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Abstract

:

In China, coal seam water injection technology is widely used in the prevention and control of mine gas and dust disasters. The evolution law of stress–seepage field in the range of hydraulic influence in the process of coal seam water injection is the most basic theoretical problem in coal seam water injection technology. Therefore, this paper first uses the radial seepage experimental system to test the permeability of raw coal samples, and then numerically inverts the stress–seepage evolution law of the coal body around the water injection hole. The results show that the coal seam permeability decreases exponentially with the increase in the experimental overburden pressure. The dynamic water intrusion causes the pressure relief area and the stress concentration area to transfer to the deep part of the coal body, and abnormal stress occurs near the water injection hole wall. The composite stress area formed by the superposition of stress and pore water pressure reduces the permeability of the hole wall. During the radial development of water injection, the pore water pressure dropped sharply and eventually tended to zero, while Darcy’s velocity decreased significantly (within the pressure relief zone, it rapidly decreased from 7.26 × 10−3 m s−1 to 2.5 × 10−3 m s−1 (by 65.56%)). Near the initiation point, the maximum step-down height of Darcy’s velocity decreased from 6.73 × 10−3 m s−1 to 5.27 × 10−3 m s−1 (by 22.73%). This can make it clear that the seepage velocity presents a non-Darcy seepage phenomenon under the influence of pore pressure.
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1. Introduction


The conditions for the occurrence of coal resources in China are complex and, with the increase in coal mining depth and intensity, the prevention and control of coal and gas outbursts, dust, and mine disasters in general has become more difficult [1,2,3,4,5,6]. At present, the most largely adopted technology in China for reducing the concentration of dust (from the source) is coal seam water injection. This technology is capable of softening the coal body, transforming its mechanical properties, reducing the original in situ stress of the coal seam, and reducing the risk of coal and gas outbursts [7,8,9,10,11,12,13]. In brief, it consists of the construction of drilling holes before coal seam mining and the injection of high-pressure water into the crack pores of the coal body. Notably, the coal body would have already undergone several physical and chemical processes (e.g., fracturing, pore opening, fluid wedging, erosion, wetting) [14]. Therefore, revealing the coal stress–seepage coupling mechanism around the water injection borehole during coal seam water injection is expected to provide new insights in the solid–liquid coupling theory for rock mechanics and is based on a solid integration of elastic, rock, fracture, and fluid mechanics [15,16,17].



Coal bodies can be described as typical porous fractured medium structures. Notably, the development of their internal structure directly determines their seepage characteristics; moreover, their structure dynamically evolves with the mechanical environment [18,19,20,21,22]. For this reason, Yang et al. [23] established a hydraulic–mechanical coupling model based on the numerical manifold method (NMM) to study the propagation of predetermined fractures driven by fluid pressure. Shen et al. [24] established a stress–seepage damage coupling model for the hydraulic fracturing of rock masses and analyzed the crack propagation process based on a plane stress model of rock masses with initial cracks. Miehe et al. [25] proposed a new rate-independent incremental variational framework for diffusion and fracture behavior based on the evolution of the local historical field. To further clarify the dynamic evolution process of crack development, a large number of scholars have described the crack propagation evolution law based on the phase field model [26,27,28,29,30,31,32,33,34]. However, during crack propagation, due to differences between the mechanical environment and the coal structure, the crack surface is usually not smooth. To investigate the relationship between crack deformation and fluid flow, some scholars have also carried out accurate quantitative characterization studies on rough surfaces [1,35,36,37,38]. Overall, the main factor explaining the formation of cracks during coal seam water injection appears to be mechanical damage: the water injection pressure would cause an expansion of the damage range and aggravate the damage [39,40,41,42]. As the fractures continue to expand and extend along the weak surface, the opening of multiple levels of fractures would cause fatigue damage to the fractured rock mass under stress cyclic loading conditions and the tensile strength would continue to decrease, resulting in a decrease in the fracture initiation pressure [26,43,44,45]. During the entire process of coal and rock damage, deformation, and progressive fracture, the distribution of stress–seepage fields in different areas of the coal body around the borehole is regulated by a complex interaction law, which should be considered when studying the mutual coupling relationship between stress damage and seepage. Zhao et al. [46] proposed a dual-medium seepage model, including an equivalent continuum and discrete fractured media, to simulate the seepage–damage coupling effect of fractured rock masses. Cao et al. [47] established the non-linear seepage equation of coal seam water injection by analyzing the stress distribution on the working face and its influence on the coal seam water injection characteristics; moreover, they studied the water injection head, the seepage velocity, the water injection flow rate, and other parameters by considering the characteristics of the solution. To determine the law of temporal and spatial evolution, Jasinge et al. [48] conducted gas permeability test experiments on coal samples under different confining pressures, obtaining a law describing stress–permeability changes in Australian lignite.



