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Abstract

:

Karst collapse columns (KCCs) are naturally formed geological structures that are widely observed in North China. Given their influence on normal mining operations and the progress of mining work, collapse columns pose a hidden danger in coal mining under the influence of manual mining. By communicating often with the aquifer, the water inrush from KCCs poses a serious threat to construction projects. This paper adopts three flow field models, namely, Darcy aquifer laminar flow, Forchheimer flow, and Navier–Stokes turbulent flow, based on the changes in the water inrush flow pattern in the aquifer and laneway, and uses COMSOL Multiphysics software to produce the numerical solutions of these models. As the water inrush flow velocity increases, the Forchheimer flow shows the effect of additional force (inertial resistance) on flow in KCCs, in addition to the effect of viscous resistance. After the joint action of viscous resistance and inertial resistance, the inertial resistance ultimately dominates and gradually changes the water inrush from the KCCs to fluid seepage. Forchheimer flow can comprehensively reflect the nonlinear flow process in the broken rock mass of KCCs, demonstrate the dynamic process from the Darcy aquifer to the final tunnel turbulence layer, and quantitatively show the changes in the flow patterns of the water inrush from KCCs.
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1. Introduction


Karst collapse columns (KCCs) are naturally formed geological structures in North China that have often developed in Ordovician limestone [1]. These structures can be easily connected to the natural aquifer below the water-separating band to form an unblocked pipeline. However, under the action of coal seam mining, the fluid in the aquifer flows into the collapse column and leads to a water inrush disaster. Moreover, the water inrush in collapse columns cannot be easily predicted and prevented due to its concealment. Water inrush disasters seriously threaten underground excavation practices. On the one hand, the concealment of the collapse column affects the progression of normal excavation and mining work. On the other hand, the collapse column may present a hidden danger in coal mining under the influence of manual mining [2,3,4,5]. In sum, water inrush accidents caused by underground mining can bring heavy casualties and economic losses to construction enterprises.



Water inrush disasters in China have submerged more than 200 mines in the entire country and have resulted in tens of billions of yuan in economic losses [6]. These disasters can also cause irreparable damage to the water resources and surrounding environments of construction areas. Although the latest advancements in science and technology and the development of new means of production have greatly improved the equipment, techniques, machineries, and technologies for tunnel excavation, water inrush disasters still occur frequently. The water inrush disasters in China that are caused by collapse columns in mines not only bring major casualties and economic losses but also waste plenty of valuable groundwater resources that are widely utilized in the country because of their many advantages, which include their wide distribution, excellent water quality, ease of purification, strong storage capacity, and guaranteed high water supply. However, groundwater resources have a below average distribution. Specifically, many arid and semi-arid regions and cities in North China consider groundwater a key resource or even their only source of water [7,8]. Survey data show that the annual average water drainage volume of mines in North China reaches 108 m3 orders of magnitude. However, their actual water utilization rate is less than 20% because of their water scarcity and the high water wastage resulting from water inrush disasters [6]. Accordingly, these two factors have become major problems related to groundwater utilization in China.



Karst, which is developed and distributed in limestone stratum, is formed by the long-term corrosion of running underground water. Ancient karst caves developed in limestone and continue to expand along with the corrosion of groundwater. Some of these caves even collapse due to the long-term effect of geological tectonic force and the upper cover rock. When the coal-bearing strata overlaying the upper part of these caves also collapse, the coal seam is destroyed. Shaped as a circular or irregular elliptical cylinders, these strata have been referred to as collapse columns, as shown in Figure 1 [9]. When artificial mining connects the aquifer, the collapse column, and mining face laneway with one another, and when the aquifer has large water reserves and a high bearing pressure, the mine water will overcome resistance and enter the main body of the collapse column and even the laneway, thereby causing a water inrush disaster.



