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As an associated resource of coal, coal-bed methane (CBM) has the advantages of high quality and cleanliness, and its development and utilization are of great significance for sustainable development. Deep CBM mining is a multi-field coupling process affected by multiple factors. Therefore, a theoretical and numerical model of fractured coal was established in this paper, and the interaction relationship among the stress of coal, seepage, and diffusion field of gas was explored. Then, the migration laws of coal-bed methane under different circumferential pressure conditions were investigated. The results showed that the stress field of coal affected the diffusion and seepage of CBM by changing the porosity and permeability, and the migration of CBM changed the effective stress and adsorption expansion stress, thus affecting the stress field of coal. Under axial loading, the distribution of Darcy velocity in fractured coal was divided into three regions: fast decrease (in the depth of 0–0.022 m), slow decrease (in the depth of 0.022–0.06 m), and stable stage (more than 0.06 m) from the top boundary to the bottom boundary of the model. With the change of time, the pressure in the three stages decreased from 200 Pa to 0 Pa, and the Darcy velocity decreased from 4.5 × 10−2 m/s to 0 m/s. Along the vertical direction of the model, the Darcy velocity in the fissure and matrix decreased, and the decrease rate of the fissure is faster than that of the matrix. Under a three-dimensional load, the Darcy velocity of the same position shows an approximate linear change with the pressure increase. Finally, based on the difference between the fissure Darcy velocity in uniaxial and three-dimensional conditions, the dominant extraction area of model CBM was determined. The research results can further enrich the theory of gas migration law in coal and improve gas extraction efficiency. Clarifying the principle of gas–solid coupling and increasing the extraction rate will help supplement the supply of clean energy, reduce greenhouse gas emissions, achieve safe coal mine production, and promote environmental protection and sustainable development.
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1 INTRODUCTION
With the impact of the imbalance between supply and demand of conventional oil and gas resources, people are increasingly focusing on the development of green and efficient unconventional energy (Chai et al., 2021; Zhao et al., 2025; Li et al., 2024). As a new type of energy, coal-bed methane (CBM), characterized by large reserves, wide range, and cleanliness, has received extensive attention from scholars and has become an important research topic (Yuan et al., 2024; Xu et al., 2023). The main carrier of CBM is the deep coal seam. As a dual medium system, it mainly includes matrix pores and fissures, in which the gas is mainly stored in matrix pores, and the fissures are the main channel for gas transportation (Chu et al., 2024; Wang et al., 2024). The study of the gas transport characteristics of a fissure coal body is of great theoretical and practical significance for the efficient extraction of coal-bed methane.
The gas flow in the coal body results from multiple fields, such as the stress field, the gas diffusion field, and the gas seepage field. (Hu et al., 2022; Ji et al., 2024). The establishment of a multi-field coupling model of coal is helpful in evaluating coal deformation and CBM exploitation and promoting the efficient utilization of coal seam gas (Cao et al., 2016; Tian et al., 2022). In the process of research, some scholars have established a multi-field coupling model of the stress field, damage field, gas diffusion field, and seepage field of the coal body and analyzed the influence of stress changes on the pressure relief damage of the coal seam and gas extraction (Liu et al., 2017; Lu et al., 2019). Lin et al. (2016) established a solid–gas coupling model based on single-component gas transport considering the coal deformation, fissure gas flow, and permeability dynamics and studied the relationship between the adsorption constants, permeability, and gas pressure. Kong et al. (2017) considered the fracture and pore gas pressure, established the two-pore seepage model, and analyzed the coupling effect of stress and gas pressure in coal mining and coal-bed methane mining. Zhang T. et al. (2024) analyzed the oil and gas migration law of pore fractures and monitored and analyzed the interaction between stress, pore, and gas migration affected by mining activities. Xue et al. (2021) established a hydraulic coupling model based on the damage characteristics of coal seam and the interaction between coal deformation and gas seepage during gas fracturing.
In the process of coal-bed methane storage, the fluid channel fracture-pore undergoes a complex coupling process, and in the fractured coal body, the single fracture, as the basic unit of the fracture network, is the basis for exploring its seepage law (Yu et al., 2022; Hou et al., 2022). Nemoto et al. (2009) carried out rough fracture seepage experiments and found a relationship between confining pressure and fracture permeability. Guo et al. (2022) used 3D scanning techniques and COMSOL software to create fracture models with different contact rates. Zhang et al. (2022) established a numerical simulation method for the stress seepage coupling test of rough single cracks. Arianfar et al. (2021) carried out a numerical study of the nonlinear fluid flow behavior in natural fractures in the vicinity of porous media.