To sum up, due to the extremely complex dynamic process of water invasion during coal water injection, the coupling mechanism of coal body stress and pore water pressure around the water injection borehole is also very complicated. This mechanism is strictly connected to the evolution of the coal mechanical structure and the seepage characteristics around the borehole before and after water injection. An in-depth analysis and discussion of the laws describing such a mechanism is expected to clarify the expansion and extension of fractures in water-injected coal bodies, increase the scope of influence of water injection, and provide fundamental information for improving the effect of this technology. Here, we considered a raw coal sample obtained from coal seam No. 10 in Luling Coal Mine. First, the permeability of the coal sample was tested by using a radial seepage experimental system and the permeability of the coal sample before water injection under different overburden pressure conditions was obtained. Second, by considering the mechanical characteristics of the coal sample, the dynamic evolution law of stress–seepage around the borehole during the coal seam water injection process was inverted by using the COMSOL Multiphysics 5.4 numerical simulation software. Finally, based on the numerical simulation and experimental results, the coupling mechanism of stress and pore water pressure in the four stages of the uninjected section, at the initiation of water injection, during crack expansion, and at the end of water injection were discussed. The study can be extended to similar structures of coal seams or other mining areas, providing theoretical guidance for the coal seam water injection process.




2. Radial Seepage Experiment of Large Size Raw Coal


2.1. Experimental System


The permeability of a coal seam is an important parameter directly reflecting the fluid seepage ability in the process of water injection, which determines the wetting effect of water injection. It is difficult to measure the permeability parameters of a coal seam on site due to the existing technology. At present, for the study of coal seam permeability, a large number of scholars mainly conduct laboratory research on small-size briquette-pressed coal samples or small-size raw coal samples [49,50,51,52]. Although laboratory tests are easy to perform and repeatable, there are still large errors in the test results of coal seam permeability due to the influence of coal sample size. To this end, a large-scale raw coal radial seepage experimental system was independently developed. On the basis of similar studies, the size of a coal sample specimen was further expanded, and the original fracture structure of a coal seam was reduced as much as possible. The influence of the coal sample boundary effect on the measurement parameters was reduced, and the accuracy of measurement results was improved. The experimental system is mainly composed of an overburden loading unit, a gas injection control unit, a vacuum unit, and a data acquisition and real-time monitoring unit (consisting of four parts). The structure of the experimental system is shown in Figure 1:




2.2. Experimental Process


2.2.1. Coal Sample Preparation


The experimental coal samples were taken from the tunneling face of coal seam No. 10 of Luling Coal Mine in the Huaibei Mining Area. The coal seam was stable and had a simple structure. The coal body was represented by a black glass shiny block with flat fractures and mainly bright briquette, belonging to the bituminous coal rank. A large number of gas coal samples were collected from the newly exposed coal wall of the excavation face at the site, sealed, and sent to the laboratory to test the industrial analysis values and the mechanical parameters. The test results are shown in Table 1 and Table 2.



According to the experimental research requirements, the largest and most complete lump coal sample collected from the site was selected for further processing. After drilling, cutting, and grinding, this sample was processed into a cylindrical shape with a diameter of 0.3 m and a height of 0.1 m. To reduce the influence of man-made disturbance on the coal sample, and to make the flatness and smoothness of the processed coal sample meet the required experimental standards, the speed of the machine tool was kept low as much as possible during the processing. The processed coal sample was finally wrapped and sealed with plastic wrap and sent to the laboratory. Once there, the coal sample was placed vertically in the center of a faceplate and quick-drying cement was poured in the space between the sidewall of the coal sample and the faceplate. The sample was, hence, left untouched for 7 days to allow the quick-drying cement to harden completely. Once the cement was solidified, a water injection hole was drilled into it from the bottom to complete the preparation of the raw coal specimen. The entire preparation process is shown in Figure 2.




2.2.2. Experimental Program


Using the experimental system described above, the prepared raw coal specimens were used to complete the gas radial percolation experiments on the coal samples before water injection under different overpressure conditions. The specific experimental steps were as follows: clean-up of impurities inside the cylinder; placement of a thin ring-shaped silicone gasket at the contact position of the cylinder bottom with the faceplate; wiping of the faceplate’s outside part and placement of clean coal samples at the center of the cylinder body; alignment of the bottom of the faceplate’s orifice with the exhaust port at the bottom of the cylinder; sequential installation of the pressure plate, sealing piston, and cylinder head; connection of the pressure transmitter to the oil, water, and gas pipelines; check of the device’s air tightness. After the installation was complete, the data acquisition and real-time monitoring unit and the hydraulic pump were turned on and the sealed piston started to apply axial pressure in the sample, simulating the overburden pressure. After the pressure sensor stabilized, the lower cylinder was vacuumed with a vacuum pump until the gauge pointer pointed to the far left. After adjusting the overburden pressure to reach the required pressure value for the experimental program, the argon gas was let in and the gas outlet was opened at the same time. After the instantaneous flow of argon gas at the outlet stabilized, the sensors and flowmeters were used to measure the internal and external boundary pressures and the argon flow. The overburden pressure was then changed and the above experimental steps were repeated: the complete gas radial percolation experiment was reconducted under overburden pressures of 6 MPa, 9 MPa, 12 MPa, and 15 MPa. The entire experimental process is shown in Figure 3.