In the early 20th century, foreign countries began to examine the water-resisting layer of the floor and found that a thicker water-resisting layer reduced the frequency of water inrush [10]. During mining, a part of natural low-permeability rock (coal) stratum is normally retained without excavation as the water-resisting layer to prevent water inrush from aquifer to working face. These findings highlight a close relationship between the water-resisting layer and water inrush. Besides, scholars examined the role of the relative water-resisting layer and devised the failure mechanism of the floor [11,12,13]. However, the hydrogeological conditions of deposits in China are far inferior to those abroad [14]. In this case, studies abroad are relatively simple and provide relatively limited technical solutions that cannot address all types of geological issues. Water inrush disasters associated with mine excavation are considered serious technical problems in China that restrict mine production safety. The water inrush from the collapse column during mine excavation cannot be effectively predicted. In response to these concerns, scholars from China [15,16,17,18] have proposed some water inrush criteria and theories, which have positively contributed to the prevention and control of water inrush from the coal floor. For example, the seepage mutation and nonlinear flow model was proposed based on the understanding that there exists a seepage mutation in the process of water inrush and the relationship between velocity and pressure of water in fractured rock mass shows obvious nonlinear characteristic [19]. For the water inrush preferred plane theory, it is considered that water inrush first occurs on the section of rock mass which is the weakest and most prone to structural failure, that is, the water inrush preferred plane [20]. Besides, the water inrush coefficient (the ratio of aquifer water pressure to water barrier thickness) is used to analyze and evaluate the risk degree of water inrush. According to the water inrush critical index method, the risk of water inrush is greatly increased when water inrush coefficient exceeds the critical value [21]. The down three zones theory is normally used to analyzed the water inrush process. In this theory, three zones can be divided from the bottom of coal seam to the top of aquifer, i.e., the floor water conduction zone, the protection zone, and the confined water conduction zone [22]. The retained rock stratum with high strength is simplified as a rectangular thin plate, and the mechanical model of the key layer of the water-resisting floor is established on the basis of water-resisting layer theory [23]. For the rock–water stress relationship theory, it is considered that the water inrush process is a fluid–solid coupling process, and the water inrush from coal floor is the result of the failure of surrounding rock caused by the interaction of stress field and seepage field [24].



Water inrush from the collapse column is not a separate process. Influenced by deformation, extrusion, weathering, erosion, and other natural factors resulting from long-term geological and hydrological effects, the collapse column is formed through the vertical and horizontal cutting of the whole frame, which is contained in a natural crushing column in a special geological environment. The fragments of the surrounding rock, the fine filler particles in the column, and the abundant amount of natural groundwater interact with and influence one another [25]. On the one hand, the collapse column is unevenly filled with different-sized chippings. These chippings will move under the influence of groundwater, thus changing its filling degree, which in turn greatly influences the permeability of karst rock. Given the changes in the permeability of rock mass, the mechanical properties and physical state of the collapse column differ from those of ordinary rock mass. The seepage of natural groundwater and the internal structure of rocks are defined as coupling processes that interact and influence each other [26]. Therefore, the water inrush process in collapse column presents a very complex fluid–solid coupling problem. In this case, all separate factors must be taken altogether when studying the water inrush process. Given that the factors in the rock mass seepage process cannot be separated from one another, the interaction amongst various factors is neglected, and the mechanism of water inrush is inaccurately analyzed.



A collapse column may pass through the coal pillar and the mining face in practical construction applications. The natural groundwater breaks through the water-separating band into a collapse column through a high-speed nonlinear seepage process and this cannot be purely regarded as Darcy linear seepage. The non-Darcy effect in the collapse column, that is, the natural groundwater flowing through the broken zone, must also be considered. The Forchheimer equation can be used to reflect the state of fluid movement in the collapse column. In sum, in the coupling operation of three flow fields, groundwater can be considered as having a Darcy laminar flow in the natural aquifer, a Forchheimer flow in the collapse column, and a laneway Navier–Stokes turbulent flow in the mining face. To qualitatively examine the influence of each factor on water inrush, this paper uses a finite element software to establish a two-dimensional (2D) plane model that reveals the changes in the fluid state, velocity, and pressure in the water inrush process by changing the permeability of the strata, the non-Darcy factor, and other parameters.




2. The Water Inrush Coupling Model of the Collapse Column


2.1. Seepage Mechanism of Underground Rock Mass


The water inrush from the collapse column does not demonstrate a single laminar flow but experiences different flow states. The Darcy laminar flow is dominated by viscous resistance, the Navier–Stokes turbulent flow is dominated by inertial resistance, and the non-Darcy Forchheimer flow is very complex and dominated by both viscous and inertial resistance [27,28]. The changes in these three flow states can be analyzed by using seepage theory of classical mechanics and by using the correlation curve between Reynolds number and Fanning friction coefficient [29].



