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Abstract

:

In order to study the matrix loss process and skeleton seepage law in the fracture of the fault rock, the three-dimensional model of the skeletal rock sample of the fault rock was obtained by CT scan, and the porous media seepage model was established with different structural types of natural fractures, and the flow rate and pressure distribution law of the seepage in the fracture was obtained by FLUENT software simulation. The results show that: the seepage under different pressure conditions is approximately the same, and the velocity increases continuously with the increase in pressure; The water seepage in different directions of the fracture channels under the same pressure conditions is not exactly the same, which is caused by the different microstructures of the pores. For the pressure distribution, it gradually decreases along the direction of water seepage, and for the speed distribution, it shows the law of changing from large to small and then increasing.
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1. Introduction


With the gradual increase in the depth of coal mining in China, the safety risks faced are also increasing, and coal mine permeability accidents are still an important part of the accidents affecting coal mine production safety [1,2,3,4,5] and the economic losses caused by coal mine permeability have been the top of coal mine disasters. The fault is a weak geological structure that affects the safety of coal mining, and it is easy to form a water inrush channel in which the pressurized water of the aquifer layer conducts to the working face. Fault structure fill often consists of fault mud as a matrix and fault rock as the skeleton. The substrate in fault rock is very vulnerable to latent intrusion to form seepage channels [6,7], and under the support of the skeleton, the seepage channels expand to form a pipe surge through the fault, and the fault waterproof coal column is improperly retained or structural damage, and other protective measures fail, which will form water damage. Fault sudden water in coal mines [8,9,10,11] has gradually become a key scientific and technical problem that restricts the economic development of coal in China. From the case of sudden water of coal mine fault in past years, the sudden water of fault is influenced by the nature of its filling medium, especially the structure and permeability of the filling medium, so the study of the seepage characteristics of the fault filler is of great significance for the prediction of sudden water and its prevention and control.



Along with the rapid development of science and technology, computed tomography (CT) technology, three-dimensional microscopic imaging technology, focused ion beam-scanning electron microscopy (FIB-SEM), and magnetic resonance imaging (MRI) technology have become popular and widely used [12,13,14,15,16,17]. With the help of 3D digital core technology, porous media can be scanned from the nanometer to the micrometer level, enabling the reproduction of the real porous media pore structure with high accuracy, facilitating the observation of the degree of inhomogeneous changes in the internal structure of pores, visualizing the internal structure of pores and achieving fine characterization, which will help to promote the progress of 3D structure measurement and characterization of porous media [18,19,20,21,22,23]. Wang Gang [24,25] established a 3D coal skeleton structure model containing pore fissures by using CT scanning and 3D reconstruction techniques, and the simulations demonstrated that a velocity peak and a stable flow rate value exist at each point in the pore fissures during seepage. Yao Banghua [26] established a multi-field coupled deformation-seepage erosion mechanics model for trapped column sudden water deformation based on dual pore medium seepage theory. Li Liping [27] used a computational procedure that can consider the dual damage criterion of rock tension shear and compression shear under the action of groundwater to reproduce the catastrophic evolution process of mining fracture sprouting, expansion, and penetration until rupture channel formation in the water-isolated rock body between the pressurized aquifer and the roadway.



Therefore, this paper explores the influence of the fracture structure of the original rock on the seepage law through the numerical simulation of the actual rock single fracture model. Combined with CT scanning and 3D reconstruction technology, a three-dimensional rock skeleton structure model containing pore fractures was established. On this basis, a porous medium model is constructed, and the flow velocity and pressure distribution of different seepage paths are obtained by simulating the seepage of a single fracture structure to explore the effects of different seepage paths and pressure and other factors on the seepage characteristics.