2.3. Experimental Results


By using the radial seepage experimental system, completing the gas radial seepage experiment test under different overburden pressure conditions, and substituting the experimental data into Equation (1) [53], it was possible to calculate the coal seam permeability under different overburden pressure conditions before water injection. The experimental test results are shown in Table 3.


  k =    Q 0  μ  p 0  ln    r e  /  r w      π h    p e 2  −  p w 2       



(1)







In Equation (1), k is the permeability of the coal seam (mD), μ the fluid viscosity coefficient,    p 0    the laboratory atmospheric pressure (101,325 Pa), and    Q 0    the gas flow rate measured at the laboratory temperature and under pressure    p 0    (mL s−1). Moreover,    p w    and    p e    are the inner and outer boundary pressures, respectively (MPa),    r w    and    r e    are the inner and outer boundary radiuses, respectively (cm), and h is the thickness of the raw coal sample (cm).
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Table 3. Experimental test results.
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Experiment Number

	
Burden Pressure (MPa)

	
Gas Injection Pressure (MPa)

	
Outlet Pressure (MPa)

	
Gas Flow

	
Gas Permeability (mD)




	
(mL min−1)






	
1

	
6

	
0.3

	
0.13

	
15186

	
72.49




	
2

	
9

	
0.3

	
0.08

	
4833.33

	
20.17




	
3

	
12

	
0.3

	
0.03

	
1833.33

	
7.18




	
4

	
15

	
0.3

	
0.02

	
208

	
0.81











Previous studies have shown that coal permeability and the external overburden load are linked mainly by linear, exponential, quadratic, and power-law relationships [54]. According to the coal seam permeability and gas flow rate distribution in relation to the overburden pressure, the relationship between the coal seam permeability, the gas flow test results, and the overburden pressure was fitted exponentially. After fitting, it is found that the two have a good matching relationship, and the fitting coefficients are greater than 0.99, indicating that the fitting effect is good. The fitting curve is shown in Figure 4. Notably, the changes in coal seam permeability and gas flow rate in relation to the overburden pressure are basically consistent and show an exponential decrease. Under a constant gas injection pressure, the measured coal seam permeability of the coal sample decreased significantly under an increasing overburden pressure; however, the decreasing rate gradually decreased over time. When the overburden pressure increased from 6.0 MPa to 15.0 MPa, the measured permeability of the coal seam decreased from 72.49 mD to 0.81 mD (by 98.88%). In an ideal state, should the overburden pressure increase indefinitely, the coal seam permeability would decrease and gradually tend to zero. The main reason for this is that, as the overburden pressure increases, the coal body becomes compacted and deformed. The greater the overburden pressure, the greater would be the deformation value and the density of the internal porous structure. Notably, a porous structure with narrow spaces would lead to the seepage of gas in the coal body and to a reduction in coal seam permeability. At the same time, the fitting curve of the gas flow rate in relation to the overburden pressure confirms that coal compaction can lead to gas seepage under increasing overburden pressure.





3. Numerical Simulation Analysis of the Stress–Seepage Coupling Law


From the radial seepage experiment, it appears that stress is the direct cause of coal body deformation. However, due to the change in coal seam strike and dip angle, the occurrence of the coal seam is not at a unified height, resulting in different overburden pressures on different positions of the coal seam and different mechanical environments of the coal seam. The permeability of a coal seam changes with the change in overburden load conditions, so the stress–seepage coupling in the process of water injection presents a dynamic evolution law at different positions. However, as a typical grey system, coal seams cannot directly obtain the actual change of stress in the process of water injection, and the radial seepage experimental system cannot completely reproduce the evolution characteristics of stress. Based on the coal seam permeability obtained by the radial seepage experiment and on the mechanical characteristics parameter of the coal sample, we used the COMSOL Multiphysics 5.4 numerical simulation software to invert the stress–seepage field coupling relationship and to further analyze the characteristics of stress distribution and dynamic evolution of Darcy seepage in the surrounding area of the borehole during the water injection process.



3.1. Physical Model and Parameter Settings


The coal seam water injection process is a multi-field coupling process accompanied by coal matrix deformation and coal internal seepage. The pressure water will affect the mechanical properties of coal around the borehole, the distribution of stress field, and the change of pore pressure in seepage field. Here, the coal seam water injection calculation process was assumed to be effectively described by an isotropic seepage model, and the seepage process was assumed to conform to Darcy’s law. The COMSOL Multiphysics 5.4 simulation software was used to simulate the stress–seepage evolution law during the water injection process and the coupling was mainly completed through the “poroelasticity” multiphysics interface. The “poroelasticity” multiphysics interface combines the transient formula of “Darcy’s law” with the quasi-static formula of “Solid Mechanics”. Notably, the pore pressure in the “Darcy’s law” interface acts as the load of the “Solid Mechanics” interface, causing the coal body to expand or contract. The “Solid Mechanics” interface uses the mechanical equilibrium equation to control the elastic deformation of coal structure, and the “Darcy’s law” interface controls the fluid flow through seepage and continuity equation. Our geometric model was established according to the size of the radial seepage experimental system, using a free tetrahedral mesh. The geometric model obtained after applying the mesh is shown in Figure 5, and the relevant parameters of the model are shown in Table 4.