Yang et al. [30] performed a nonlinear seepage experiment with different-sized quartz sands and found that under a single pressure gradient, the seepage law of fine particles is consistent with the law of Darcy laminar flow. However, both the flow velocity and porosity between particles increase along with the experimental particle size. In this case, the seepage law gradually shifts from the Darcy laminar flow law to the Forchheimer flow. After entering high-speed seepage, the Fanning friction coefficient gradually increases along with Reynolds number. Miao et al. [31] experimentally studied the nonlinear seepage characteristics of fractured sandstone under different porosities and suggested the seepage characteristics of fractured sandstone were closely related to grain size, load level, and pore structure, and that the no-Darcy coefficient increased with the decrease of porosity with local fluctuations. Pradip et al. [32] analyzed the relative effects of the Darcy parameter and non-Darcy parameter on the flow behavior of a convergent osmosis apparatus based on the experimental data of the convergent flow of gravel.



The transformation of a fine particle pore medium to a large pore medium does not follow a single fluid state. Rather, this state must be a dynamic process of changing the laminar flow to the turbulent flow. During water inrush, the change in the fluid state in the collapse column does not occur through a single linear seepage mechanism but rather a nonlinear high-speed seepage process.




2.2. Establishment of Each Flow Field in the Collapse Column Model


2.2.1. Darcy Laminar Flow of Aquifer


The seepage flow rate per unit time through porous media is inversely proportional to the length of seepage path, and is proportional to the cross-sectional area of water flow. This kind of flow is Darcy flow. In the aquifer below the water-separating band, a large amount of water moves in the pores and fissures of the relatively homogeneous rocks. Generally, the velocity of fluid is relatively small, whilst its resistance is mainly liquid viscous. The seepage follows a laminar flow whilst the flow state of the fluid generally meets the linear Darcy law, which can be expressed as


     v →   d  = −    k d   μ  ∇    p →   d   



(1)




where    k d    denotes the permeability of the aquifer,  μ  denotes the dynamic viscous coefficient of fluid, and      p →   d    denotes the flow pressure in the Darcy aquifer laminar flow.



Based on the flow state and characteristics of fluid, the seepage continuity equation of the aquifer Darcy flow can be expressed as in [33]


  ρ   ∂  φ d    ∂ t   + ρ ∇ ( −    k d   μ  ∇    p →   d  ) =  f d     



(2)




where    φ d    denotes porosity, t denotes time,    f d    denotes the source item, and  ρ  denotes water density.




2.2.2. Non-Darcy Forchheimer Flow of the Collapse Column


The fluid state in the fractured zone differs from that in the aquifer. When the groundwater has a high penetration rate, the Reynolds number exceeds a certain limit and the groundwater movement begins to deviate from the Darcy law. At this time, the traditional Darcy law is no longer applicable to the complex flow state of fluid in the fractured zone. The non-Darcy effect has a great influence on the velocity of the fluid, which changes the velocity of the fluid and then affects the flow rate per unit time. The traditional Forchheimer empirical formula can then be revised as in [34,35]


  − ∇    p →   f  =  μ   k f       v →   f  + β ρ    v →   f   |     v →   f   |     



(3)




where      v →   f    denotes the fluid velocity vector,      p →   f    denotes flow pressure,    k f    denotes permeability, and  β  denotes the inertial factor that is correlated to the permeability and porosity of rocks and is computed as   β =   1.75     150  k f   ϕ f 3        [33].



Under steady state conditions, the continuity equation of fluid can be described as


  ∇ ⋅    v →   f  = 0    



(4)







Substituting Equation (3) into Equation (4) yields the following equation:


  ∇ (  1  μ /  k f  + β ρ  |     v →   f   |    ∇    p →   f  ) = 0    



(5)







According to the law of conservation of mass, the differential expression of velocity can be obtained when the element has no source term and sink term and the porosity does not change. We take the velocity term of non-Darcy flow into the continuity equation, and the rule of pressure change can be obtained by the numerical method.




2.2.3. Navier–Stokes Turbulent Flow in the Laneway


The Navier–Stokes equation is derived based on Newton’s second law. It focuses on the description of the fluid flow under conditions of its own gravity, the inertial force, and the viscous resistance. It has been widely used in pipe seepage, river seepage, and roadway ventilation. The Navier–Stokes equation is a motion equation in fluid mechanics that describes the momentum conservation of viscous and incompressible fluids. The running groundwater in the laneway has a turbulent state of fluid that can be described by using the Navier–Stokes equation. The vector form of this turbulent flow can be expressed as [36]


  ρ   d    v →    n s     d t   = − ∇    p →    n s   +    p →    n s    F  n s   + μ Δ    v →    n s      



(6)




where      p →    n s     denotes pressure,    F  n s     denotes external force and      v →    n s     denotes the velocity at moment t.