2. CT Scan and 3D Model Reconstruction


2.1. Pre-Processing of CT Scan Images


In this paper, the skeleton rocks of small fault filling collected during the roadway development in the Jining mining area of Shandong Province (the location is shown in Figure 1) were selected and made as dynamic metamorphic schist samples with a size of 7 × 7 × 30 mm. The terrain in the mining area is undulating. The terrain is high in the south and low in the north, high in the west and low in the east, and high in the southwest and low in the northeast. The ground elevation is between 506.2~229.3 m, the relative height difference is 276.9m, and the average slope is about 3°46’. The CT scanning device nanoVoxel-3502E cross-scale core scanning imaging system is used to import the raw data file obtained by the CT scanning device into the AVIZO software. The CT scan reconstructs a model size of 600 × 600 × 1400 voxels with 0.02381770 mm opaque voxel units and scans to obtain a 3D image of the rock sample. A 3D digital core model is constructed by region selection, sequence adjustment, angle correction, and black spot elimination of image slices. In order to extract the pore structure information from the scanned images, it is necessary to first separate the pore structure from the matrix skeleton, mainly using image filtering and threshold segmentation binarization techniques. After the core has been scanned, isolated pixel points with different grey scale values will appear due to interference from noise, etc. Noise is generally excluded by means of an islanding algorithm. For skeletons and pores, even the same rock components may show different greyscale values due to subtle differences in the nature of the mineral grains and their degree of metamorphism; Therefore, it is necessary to adopt appropriate filtering algorithms to remove noise interference and at the same time make the gray value distribution of the same component more concentrated, and the gray value distinction of different components more obvious, highlighting the pore fracture structure surface characteristics of rock samples, which is convenient for later threshold segmentation.




2.2. Fracture Extraction


The CT images are image processed, and 3D reconstructed to obtain a 3D pore model. After processing the model with Median Filtering and the threshold splitting binarization method, the appropriate fissure extraction was selected in the cropped model by AVIZO software (as shown in Figure 2). The cropped section is 150 × 150 × 150 voxels in size, and the sample contains a full fissure. After extracting the fissures, the surface of the fissures is smoothed, the entrance and exit of the fissures and the boundary conditions are set, the intersections are repaired, the number of faces is simplified so as to improve the quality of the mesh, and finally, a triangular mesh is generated on the surface of the fissures. After the meshing is completed, the quality of the mesh is checked, and low-quality, unconnected meshes are removed to ensure that a high-quality mesh is generated and finally saved as a cas format file, which is then imported into FLUENT software for the next numerical simulation.





3. Seepage Simulation


3.1. Condition Setting


Convert the network structure of the pores into a file in CAS format and import it into FLUENT. As the units in AVIZO and FLUENT software are different, the grid units need to be unified. Check the quality of the grid to ensure that there are no negative volumes. Set boundary conditions for walls and entrances. This paper mainly considers the effect of different paths and pressure gradient changes on the distribution of pore fissure seepage and flow rate changes, so the simplified model ignores the compressibility of water and the role of gas, does not consider the erosion of water on the rock boundary during seepage and the fracturing effect, measured after the seepage is stable to ignore the error of surface tension. In setting the boundary conditions, the model is divided into three parts: pressurized water, porous media structure, and atmosphere, where the atmospheric pressure is not considered to be influenced by the stratigraphic structure, the pore structure is represented as an airfield, and the pressurized water is set to be pressure driven, essentially a water-driven gas flow simulation. A gravity field of 9.8 m/s2 was also set in the y-negative direction, and simulations of seepage under different pressure conditions were carried out in the z-positive and negative directions of the model, respectively, to study the seepage characteristics of the fissure model.




3.2. Solver Model Selection


The rough structure of the fracture surface leads to non-Darcy flow, and the exact solution must be obtained by solving the N-S equation [28,29,30]. When the pore structure of the seepage medium is not considered, the seepage model is commonly used, and the method of studying fluid dynamics is introduced to the entire seepage area. The controlling equations for general incompressible flow have the continuity equation and the N-S component, namely:


    ∂ u   ∂ t   + u · ∇   u = −  1 ρ  ∇ p + v  ∇ 2  u + f  



(1)






  ∇   ·    u  = 0  



(2)







The first of these formulas is the N-S equation, and the second is an incidental formula for incompressible fluids. Where: u is the average velocity of the micro-element section u = nu’; t is the time; ρ is the fluid density; p is the permeation pressure; f is the force per unit mass, and υ is the kinematic viscosity coefficient of the fluid.