As shown in Figure 5, the geometric model was established using the Boolean operation and the segmentation method. The basic geometric model was a cylinder with a diameter of 0.3 m and a height of 0.1 m. An empty attribute unit with a diameter of 0.06 m was set inside the model to simulate water injection drilling. In the “Solid Mechanics” interface, the upper part of the model was a free surface. A vertical downward overburden load was applied to the upper surface of the geometric model, and a specified displacement was set on the model’s periphery and bottom. In the “Darcy’s law” interface, water injection pressure was applied around the borehole, and the initial coal sample permeability required by the model corresponded to the coal seam permeability measured during the radial seepage experiment. The model mesh attributes included the following: 136,422 tetrahedrons, 14,446 triangles, 520 edge elements, 16 vertex elements, minimum element quality = 0.2124, average element quality = 0.6782. Notably, the mesh size near the borehole and at the outer boundary of the model was predefined as extremely fine (to improve the accuracy of the model calculation); meanwhile, the grid size in other areas was pre-defined as ultra-fine. During the simulation calculations, the overburden pressure and the water injection pressure changed, multiple sets of water injection simulation experiments were carried out, and the simulation results were compared and analyzed.




3.2. Basic Theory


3.2.1. Mechanical Equilibrium Equation


Poroelasticity generally describes the interaction between fluid flow and solid deformation in elastic porous media. During coal seam water injection, the coal body’s pore water pressure causes the deformation of the coal body’s structure. The elasticity balance equation of the deformation can be obtained from Newton’s second law. The system of equations that describes the quasi-static deformation is hence [55]:


  − ∇ σ = F  



(2)




where σ denotes the stress tensor and F is the external body forces. The stress tensor is augmented by the pressure load due to changes in pore pressure. The stress in the constitutive relationship that controls the porous elastic deformation of coal and rock is mainly related to strain and the fluid pore water pressure. The stress–strain relationship for linear materials relates to the stress tensor and the strain tensor ε through the elasticity matrix C (which, for isotropic materials, is a function of Young’s modulus E and Poisson’s ratio ν).


  σ = C ε −  α B   p f  I  



(3)







Among them, σ represents the stress tensor, ε the strain tensor,    p f    the fluid pore pressure, and    α B    the Biot–Willis coefficient.



Following Biot’s theory [56], an increase in fluid content     ξ   is related to an increase in volumetric strain and pore pressure, and the fluid pore pressure is directly proportional to the expansion of the porous matrix of coal and the change in fluid content:


   p f  = M   ξ −  α B   ε  vol      



(4)







The variable M represents Biot’s modulus, which is the reciprocal of the storage coefficient S in Darcy’s law. Assuming that the coal structure is an ideal porous material, S can be defined as:


  S =    ε p     K f    +    α  B −    ε P     K s     



(5)




where    ε p    represents the porosity of the coal body,    K f    compressive modulus (the reciprocal of the fluid compressibility    χ f   ), and    K s    the bulk modulus of the coal body.




3.2.2. Percolation and Continuity Equations


During coal water injection, water is driven by the newly created pressure gradient to rapidly expand and penetrate in the pores and cracks of the coal body. The correspondent motion equation satisfies the law of conservation of mass and energy; therefore, the seepage of high-pressure water in the coal body must satisfy Darcy’s law. This law implies that the velocity field is mainly determined by the pressure gradient, the fluid viscosity, and the structure of the porous medium. Taking the gravity effect into account, Darcy’s law satisfies the following relationship:


    u = −  k μ    ∇  p f  +  ρ f  g ∇ D    



(6)







Without considering the effect of gravity, Darcy’s law can be expressed as:


  u = −  k μ  ∇  p f   



(7)




where u is Darcy’s velocity (m s−1), k the permeability of the coal seam (m2), μ the fluid’s dynamic viscosity (Pa s), pf the pore water pressure of coal (Pa), ρf the fluid’s density (kg m−3), g the gravity acceleration (m s−2), and D the elevation (m). Darcy’s law and the continuity equation can be combined in the interface of Darcy’s law physics (8) [57]:


   ∂  ∂ t      ρ f   ε p    + ∇    ρ f  u   =  Q m   



(8)







In the formula, εp is the porosity of the coal seam and Qm the quality source term (kg m−3 s−1). To describe the fluid flow, Darcy’s law (7) can be substituted into the continuity Equation (8), obtaining the generalized governing equation:


   ∂  ∂ t      ρ f   ε p    + ∇ .  ρ f    −  k μ    ∇  p f      =  Q m   



(9)







By expanding the time derivative term, the following Equation (9) is obtained:


   ∂  ∂ t      ρ f   ε p    =  ε p    ∂  ρ f    ∂ t   +  ρ f    ∂  ε p    ∂ t    



(10)







Then, by defining porosity and density as functions of pressure, and by applying the chain rule to expand the right side of Equation (10), we obtain:


   ε p    ∂  ρ f    ∂ t   +  ρ f    ∂  ε p    ∂ t   =  ε p    ∂  ρ f    ∂  p f        ∂  p f    ∂ t   +  ρ f    ∂  ε p    ∂  p f      ∂  p f    ∂ t    



(11)







The fluid compressibility can be defined as    χ f  =  1   ρ f      ∂  ρ f    ∂  p f     . By combining it with Equations (10) and (11), we get:


   ∂  ∂ t      ρ f   ε p    =  ρ f     ε p   χ f  +   ∂  ε p    ∂  p f        ∂  p f    ∂ t   =  ρ f  S   ∂  p f    ∂ t    



(12)







Subsequently, by incorporating Equation (12) into Equation (9), the generalized governing equation can be expressed as follows [58]:


   ρ f  S   ∂  p f    ∂ t   + ∇ .  ρ f    −  k μ    ∇  p f      =  Q m   



(13)







The change rate of the coal matrix’s volumetric strain can be represented as   ∂  ε  vol   / ∂ t  . During the evolution of the water injection time and space, the pore space of the coal body expands. As   ∂  ε  vol   / ∂ t   increases, the volume fraction available for the fluid also increases and leads to the formation of a liquid sink. Considering the negative sign in the source term    Q m  = −  ρ f   α B  ∂  ε  vol   / ∂ t  , the generalized governing Equation (13) can be transformed into the following:


   ρ f  S   ∂  p f    ∂ t   + ∇ .  ρ f    −  k μ    ∇  p f      = −  ρ f   α B    ∂  ε  vol     ∂ t    



(14)




where S is the storage coefficient (Pa−1), which can be interpreted as the weighted compressibility of the coal matrix and fluid. Equation (14) can be solved using the poroelastic storage model in the physics interface of Darcy’s law.





3.3. Evolution of the Stress Field around the Borehole


3.3.1. Characteristics of Coal Stress Distribution around the Borehole before Water Injection


Due to the drilling construction, the original stress state of the coal seam changes and the coal body stress around the drilling site is redistributed. After the hole is formed, the coal body at the hole wall produces a large secondary stress and shear failure. The damaged coal body still bears part of the overburden pressure; however, most of this pressure is transferred to the external coal body unit and generates a concentrated stress, further damaging the coal body. After the stress becomes balanced, a pressure relief zone, a stress concentration zone, and an original stress zone form along the radial direction of the borehole [59]. Here, the stress distribution characteristics of the coal body around the borehole before water injection were simulated by using the solid mechanics interface considering overburden loads of 6 MPa, 9 MPa, 12 MPa, and 15 MPa. The cloud map of coal stress distribution around the borehole before water injection (Figure 6) shows obvious differences in stress around the borehole [60,61].



To further analyze the law of stress changes under different overburden conditions before water injection, a stress distribution cloud map was generated into a stress contour map: a straight line was selected radially along one side of the borehole, and the stress value corresponding to each point on the line was extracted. These values were then used to draw a curve of the radial stress change along the borehole under different overpressure conditions before water injection (Figure 7). Notably, the stress relief and stress concentration zones around the borehole can be easily identified based on the curve change law, while the original stress zone is not reflected by the curve, mainly due to the model size. Meanwhile, Figure 7 shows that, under fixed overburden conditions and with the increase in the radial distance of the borehole, the stress first tends to increase and then to decrease. Moreover, under different overburden conditions and an increasing overburden pressure, the pressure relief zone becomes increasingly smaller, the stress concentration zone increases, and the stress peak moves toward the borehole. Notably, the overburden before the stress peak, the rate of stress growth, the overburden after the stress peak, the rate of stress reduction, the overburden, the stress at the same position, and the peak stress will all increase in parallel.




3.3.2. Characteristics of Coal Stress Distribution around the Borehole during Water Injection


During the water injection process, the seepage of dynamic water in the coal mass disturbed the stress field distribution in the coal and produced a pressure gradient, which was applied to the stress calculation unit as a seepage volume force. Notably, the fracture osmotic pressure acted as a surface force on the open part of the fracture, causing coal and rock mass crack. The initiation and expansion of fissures led to a decrease in the coal and rock stiffness and increased the damage, which, in turn, changed the stress field of the coal and rock. The “Solid Mechanics” and “Darcy’s law” interfaces were coupled to further determine the characteristics of coal stress distribution around the borehole during the water injection process. Under overpressures of 6 MPa, 9 MPa, 12 MPa, and 15 MPa, the water injection pressure was set to be 3 MPa, 5 MPa, 7 MPa, 9 MPa, 11 MPa, and 13 MPa, respectively. However, practice has proved that, when the water injection pressure is greater than the overburden pressure, water running will occur. Therefore, when designing the experimental plan, the water injection pressure was set to be less than the overburden pressure in all the water injection simulation experiments. Figure 8 shows a cloud diagram of stress evolution under different water injection pressures and 15 MPa of overburden pressure. During the water injection process, the overburden pressure and the water injection pressure overlapped, forming a composite stress zone and resulting in a significant change in the coal body stress distribution compared to that before the water injection. Within the water-injection wetting range, the hydraulic influence area was circular and abnormal stress occurred near the water-injection borehole. When the concentrated stress carried by the coal body was higher than the strength of the coal body, the coal body underwent shear failure and could not bear an increase in stress. The peak of the concentrated stress transferred, hence, to the deep coal body and the bearing stress gradually diminished, ultimately becoming lower than that of the original rock: the stress relieved the pressure from the coal body.