The general continuity equation in the laneway can be expressed as:


   ρ   ∂    v →    n s     ∂ t   + ρ    v →    n s   ∇    v →    n s   = − ρ + μ ∇ ⋅ [ ∇    v →    n s   +   ( ∇    v →    n s   )  T  ] +  F  n s      ∇ ⋅    v →    n s   = 0     



(7)








2.2.4. Transition Boundary Conditions of the Aquifer, Collapse Column, and Laneway


The velocity and pressure of fluid continuously change as the groundwater flows from the aquifer to the laneway through the collapse column. Therefore, two conditions must be satisfied when the fluid passes through the boundary of two adjacent flow fields.



On the one hand, on the adjacent boundaries of the aquifer and collapse column, the velocity and pressure continuities must satisfy


      v →   d  =    v →   f  ,        p →   d  =    p →   f      



(8)







On the other hand, on the adjacent boundaries of the collapse column and laneway, the velocity continuity and pressure continuities must satisfy


      v →   f  =    v →    n s   ,        p →   f  =    p →    n s     



(9)










3. Seepage Model of the Karst Collapse Column


Figure 2 presents a simplified 2D water inrush numerical model that is established based on the geological characteristics of the karst collapse column (KCC), the aquifer, and the 8203 working faces of the Jin Zhuang Mine (China Datong Coal Mine Group) [37,38]. The aquifer is located at 150 m below the roadway, and the thickness of aquifer is 150 m. During excavation, the working face is connected with the karst collapse column of Ordovician limestone. Because of the good water conductivity of the collapse column, the water in the aquifer flows through the collapse column and finally flows into the roadway, causing the water inrush accident. From the observation of drill core, it was found that most of the fillers of the collapse column had been weathered and softened, and the porosity was large.



This model has a length of 350 m and thickness of 350 m. The aquifer is 145 m high, the collapse column is 295 m long and 60 m wide, and the laneway is 190 m long and 10 m wide. The boundary of the bottom aquifer is treated as the boundary of water pressure that can bear 3.5 MPa water pressure, whilst the boundary of the outlet of the upper laneway is treated as the boundary of fluid pressure, which is equal to atmospheric pressure. Although the water inrush of collapse column is a three-dimensional process, the numerical simulation regards the collapse column as a water-filled body, and ignores the collapse process of the column. We mainly study the influence of confined water pressure on the seepage characteristics. Therefore, it should be reasonable to simplify the whole process of water inrush into the 2D plane strain problem.



The bottom area of the model represents the underground aquifer, the middle area represents the collapse column area formed by rock fracture, the upper right area represents the laneway, and the rest of the model represents the rock surrounding the water-separating layer. COMSOL Multiphysics is a powerful nonlinear partial differential equation solver based on finite element method (FEM), which contains different kinds of modules, i.e., the structural mechanics module, chemical engineering module, heat transfer module, earth science module, radio frequency module, micro electro mechanical system module, and acoustics module.



After the completion of the geometric model, we choose different seepage modules in the software for the three respective regions. The Darcy aquifer laminar flow field, the Forchheimer flow in the collapse column, and the Navier–Stokes turbulent flow in the laneway are adopted to examine the evolution of water inrush from the collapse column. A continuous boundary condition is set up in the connection area of the two regions. Assuming that both the density and viscosity of the fluid are constants, the flow is a steady process. After applying the boundary conditions, three different seepage fields of the model are solved by software. The results obtained in this paper are all steady-state results. The velocity and pressure fields can be considered constant in time. The parameters of the model are derived from literature [37,38], shown in Table 1.