   S    =    gJ   



(3)







Substitution of Darcy’s theorem:


   v    = −  kJ     



(4)






   S    = − g  v k   



(5)




where: S is the resistance to seepage per unit mass, J is the infiltration ratio, g is the acceleration of gravity.



Because the flow of fluid media within the pores of porous media is predominantly turbulent, simulations are carried out using the standard k-ε model. The advantages of the standard k-ε model are its wide applicability, its low cost, and the high accuracy it can achieve.




3.3. Experimental Design of Seepage Simulation


The control of variables in this experiment mainly lies in the condition setting of the entrance boundary and the selection of different paths. Since the sample fissures are laminar in distribution and there are no obvious through-hole fissures between the fissures, the entrance is set to a certain cross-section of the fissures, and it is also possible to compare the difference of seepage development in different scale fissures by selecting different fissures under the premise of ensuring seepage development. Other factors affecting the effect of seepage include fracture density, connectivity, and tortuosity, which are considered quantitative when the model is determined, and only two variables, pressure gradient, and different fractures, are considered in the experiments of this paper for their effect on the seepage characteristics. The initial pressure at the entrance boundary was divided into several stages, each through a different fissure channel, to see the effect of the two variables in the simulation results on the seepage of the specimen. The DPM model in FLUENT is applied to inject particles and, after post-processing, to observe the trajectory of the particles to see the changes in the flow field and to study the particle flow pattern.




3.4. Seepage Simulation Results and Analysis


The single-fracture structure model of the fault filling was established by means of region selection, the seepage simulation was carried out, and the pressure cloud map and velocity vector diagram at the initial pressure of 0.1 MPa, 0.5 MPa, 1 MPa, 3 MPa, 5 MPa, and 10 MPa at different entrances in the z forward direction and z negative direction were obtained respectively (as shown in Figure 3, Figure 4, Figure 5 and Figure 6), and the seepage characteristics of the pores of the fault filling and the loss law of the matrix in the skeleton were analyzed.



The simulation results show that under the same pressure conditions, the seepage of water in different directions of the channel is not exactly the same, which is due to the different pore structure, permeability coefficient, and tortuosity inside the fill. For the pressure distribution, there is a gradual decrease in the direction of water seepage, with pressure changes decreasing before increasing when the pore channels become abruptly large and relatively small pressure changes in areas where the channels change relatively gently. There is no significant change in water seepage in the same direction under different pressure conditions, but as the pressure continues to increase, the rate of water seepage increases.



From Figure 3 and Figure 5, it can be seen that the overall pressure distribution gradually decreases along the direction of water seepage while the velocity increases, which is due to the conversion of fluid pressure potential energy into kinetic energy in the back section of the model and the larger total energy loss due to wall friction and backflow factors.



From Figure 4 and Figure 6, it can be seen that the seepage is divided into three regions: laminar, transitional, and turbulent flow. The flow velocity in the laminar region is low, the viscous force is dominant, and Darcy’s law applies. The flow velocity in the transition zone increases, the viscous force becomes smaller, the inertial force increases, and the flow becomes nonlinear laminar flow, and Darcy’s law does not apply. Turbulent zone flow velocity is higher, inertial forces dominate, and Darcy’s law does not apply. Nonlinear seepage occurs when the seepage velocity is too large or too small. When the seepage velocity is too large, it is the inertial force that dominates and cannot be ignored, while when it is too small, the reason is that the adsorption and hydration membranes affect the linear relationship of seepage, which have different mechanisms and different descriptions, but both cause nonlinear seepage. In multi-phase seepage, the fluid interaction in the porous medium complicates the seepage conditions.