To clarify the influence of the overburden pressure and the water injection pressure on the stress distribution of coal, we drew a stress field evolution curve corresponding to the time interval of the water injection process applied to the coal seam (Figure 9). Notably, as the radial distance of the borehole increased, the stress presented a decreasing–increasing–decreasing trend. The main reason is that there is high water pressure around the water injection borehole, resulting in the superposition of axial pressure and water pressure to form a high stress area, while the coal body in the distance has the phenomenon of stress concentration due to the stress around the borehole. The stress dropped to a minimum (wave trough) at a distance of ~0.01–0.02 m from the borehole in the radial direction and reached a maximum (wave crest) at a distance of ~0.1 m from the borehole in the radial direction. Different from what was described by the law of stress change before water injection, a high stress anomaly occurred around the borehole, and the peak stress shifted to a deeper part of the coal body. Under the same overburden conditions, the stress before the trough increased with the water injection pressure, while the opposite trend was observed after the trough. At a longer radial distance from the borehole, the stress change trend was increasingly less affected by the water injection pressure. In fact, when the water injection pressure increased, the stress around the borehole and the trough stress also increased, and the pressure relief area became larger and more efficient. Moreover, with the increase in the water injection pressure, the trough stress and the area of stress concentration transferred to a deeper part of the coal seam. Under an increasing overburden pressure and a fixed water injection pressure, the compaction degree of the coal body around the borehole increased; meanwhile, under an increasing overburden pressure, the stress increased.





3.4. Evolution of the Seepage Field around the Borehole


3.4.1. Distribution Characteristics of Pore Water Pressure around the Borehole


Figure 10 shows a cloud diagram of pore water pressure distribution under different water injection pressures and an overburden pressure of 15 MPa. While the water injection pressure varied from 3 MPa to 13 MPa, the pore water pressure in the coal body was distributed in a circular shape and decreased continuously around the water injection hole.



Based on the pressure field evolution curve, we further discussed the pore water pressure distribution characteristics around the borehole during water injection in the coal seam. Figure 11 shows how different water injection pressures can lead to different maximum water pressures around the wall of the water injection borehole. The water pressure near the hole wall was the highest and similar to the water injection pressure. As the radial distance from the borehole increased, the pore water pressure decreased. Notably, the size of the deceleration rate increased with the water injection pressure. Over a certain distance, the pore water pressure was no longer significantly affected by the water injection pressure and gradually approached zero.




3.4.2. Distribution Characteristics of Seepage Velocity around the Borehole


The distribution characteristics of seepage velocity around the borehole were discussed to better define the seepage law of pressurized water in the coal body. Figure 12 shows the distribution curve of Darcy’s velocity obtained by the numerical simulation software along the radial direction of the borehole during coal seam water injection and under overburden loads of 6 MPa, 9 MPa, 12 MPa, and 15 MPa (corresponding to changes in water injection pressure). The curves in Figure 12 demonstrate that, under a constant overburden pressure, Darcy’s velocity increases with the water injection pressure; moreover, near the crack initiation point, Darcy’s velocity drops suddenly and the rate of decrease increases with the water injection pressure. The pore seepage velocity around the borehole was the largest and gradually decreased from the vicinity of the borehole to its surroundings in a stepwise manner. Figure 12a shows that, under an overburden pressure of 6 Mpa and a water injection pressure of 5 MPa, Darcy’s velocity rapidly decreased from 7.26 × 10−3 m s−1 to 2.5 × 10−3 m s−1 (by 65.56%) after the radial development of water injection within the pressure relief area. Meanwhile, due to the continuous initiation and expansion of cracks, Darcy’s velocity decreased stepwise near the crack initiation point (from 6.73 × 10−3 m s−1 to 5.27 × 10−3 m s−1), with a sudden decrease of 22.73%. Under a constant water injection pressure, Darcy’s velocity decreased with the increase in the overburden pressure. Notably, Darcy’s velocity dropped suddenly near the crack initiation point: with the increase in the overburden pressure, the fissure and pore structure of the coal body were pressed and closed, hindering crack initiation.



The results of the above analyses indicate that, during coal seam water injection, the coal body underwent seepage, changing from unsaturated to water-saturated. Fractures were well developed in the pressure relief area, and water flowed along the primary fractures of the coal body under the action of the water injection pressure. After passing through the pressure relief zone, the pressurized water entered the stress concentration area, the coal sample gradually became denser, and the water permeability resistance increased. When the water pressure reached the starting pressure, the stress accumulation of the water injection hole wall reached its peak, resulting in mechanical damage: the coal body cracked near the borehole and a cracked seepage channel was formed. Due to the action of high-pressure water, the fluid was in a transient turbulent flow process and Darcy’s velocity suddenly dropped, leading to an unsteady seepage phenomenon. As the radial distance of the borehole increased, Darcy’s velocity decreased stepwise, but the decreasing rate gradually diminished and eventually stabilized. In fact, the coal body was affected by the water injection pressure during the increase in the radial distance: water became unable to penetrate the coal body as its pressure decreased; therefore, the stress concentration area in the coal body gradually changed back to the original stress area.