4. Analysis and Discussion


4.1. Features of Water Inrush from the Collapse Column


Figure 3 shows the flow velocity and pressure distribution of fluid in the water inrush process. When a water inrush disaster occurs after the laneway passes through collapse column, the confined water in the underground aquifer flows through the collapse column before flowing into the laneway of the mining face at high speed. The simulation results for the water inrush from the collapse column reveal that both velocity and pressure distribution continuously change in three basins. The large variation in the velocity gradient is mainly concentrated in the turbulence area of the laneway and the non-Darcy seepage area of the KCC. Meanwhile, the variation in pressure gradient is mainly concentrated in the Darcy area of the aquifer, thereby suggesting that the water flow reaches its maximum seepage resistance in the Darcy area. The traditional Darcy law does not meet the fluid change in the collapse column of the fractured zone. If the Darcy equation is applied in the whole area, then the nonlinear water inrush flow cannot be described. In the flow process, the fluid pressure of the collapse column gradually transforms to fluid power and the high-pressure water in the collapse column flows out. Therefore, the pressure at the boundary between the collapse column and aquifer gradually decreases. Given the relationship between the laneway and external atmospheric pressure, the pressure gradually reduces upon entering the laneway and eventually becomes equal to the external atmospheric pressure (0.1 MPa). The KCC is shaped similarly to a stopper, with its bottom area wider than its top. A narrower KCC channel corresponds to a higher fluid flow velocity and the maximum velocity is observed in the narrowest part of the channel.




4.2. Influence of the Permeability of the Collapse Column on the Seepage Process


To study the increase in the permeability of the collapse column, the flow behavior of water inrush is defined as the ratio of the permeability of the collapse column kf to the permeability of aquifer kd,   η =  k f  /  k d   . In the following calculation, the column permeability kf is changed, while the permeability of the aquifer kd maintains constant (1.9 × 10−11 m2). By changing the value of  η  or kf, that is, the ratio of the permeability of the collapse column to that of the aquifer, the flow pressure distribution cloud chart of the Darcy–Forchheimer field is obtained as shown in Figure 4.



When the value of  η  increases, the flow pressure in the collapse column reduces and the fluid velocity significantly changes. The collapse column that is used as an aquifer seepage is transferred to the middle of the free flow interface of the laneway, where the permeability of the collapse column plays a critical role.



To study the water inrush from the collapse column, we select the monitoring line A-B-C-D-E (Figure 3) and analyze the pressure and velocity distribution on the detection line as shown in Figure 5 and Figure 6. The coordinates of each point are distributed as A: (0,90), B: (150,90), C: (162,205), D: (175,300) and E: (350,300). The parameters along the line A-B-C-D-E were detected at each finite element unit based on the mesh of finite element model. The number of units is much greater than that of markers in the figures to ensure the accuracy of data.



The pressure value constantly changes throughout the entire water inrush process. The initial pressure value is set to 3.5 MPa, which starts to decrease when the groundwater approaches the collapse column layer. Such a reduction can be explained by the fact that the Darcy aquifer is generally dominated by fluid pressure. At this time, the viscous resistance of fluid becomes dominant and the inertia force is ignored. The shear action of the fluid gradually changes when the groundwater enters the collapse column layer. The energy consumption cannot be ignored by the shear action, which becomes the combined action of viscous resistance and inertia force. After entering the laneway, the pressure gradually becomes stable and reaches close to 0.1 MPa atmospheric pressure.



The variation in the value of  η  highlights the influence of permeability on pressure distribution under different working conditions. A smaller  η  and a lower collapse column permeability correspond to a greater pressure decay of the collapse column. The pressure decrease in the aquifer becomes increasingly apparent as the column permeability increases. Meanwhile, a larger  η  corresponds to a lower pressure value in collapse column. When  η  = 1000, the maximum water pressure of the collapse column reduces to 0.79 MPa, which is far lower than the maximum pressure at  η  = 0.01 (3.25 MPa). The boundary conditions of the flow fields are consistent, but the hydraulic pressure of the aquifer and collapse column is obviously different due to the changes in the permeability of the collapse column. Therefore, permeability plays an important role in pressure distribution during the water inrush process.



The simulation results in Figure 6 indicate a continuous variation in velocity throughout the water inrush process. The velocity in the aquifer is usually relatively smooth and consistent with the general linear seepage law. The Darcy law is also applicable in this case. After entering the collapse column, we adopt the Forchheimer equation to analyze the fluid flow. Therefore, the flow velocity of the fluid in the collapse column changes drastically. The flow velocity in the collapse column also increases by narrowing the seepage channel in the collapse column. If  η  = 1000, then the maximum velocity in the collapse column is 0.025 m/s. After entering the laneway, the fluid velocity sharply increases and shows a non-linear trend. The difference between the three percolation models can also be seen in Figure 5 and Figure 6. There is a clear difference between fluid pressure and velocity in different regions. If only one seepage model is adopted in the whole water inrush area, a large error will be caused in the calculation results.