It can be seen from Figure 4, Figure 5, Figure 6 and Figure 7 that under different pressure conditions, the seepage of water in the same direction does not change significantly, and with the gradual increase in pressure, the seepage speed of water also increases; When the initial pressure increases from 1 MPa to 3 MPa, the maximum velocity increases from 9.7 m/s to 19.8 m/s along the z-positive direction and from 9.1 m/s to 17.2 m/s along the z-negative direction; when the pressure increases from 3 MPa to 5 MPa, the maximum velocity increases from 19.8 m/s to 26.2 m/s in the z-positive direction and from 17.2 m/s to 22.7 m/s. It can be seen that as the initial pressure increases, the water seepage rate eventually plateaus. From Figure 4 and Figure 6, it is obtained that the water seepage in different directions is different under the same pressure conditions, but the overall velocity tends to increase, then decrease, and then increase. This is due to the different tortuosity and permeability coefficients of the microscopic pore structure itself.



In order to further study the characteristics of water seepage under different fissure model channels and analyze the seepage law, another fissure was selected for simulation, and the pressure cloud and velocity vector diagrams of the model at an initial pressure of 3 MPa were obtained, as shown in Figure 8.



From Figure 3, Figure 4 and Figure 8, it can be seen that under the same pressure conditions, the seepage of different fracture models is approximately the same, and for the pressure distribution, different fracture models are gradually decreasing along the direction of water seepage. For the velocity distribution, the seepage flow as a whole tends to increase, then decrease, then increase again. When the pore space suddenly increases, the seepage velocity will decrease; when the pore channel suddenly decreases, the seepage velocity will increase.



In order to visually observe the matrix loss and skeletal seepage routes within the pore space, the DPM modeling method in FLUENT software was used to set the particles to be injected from the entrance surface and set the boundary to reflective particle type, and then the particles were tracked to show the seepage trajectory of the particles within the pore space in a more intuitive way, and the changes in the flow field could be seen through the particle trajectory in the post-processing. This is shown in Figure 9.



From Figure 9, it can be found that the particle motion trajectory is in the same direction as the water seepage. From Figure 9a, it can be seen that when the pore channel suddenly increases, the particle motion will generate vortices, and when the pore channel suddenly decreases, the motion velocity will increase. Although there are slight differences in the trajectories of the particles, the overall seepage is more or less the same, with the seepage velocity first increasing, then decreasing, and then increasing again.





4. Discussion


In the change of fault geological structure, the size, shape, and distribution of the fault-fill skeletal pore fractures differ greatly from those of sedimentary and magmatic rocks due to stress and metamorphism and are related to their mineral composition and degree of metamorphism, which inevitably has an impact on the general evaluation of fault-fill skeletal pore fractures. Compared with mudstone, kinetic metamorphic schist has more stable structural characteristics under water-rock action and contains more fractures along the grain direction, making it easy to obtain fracture models. Therefore, in the simulation experiments, CT scans and 3D model reconstructions were carried out using a sample of dynamically metamorphosed schist in the skeleton of the fill. The numerical simulation of seepage flow is used to analyze the evolutionary patterns affecting the seepage characteristics of the fractures from different directional channels and under different initial pressure conditions.



The seepage characteristics of the fracture skeleton can be controlled or influenced by a variety of factors. The tortuosity of the fractures can lead to differences in flow rates in the seepage field, which inevitably affect the evolution of the seepage characteristics. Differences in the pore structure within the fill are also inherent conditions affecting the evolution of the seepage characteristics. Typically, seepage characterization studies rarely involve aspects of differently oriented channels, so this simulated experimental study presents the seepage characteristics of channels in opposite directions in the same fissure.