Because the change of permeability under changing stress is much larger than that of the matrix, the influences of matrix gas migration and seepage on fractures are ignored in most studies. Gas transport in the matrix is a diffusion process, which satisfies Fick’s law of diffusion, but some scholars believe that gas transport in the coal matrix is a seepage process (Qin et al., 2023; Mostafa et al., 2023). Based on the previous research results, this paper considers that gas transport in the matrix is a process dominated by diffusion and supplemented by seepage and, therefore, establishes a coupling mechanism that considers the matrix–fracture interaction and the influence of coal deformation. Using COMSOL numerical simulation software, we establish a gas flow model for a single-fracture coal body and further study the fluid flow law and pressure distribution in the fissure of the fractured rock body and the matrix under different peripheral rock pressures. The research results can further enrich the theory of gas transportation law in a coal body.
2 MULTIPHYSICS COUPLING THEORY OF CBM EXTRACTION
2.1 Model simplification
The complexity of the structure of the coal body itself and the variability of the storage conditions lead to the complexity of the gas in the extraction process. It is difficult to accurately describe gas flow in a coal body under large-scale conditions, and it is even more difficult to describe the gas flow in the microscopic pore fissures. Therefore, scholars use a simplification process to examine gas diffusion and seepage according to their importance in the discussion (Zhang K. et al., 2024). The coal body structure is simplified into pure diffusion of a uniform pore model, pure seepage of a uniform fissure model, and diffusion and seepage at the same time in a dual-media model. At present, the pore–fissure dual-media model is recognized by a large number of scholars, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Pore–fracture dual medium model.
The gas in the coal body is endowed with an adsorption state and free state in the pores and fissures of the matrix of the coal body. Before the original stress is changed and the coal body is destroyed, the free state gas and adsorption state gas in the fissures and matrix are in a dynamic equilibrium state, and there is a mass exchange from the microscopic point of view, but it does not appear on the macroscopic point of view. Influenced by mining or other factors, this original state is destroyed, and the stress is redistributed. The free gas in the coal body fissure system starts to flow under the effect of the stress difference between coal seams; the adsorbed gas in the matrix pores desorbs and diffuses under the effect of the difference in the concentration of gas content in coal seams. The seepage rate of free gas in the fissure is much larger than the diffusion rate of adsorbed gas in the pore. The matrix gas pressure is larger than the fissure gas pressure, and the adsorbed gas in the matrix pore must be desorbed and diffused into the fissure so there is a mass exchange between the matrix pore and the fissure (Liu et al., 2024).
The gas desorption, diffusion, and seepage processes in the coal body are not affected by a single factor, but the coupling between the stress field, gas seepage field, and gas diffusion field causes a series of reactions. Therefore, based on the dual-media model of coal body and isotropy and ignoring the influence of temperature on gas transport, the dynamic change model of gas transport under multi-field coupling is established, as shown in Figure 2.
[image: Figure 2]FIGURE 2 | Simplified model of gas flow in fissured coal body. (a) Desorption. (b) Proliferation. (c) Seepage.
2.2 Analysis of the coupled action of deformation and diffusion fields
The inner surface of pores and fissures is the storage location of adsorbed gas, and adsorbed gas, accounting for more than 90% of the total gas content, does not transfer pore pressure. The transportation of adsorbed gas obeys Fick’s law of diffusion. The free gas mainly exists in the fissures and can transfer pore pressure, and the seepage process of free gas obeys Darcy’s law. After the adsorption of gas, the surface tension of coal particles decreases, and the volume of coal particles expands, which in turn leads to the volume expansion of the coal skeleton (Kong et al., 2016).
Coal body adsorption of gas transfers pore pressure, surface tension decreases, and volume expansion occurs. Based on the assumption of isotropy, the coal body adsorption expansion strain can be (Hao et al., 2022) described by Equation 1:
[image: image]
where [image: image] is the density of coal, kg/m3; [image: image] is the molar volume of gas, [image: image]; [image: image] is the adsorption constant; b is the adsorption equilibrium constant of coal.
When the coal body gas pressure decreases and the effective stress increases, the coal body skeleton is compressed, the matrix shrinks, the matrix permeability decreases, and the gas diffusion process is affected by the influence of the diffusion process. The gas pressure in the coal body produces changes, which affect the coal body stress balance and coal body deformation.
The effect of the diffusion field on the deformation field of the coal body is mainly manifested in the decrease of surface energy and compressive strength of the coal body after coal adsorption of gas, and the larger the gas pressure is, the more the deformation strength of coal decreases with the decrease of surface free energy. The experiments show that the peak strength, modulus of elasticity, and residual strength of gas-containing coal decrease linearly with the increase in gas pressure (Yang et al., 2019). On the one hand, the gas reduces the surface energy of the pore cleavage, and on the other hand, it generates an air wedge effect in the coal body, which reduces the effective stress, decreases the cohesion between matrices, and then weakens the mechanical strength of the gas-containing coal.