4.3. Non-Darcy Effect


In the case of non-Darcy flow, the loss of pressure gradient is caused by the common action of the viscous and inertial forces of fluid. The fluid in the collapse column demonstrates a high-speed nonlinear seepage instead of a simple Darcy laminar flow. Therefore, the non-Darcy effect in the water inrush process must be considered. The Forchheimer coefficient  δ  can be formulated as in [33].


  δ =   ρ  k f   |     v →   f   |  β  μ     



(10)




Whilst the non-Darcy effect coefficient can be expressed as in [34].


  λ =   ρ β    |   v →   |   2     μ k   |   v →   |  + ρ β    |   v →   |   2    =  1    ( ρ β  |   v →   |  / μ )   − 1   + 1   =  δ  1 + δ      



(11)




where  ρ  denotes the fluid density,    k f    denotes column permeability,      v →   f    denotes fluid flow velocity,  β  denotes the inertial factor,  μ  denotes the dynamic viscous coefficient of fluid, and  λ  denotes the non-Darcy effect or the proportion of losses in pressure gradient caused by inertia force.



Figure 7 shows the extent of influence of the non-Darcy effect in the aquifer under the influence of the permeability of the collapse column. When constant pressure is applied on the external boundary, the higher permeability of the collapse column corresponds to a higher non-Darcy effect. When the permeability of collapse column changes, it will not only affect the velocity of fluid in collapse column, but also affect the velocity of water flow in aquifer. Because of the connectivity between aquifer and column, the higher permeability of the collapse column corresponds to the higher pressure gradient and water velocity in the aquifer, which will affect the nonlinear behavior of water flow. Therefore, the non-Darcy effect of the fluid becomes more obvious as the column permeability increases. As the permeability of the KCC continues to increase, the flow velocities in the aquifer and the KCC slightly increase. When the permeability of the collapse column is far lower than that of the aquifer, that is,  η  < 1, the non-Darcy effect in the aquifer is very weak and can be ignored. Increasing the value of  η  also improves the influencing degree of the non-Darcy effect. When  η  is equal to 1000, the whole zone of aquifer in the model is almost entirely influenced by the non-Darcy effect.



We further analyse the non-Darcy effect in the process of water inrush from the collapse column. Figure 8 shows the Forchheimer coefficients and non-Darcy effects at point C under different permeability ratios. Several flow mechanisms are presented in the Figure. Firstly, when  η  < 1, then the non-Darcy effect is less than 0.1, that is, the non-Darcy effect and existence of inertial resistance in this case are not significant. Meanwhile, the viscous resistance in this case mainly reduces the fluid pressure. Therefore, a Darcy flow is observed. Secondly, if  η  is greater than 1, then the numerical value of the non-Darcy effect shows a substantial increase with the increase of  η . The inertial resistance and viscous resistance in this case play equally important roles in pressure reduction. The non-Darcy effect cannot be ignored and becomes increasingly intense as the permeability of the collapse column increases. When  η  is close to 400, that is, the permeability of the collapse column layer is 400 times higher than that of the aquifer, the non-Darcy effect  λ  is 0.74 and the Forchheimer coefficient is 2.95. In this case, viscous resistance produces a weak influence on the overall pressure drop that can be ignored. Afterward, the inertial resistance begins to dominate and the flow is converted into a high-speed non-Darcy flow. Therefore, the groundwater flow transitions from Darcy flow to high-speed non-Darcy flow. This non-Darcy flow is highly dependent on the permeability of the collapse column that results in groundwater inrush.




4.4. Prediction of Water Inrush Volume


Water inrush volume is an important index for studying groundwater inrush disasters. To examine the influence of the rock mass parameters of the collapse column on water inrush volume, we describe the influence of fractured rock mass on water inrush volume by using different permeability ratios and inertial force coefficients to change the fractured rock mass of collapse column as shown in Figure 9.



The inertial factor  β  of fractured rock mass has a slight influence on water inrush volume. When the  η  value (or permeability) remains unchanged, the inflow amount of groundwater stays the same. However, when the inertial factor of the fractured rock mass is unchanged, an increase in  η  will significantly change the inflow amount of groundwater or water inrush volume.