4. Discussion


Through the analysis of the radial seepage experiment and numerical simulation results, it is found that stress is the direct cause of coal deformation. The permeability and overburden pressure of the coal seam show an exponential decreasing trend, and the real action processes of different mechanical environments on each stage and region of water injection are not the same. Therefore, based on the experimental and numerical simulation results, the dynamic evolution of stress–seepage in the whole process of coal seam water injection can be summarized into four stages: no water injection section, water injection crack initiation, crack propagation, and water injection end. The whole process of water injection and the stress–seepage dynamic evolution is shown in Figure 13.



The radial surrounding rock stress distribution of the borehole during the non-water injection stage is shown in Figure 13a. The stress varied in different zones, and the surrounding rock stress showed an increasing–decreasing–steady change trend [61]. When the coal around the borehole is unloaded unilaterally in the radial direction, the plastic failure occurs in the coal fracture, and the elastic potential energy is released to form the unloading zone. With the radial development of coal fracture, ground stress transfers to the deep part of adjacent coal, resulting in the stress concentration of coal in the adjacent area. The area outside the stress concentration area not affected by borehole mining is the original stress area.



The radial surrounding rock stress and the pore water pressure distribution in the borehole during water injection and the cracking stage are shown in Figure 13b. The surrounding rock stress showed a decreasing–increasing–decreasing–steady change trend, while the pore water pressure decreased exponentially and the dynamic water pressure had a small influence range. The main reason for this is that, in the initial stage of water injection, high-pressure water quickly filled the water injection boreholes in the coal seam. Because the cracks in the pressure relief zone were the most developed, water easily filled the coal cracks and pores, resulting in a particularly high water content. With the increase in the water injection pressure, high-pressure water began to exert compressive stress on the hole wall and on the bedding surface, cutting fissures, and primary fissures in the hole wall and coal seam. The skeleton of the coal body was squeezed, the stress at the orifice increased, and stress accumulation occurred. When the stress accumulated on the hole wall and on the weak surface was greater than the coal seam in situ stress and the coal tensile strength, the primary cracks in the coal around the borehole began to crack further and open, forming an initial main crack. As water continued to penetrate in the coal seam, the volume of the fissures increased. During this process, the coal and rock in the pressure relief zone underwent irreversible deformation and expansion, the radius of the plastic zone extended, and the positions of the pressure relief and stress concentration zones migrated outward from the drilling center.



The radial surrounding rock stress and the pore water pressure distribution in the borehole during the crack expansion stage are shown in Figure 13c. The surrounding rock stress and the pore water pressure distribution were different from those in the initial cracking stage. As the water injection pressure increased, water gradually spread in the stress concentration area of the coal body, the softening degree of the coal body increased, the plastic zone range of the working face increased, and the coal body around the borehole expanded radially. When the stress value of the coal body exceeded the yield stress of the coal body failure, the coal body ruptured under the action of the water wedge: additional cracks opened and gradually expanded. Hence, the pressure relief zone around the borehole became increasingly larger. The degree of stress concentration increased and the stress concentration area shifted to the deeper part of the coal body [62]. At this time, the coal seam stress was represented by a composite stress zone. This was formed by the superimposition of the disturbance stress field caused by liquid injection into the coal seam and the original in situ stress field of the coal seam.



The radial surrounding rock stress distribution in the borehole at the end of the water injection process is shown in Figure 13d. At this time, the coal body had softened due to water intrusion, its supporting capacity was reduced, and its mechanical properties had changed. Under a stress of the surrounding rock equal to that experienced before water injection, wet coal damage occurred, and the range of rupture increased; additionally, the ability of coal to save elastic energy diminished, while its ability to consume elastic energy during plastic deformation increased. Therefore, the recoverable elastic energy stored in the plastic area of the coal seam decreased, the plastic area increased, and the unloading area widened; moreover, the stress concentration peak was reduced and its variation slowed down. Finally, the pressure relief, stress concentration, and original pressure areas were allocated deeper in the coal body compared to the time before water injection [63].




5. Conclusions


In this paper, the permeability of coal samples was determined using a radial seepage experimental system, obtaining the permeability of the original coal seam. By combining this information with the mechanical characteristics of the coal samples, the COMSOL Multiphysics 5.4 simulation software was able to invert the stress–seepage dynamic evolution law of the original coal body around a water injection borehole in different stress environments. Then, based on numerical simulations and experimental results, the dynamic evolution distribution characteristics of the stress and seepage flow during the whole coal seam water injection process were further discussed. The following specific conclusions were drawn:




	(1)

	
The experimental results obtained by using the radial seepage experimental system under different overpressures and before water injection showed that the tested coal seam permeability and flow rate were basically consistent and decreased exponentially with the overpressure.