As shown in Figure 3, Figure 4, Figure 5, Figure 6 and Figure 7, the pressure and velocity distributions for the z-positive and z-negative inlet models show that the channel water seepage characteristics are similar in different directions. The overall pressure distribution pattern is similar in both positive and negative directions, with the pressure gradually decreasing along the direction of water seepage and the pressure change showing a trend of first decreasing and then increasing when the fissure channel suddenly becomes larger. The overall trend of velocity change in the positive and negative directions is to decrease and then increase. There is no significant change in the seepage of water in the same direction under different pressure conditions. As the pressure continues to increase, the seepage rate of water continues to increase but eventually tends to a steady state. As shown in Figure 3, Figure 4 and Figure 8, the seepage is approximately the same for the different fracture models under the same pressure conditions.




5. Conclusions


(1) A 3D skeleton model containing the fracture structure was constructed based on CT images of the coal mine fault fill. On this basis, the fracture structure data of the fault fill were obtained, and the seepage simulation of the fracture structure with control variables was combined with FLUENT. The seepage characteristics of the fill were analyzed, and data on the pressure and flow velocity distribution during seepage were obtained for the fracture structure model of the fill.



(2) In the microscopic case of filling fractures, seepage under different pressure conditions is approximately the same, and the rate increases continuously with increasing pressure. Under the same pressure conditions, the water seepage of fracture channels in different directions is not exactly the same, which is caused by the different microstructure of pores. For the pressure distribution, gradually decreases along the direction of water seepage, and for the speed distribution, it shows the law of changing from large to small and then increasing.



(3) By tracing the particle trajectory, it is found that vortices occur when the fissure channel suddenly increases, and the velocity of motion increases when the pore channel suddenly becomes smaller. Although there are subtle differences in particle trajectories, the overall seepage pattern is roughly the same, with the seepage velocity first increasing, then decreasing, and then increasing again.



(4) The seepage of the rock fracture structure in the fault fill is consistent with the characteristics of groundwater seepage, which is characterized by a decrease in pressure and an increase in flow rate when the fracture opening decreases due to the conversion of fluid pressure potential energy into kinetic energy in the back section of the model, and a larger total energy loss due to wall friction and backflow.
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Figure 1. Mine Location Map: (a) Map of China. (b) Map of Shandong. (c) Diagram of Anju Coal Mine in Jining Mining District. 
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Figure 2. CT scan preprocessing. 
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Figure 3. z forward inlet pressure cloud map: (a) 0.1 Mpa pressure cloud map. (b) 0.5 Mpa pressure cloud map. (c) 1 Mpa pressure cloud map. (d) 3 Mpa pressure cloud map. (e) 5 Mpa pressure cloud map. (f) 10 Mpa pressure cloud map. 
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Figure 4. z forward inlet velocity vector diagram:(a) 0.1 Mpa speed vector. (b) 0.5 Mpa speed vector. (c) 1 Mpa speed vector. (d) 3 Mpa speed vector. (e) 5 Mpa speed vector. (f) 10 Mpa speed vector illustration. 
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Figure 5. z negative inlet pressure cloud map: (a) 0.1 Mpa pressure cloud map. (b) 0.5 Mpa pressure cloud map. (c) 1 Mpa pressure cloud map. (d) 3 Mpa pressure cloud map. (e) 5 Mpa pressure cloud map. (f) 10 Mpa pressure cloud map. 
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Figure 6. z negative inlet velocity vector diagram:(a) 0.1 Mpa speed vector. (b) 0.5 Mpa speed vector. (c) 1 Mpa speed vector. (d) 3 Mpa speed vector. (e) 5 Mpa speed vector. (f) 10 Mpa speed vector. 
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Figure 7. Velocity change diagram under different inlet pressure conditions. 
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Figure 8. The 3 Mp pressure cloud and speed vector illustration: (a) fracture mesh model. (b) pressure cloud map. (c) speed vector illustration. 
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Figure 9. The 3 Mp pressure cloud and speed vector illustration: (a) fracture grid motion trajectory. (b) z forward motion trajectory diagram. (c) z negative motion trajectory diagram. 
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