If  η  < 0.1, that is, the permeability is very small, then the fractured rock blocks in the collapse column show a high density and low porosity. In this case, the collapse column does not play any role in water diversion but instead blocks the inflow of groundwater. Therefore, the groundwater flow rate is very low and close to zero. Meanwhile, an increase in permeability will significantly increase the inflow of groundwater. The change of water inrush volumes is significant when the value of  η  is higher than 10.



We can also measure the influence of the inertial factor  β  on water inrush volume by changing the inertial factor as shown in Figure 10. As the value of  η  increases, the groundwater inrush volume shows a nonlinear growth trend and the amount of water inrush increases. In other words, an increase in permeability amplifies the porosity of the collapse column, which plays an important role in increasing the water inrush volume. With a changing inertial factor  β , the water inrush volume changes by a bigger margin with a larger permeability. However, when the permeability ratio is small, the difference in water inrush volume is not apparent.



When  η  > 50, the effect of inertial factor  β  on groundwater seepage is increasing. It may be caused due to the fact that the permeability of the column area is not much different from that of the aquifer when  η  is small. The flow velocity of the aquifer is not much different from that of the column, and the inertial resistance of the fluid in the column is not obvious. Therefore, the effect of the change of inertial factor  β  on fluid velocity and water inrush is not obvious. When  η  is large, it can be seen from Figure 6 that there is a big difference between the velocity of water flow in aquifer and the column. The inertial resistance of fluid in column has an obvious effect, and the increase of velocity of water flow causes the increase of inrush flow volume.





5. Conclusions


This paper establishes a nonlinear water inrush model that combines the Darcy flow field, Forchheimer flow field, and Navier–Stokes flow field to simulate the water inrush process from the collapse column and to examine those factors that influence such water inrush. The main conclusions of this paper are summarized as follows.



The water inrush from the collapse column is essentially a process of flow transition in different flow fields. The analysis results reveal that the Darcy flow field is generally distributed in the underground aquifer, the Forchheimer flow field with nonlinear high-speed seepage is observed in the collapse column of the fractured zone, and the Navier–Stokes flow field is generally located in the laneway. The inertia force of fluid is ignored and the linear laminar flow is dominant in the aquifer. As the water inrush speed increases, the Forchheimer flow in the collapse column becomes firstly dominated by viscous resistance, gradually transitions to the joint action of viscous resistance and inertial resistance, and is eventually dominated by inertial resistance. The transition of the flow state reflects the seepage of water inrush.



A non-Darcy effect is often observed in the water inrush from the collapse column. However, the existence of a non-Darcy effect does not change the water inrush volume. Instead, the change in the permeability of the collapse column shows a very apparent impact on water inrush volume. Specifically, an increase in the permeability of the collapse column corresponds to an increase in water inrush volume and significantly relieves the pressure and pressure gradient in the entire flow field.
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Figure 1. Schematic diagram of the collapse column model [9]. 
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Figure 2. Diagram of the collapse column model. KCC: karst collapse column. 
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Figure 3. Flow velocity (a) and water pressure (b) distribution of fluid in the water inrush process. A-B-C-D-E is the monitoring line; the coordinates are A: (0,90), B: (150,90), C: (162,205), D: (175,300), and E: (350,300). 
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Figure 4. Water flow pressure distribution in the aquifer and collapse column at different  η  values. (a)  η  = 0.01; (b)  η  = 0.1; (c)  η  = 1; (d)  η  = 10; (e)  η  = 100; (f)  η  = 1000. 
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Figure 5. Water pressure distribution in the model detection line. 
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Figure 6. Flow velocity distribution on the monitoring line. 
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Figure 7. Distribution of non-Darcy effect  λ  on the monitoring line at different values of  η . 
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Figure 8. Flow behavior of non-Darcy fluid with different values of  η  at point C in the inspection line. 
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Figure 9. Water inrush volumes under different aquifer coefficients. 
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Figure 10. Changes in water inrush volume at different permeability values. 
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Table 1. Parameters of the model.






Table 1. Parameters of the model.





	Parameter
	Value





	Density  ρ 
	1000 (kg/m3)



	Viscosity  μ 
	0.001 (Pa·s)



	Permeability of aquifer    k d   
	1.9 × 10−11 (m2)



	Permeability of KCC    k f   
	1.9 × 10−9 (m2)



	Porosity of aquifer    φ d   
	0.14



	Porosity of KCC    φ f   
	0.348



	Water pressure P0
	3.5 × 106 (Pa)
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