	(2)

	
Before water injection, the radial stress showed an increasing–decreasing–stable trend. With the increase in the overburden, the scope of the pressure relief area gradually decreased, that of the stress concentration area increased, and the stress peak moved toward the borehole wall. Overall, the greater the overburden, the greater was the stress at the same position and the stress peak.




	(3)

	
During water injection, the stress showed a decreasing–increasing–decreasing–stable trend. Under the influence of water injection, abnormal stress occurred near the water injection hole wall, and a composite stress zone was created from the superposition of stress and of the pore water pressure. This composite stress zone caused a decrease in the hole wall permeability.




	(4)

	
With the radial development of water injection, the pore water pressure dropped sharply and Darcy’s velocity decreased significantly. In particular, within the pressure relief area, Darcy’s velocity decreased rapidly from 7.26 × 10−3 m s−1 to 2.5 × 10−3 m s−1 (by 65.56%). Near the crack initiation point, Darcy’s velocity dropped from 6.73 × 10−3 m s−1 to 5.27 × 10−3 m s−1 (by 22.73%).
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Figure 1. Structure diagram of the radial seepage experimental system. 
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Figure 2. Preparation process of the raw coal sample. 
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Figure 3. Experimental process. 
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Figure 4. Exponential fitting curve of the relationship between the coal seam permeability, the gas flow rate, and the overburden pressure before water injection. 
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Figure 5. Schematic diagram of the geometric model after meshing. 
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Figure 6. Cloud diagram of stress evolution around the borehole under different overburden conditions before water injection. (a) Covering pressure 6 Mpa. (b) Covering pressure 9 Mpa. (c) Covering pressure 12 Mpa. (d) Covering pressure 15 Mpa. 
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Figure 7. Curve of stress distribution around the borehole under different overburden conditions before water injection. 
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Figure 8. Stress evolution cloud diagram for different water injection pressure conditions and 15 MPa of overburden pressure. 
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Figure 9. Stress distribution curve for the area around the borehole during coal seam water injection. (a) Stress distribution curve for an overburden pressure of 6 MPa. (b) Stress distribution curve for an overburden pressure of 9 MPa. (c) Stress distribution curve for an overburden pressure of 12 MPa. (d) Stress distribution curve for an overburden pressure of 15 MPa. 
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Figure 10. Pore water pressure evolution cloud diagram for different water injection pressure conditions and an overburden pressure of 15 MPa. 
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Figure 11. Pore water pressure distribution curve during coal seam water injection. (a) Pore pressure curve for an overburden pressure of 6 MPa. (b) Pore pressure curve for an overburden pressure of 9 MPa. (c) Pore pressure curve for an overburden pressure of 12 MPa. (d) Pore pressure curve for an overburden pressure of 15 MPa. 
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Figure 12. Darcy’s velocity distribution curve during coal seam water injection. (a) Darcy’s velocity curve for an overburden pressure of 6 MPa. (b) Darcy’s velocity curve for an overburden pressure of 9 MPa. (c) Darcy’s velocity curve for an overburden pressure of 12 MPa. (d) Darcy’s velocity curve for an overburden pressure of 15 MPa. 
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Figure 13. Schematic diagram of the dynamic evolution law of the stress–seepage field during the whole water injection process. 
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Table 1. Industrial analysis values of the experimental coal samples.






Table 1. Industrial analysis values of the experimental coal samples.





	Samples
	Mad (%)
	Ad (%)
	Vdaf (%)
	FCdaf (%)





	LLK
	1.76
	27.79
	39.3
	43.83
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Table 2. Mechanical parameters of the coal samples.






Table 2. Mechanical parameters of the coal samples.





	
Samples

	
Bulk Modulus

	
Shear Modulus

	
Density

	
Internal Friction Angle

	
Cohesion

	
Tensile Strength




	
K (Gpa)

	
G (Gpa)

	
Ρ (kg m–3)

	
Φ (°)

	
C (Mpa)

	
Σ (Mpa)






	
LLK

	
0.65

	
0.3

	
1300

	
27

	
1

	
0.8
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Table 4. Model-related parameters.






Table 4. Model-related parameters.











	Attributes
	Variable Name
	Variable
	Value (Unit)





	
	Coal density
	rho_s
	1300 (kg m−3)



	
	Coal bulk modulus
	Ek
	0.65 (GPa)



	Solid properties
	Coal shear modulus
	Eg
	0.3 (GPa)



	
	Biot–Willis coefficient
	biot
	1



	
	Initial coal porosity
	phi
	0.05



	
	Density of water
	rho_w
	1000 (kg m−3)



	Fluid properties
	Dynamic viscosity of water
	eta_w
	0.001 (Pa s)



	
	Compressibility of water
	chif
	1.8 × 10–9 (Pa−1)



	
	Drilling diameter
	d
	60 (mm)



	Geometric size
	Coal diameter
	D
	300 (mm)



	
	Coal height
	H
	100 (mm)
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