisms of groundwater resources affected by mining.
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Figure 1. Location of the survey area. 
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Figure 2. Geological log profile. 
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Figure 3. Three zones of strata movement above the coal seam (modified from Feng’s work [19]). 
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Figure 4. Working principle of the transient electromagnetic (TEM) method. 
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Figure 5. The layout of the survey area. The red quadrangle refers to the survey area. The colored lines refer to the contours of the surface terrain of the 8101 longwall face. The black lines refer to roadways. The points in the lower left corner refer to the survey stations. In the lower right corner, the black coil is the transmitter loop, the orange coil is the receiver loop, and the yellow device is the TEM transmitter and receiver instrument. 
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Figure 6. The numerical model of water seepage in the water flowing fractured zone (WFFZ). The horizontal red dotted cut line was used to extract the corresponding water flow velocity in the aquifer, and the vertical one was used to extract the water flow velocity in the WFFZ and the corresponding aquifer area. 
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Figure 7. Comparison of the different field experiment results. The horizontal axis represents time, and the vertical axis represents the induced voltage; both are logarithmic. The different colored lines refer to the curves of induced electromotive forces derived from the different survey stations. 






Figure 7. Comparison of the different field experiment results. The horizontal axis represents time, and the vertical axis represents the induced voltage; both are logarithmic. The different colored lines refer to the curves of induced electromotive forces derived from the different survey stations.



[image: Applsci 09 00043 g007]







[image: Applsci 09 00043 g008 550]





Figure 8. Comparison of the late time-induced electromotive forces. The horizontal axis represents the survey station number, the vertical axis represents the induced voltage, and the latter is logarithmic. The different colored lines refer to the curves of the induced electromotive forces of the different survey stations at the same time. 
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Figure 9. Comparison of the TEM observation results and the geological log profile. The cyan area is the low resistivity zone, with a depth of 20–40 m and an apparent resistivity value of 15 Ω·m and below. 
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Figure 10. The results of the TEM survey during the mining process. The horizontal axis represents the survey station number, and the vertical axis represents the depth (m). The color bar represents the apparent resistivity (Ω·m). The arrow indicates the location of the aquifer. 
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Figure 11. Fitted curves of the water level change. The blue points represent the water levels of each survey station, and the red solid line represents the curve fitting result of the water levels. The red dotted lines are the prediction bounds of the curve fitting result (with 95% confidence), representing the distribution band of the water levels. To ensure the curve fitting quality, the outliers were excluded. 
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Figure 12. Comparison of water levels of different survey stations. The horizontal axis represents the survey days, and the vertical axis represents the water levels. The data of day 0 is the experimental data. T11 represents the survey data of 1st survey station of line 1. T13 represents the survey data of 30th survey station of line 1. T31 represents the survey data of 1st survey station of line 3. T33 represents the survey data of 30th survey station of line 1. 
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Figure 13. Water flow velocity curves of the vertical cut line at different times. The horizontal axis represents the distance from the top of the aquifer to the interface of the WFFZ and the roadway. 
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Figure 14. Water flow velocity curves of the horizontal cut line at different times. The horizontal axis represents the distance from the left side of the aquifer to the right side. 
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Figure 15. The velocity arrow of the model at t = 6000 s. The color bar represents the flow velocity of the corresponding arrow. 
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Table 1. The numerical simulation parameters.
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	Parameter
	Value
	Parameter
	Value





	Fluid density ρ (kg/m3)
	1000
	Non-Darcy factor β
	2.5 × 10−8



	Dynamic viscosity η (Pa·S)
	1.01 × 10−3
	Acceleration coefficient ca
	1.0



	Permeability of the aquifer (m2)
	5.3 × 10−11
	Initial porosity φ0
	0.25



	Permeability of the WFFZ (m2)
	5.3 × 10−10
	Pore compressibility cφ
	1.45 × 10−10
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Table 2. The development of surface cracks after the first weighting and periodic weighting.
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No.

	
Weighting Distance

	
Scope

	
Fracture

	
Notes




	
Width

	
Depth






	
1

	
40.5 m

	
−44.8 m +29.3 m

	
50–60 cm

	
7–8 m

	
First Weighting




	
1

	
17.3 m

	
+11.9 m

	
30 cm

	
2.5 m

	
Periodic Weighting

The average distance of the advanced influence:

14.1 m

The average width of the fractures:

17.5 cm




	
2

	
15.7 m

	
+14.0 m

	
18 cm

	
1.7 m




	
3

	
16.8 m

	
+12.0 m

	
20 cm

	
2.0 m




	
4

	
17.7 m

	
+14.1 m

	
15 cm

	
1.8 m




	
5

	
14.7 m

	
+16.1 m

	
10 cm

	
1.0 m




	
6

	
15.1 m

	
+14.3 m

	
12 cm

	
1.0 m




	
7

	
15.4 m

	
+15.8 m

	
16 cm

	
1.3 m




	
8

	
15.3 m

	
+14.6 m

	
19 cm

	
1.8 m
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Table 3. The 8101 longwall face position during the survey.
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	Day
	Date
	Position (m)





	1
	Jan. 28th
	1251.5



	2
	Jan. 29th
	1265.5



	3
	Jan. 30th
	1275.7



	4
	Jan. 31st
	1283.3



	5
	Feb. 1st
	1294.4



	6
	Feb. 2nd
	1302.0



	7
	Feb. 3rd
	1313.1



	8
	Feb. 4th
	1319.0



	9
	Feb. 5th
	1326.7



	10
	Feb. 6th
	1336.9



	11
	Feb. 7th
	1345.4



	12
	Feb. 8th
	1350.5



	13
	Feb. 9th
	1355.8











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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