2.3 Analysis of the coupled action of diffusion and seepage fields
The driving force for the diffusion of gas in the coal body is the difference in gas-phase gas concentration between the matrix of the coal body and the fissure system, and the matrix-adsorbed gas continuously desorbs and diffuses during gas flow to ensure the continuity of the seepage movement as a source of internal mass for the fissure seepage (Su et al., 2018).
The mass exchange between the coal matrix and the fracture system can be expressed as Equation 2:
[image: image]
where [image: image] is the mass exchange rate per unit volume of coal matrix and fissure system, kg/(m3∙s); D is the gas diffusion coefficient, m2/s; [image: image] is the matrix shape factor, m−2; [image: image] is the gas-phase gas concentration in the matrix, kg/m3; [image: image] is the gas-phase gas concentration in the fissure, kg/m3.
The matrix system and the fissure system are their respective positive and negative mass sources, and according to the law of conservation of mass, the rate of mass exchange between the matrix system and the fissure system is equal to the amount of change in the mass of the matrix with time, as shown by Equation 3 (Liu J. et al., 2015):
[image: image]
2.4 Analysis of the coupled action of seepage and deformation fields
Gas seepage movement in a coal seam is a complex process. The interaction between coal body structure, coal body deformation, adsorption deformation, etc., will affect the seepage process, and the effect of stress on gas seepage mainly lies in the fact that the compression deformation of the skeleton will change the parameters of the coal body, such as porosity, permeability, and gas pressure.
2.4.1 The role of stress on gas seepage
Gas seepage in the coal body mainly exists in the fracture system, while adsorbed gas is mainly endowed in the microporosity. Stress changes lead to changes in the porosity and permeability of the coal body, which in turn affects the gas seepage rate. Based on the previous research results, the porosity of the coal body can be expressed as Equation 4 (Pan and Connell, 2012).
[image: image]
where K is the bulk modulus; [image: image] is the average value of the total stress; α is the effective stress coefficient or Biot coefficient, 0 ≤ α ≤ 1, p is the gas pressure, MPa; and ∅ represents the porosity, defined as the ratio of pore volume to total volume.
Assuming that porosity and permeability satisfy the cubic law, the permeability equation is expressed by Equation 5:
[image: image]
where [image: image] is the permeability at porosity [image: image] and [image: image] is the initial permeability; [image: image] and [image: image] are the porosity and initial porosity of the coal, respectively.
The process of gas seepage in a coal seam can be described by Equation 6, Darcy’s law:
[image: image]
where [image: image] is the Darcy seepage velocity, m/s; [image: image] is the dynamic viscosity coefficient of the gas, [image: image]; [image: image] is the gas pressure, [image: image].
2.4.2 The role of gas seepage on stresses
The stresses acting in the coal seam are mainly two kinds: the total stress acting on the porous medium and the pore pressure of the gas on the pore wall of the coal seam. Similarly, the deformation of a coal body includes two basic deformation mechanisms. One is the deformation of the coal body caused by the deformation of solid skeleton particles, that is, the deformation of the body, which is generally regarded as the recoverable elastic deformation; the other is the deformation generated by the relative displacement between the skeleton particles, that is, the deformation of the structure, which is generally regarded as the permanent plastic deformation.
In a fluid-filled porous media pore space, the fluid pressure is distributed in the pore surrounding according to the basic theory of fluid mechanics. When external force is applied, the saturated–unsaturated porous media skeleton will be deformed, and the fluid in the pore and fissure system will flow (Ahamed et al., 2021). The deformation of the coal body is produced by the joint action of external force and pore pressure, which establishes the coupling relationship between the seepage field and the stress field of single-phase fluid flow.
The concept of effective stress was first proposed by Terzaghi and later demonstrated by Skempton to be accurate in engineering. Terzaghi’s effective stress principle can be expressed as Equation 7 (Liu Q. et al., 2015).
[image: image]
where [image: image] is the effective stress, MPa; [image: image] is the total stress, [image: image]; [image: image] is the Kronecker function.
When the fluid flows through the pore space, the pore pressure is uniformly distributed around the pore space, and the increase in pore pressure produces compressive strain on the coal particles. Based on the assumption of isotropy, the line compressive strain produced by the gas pressure is expressed as Equation 8:
[image: image]
where [image: image] is the volume compression factor, MPa−1; [image: image] is the initial gas pressure, MPa.
The cross-coupling relationships between the gas seepage field, diffusion field, and deformation field are shown in Figure 3.
[image: Figure 3]FIGURE 3 | Cross-coupling relationships.
Coal body stress changes act on the skeleton, matrix, and fissure permeability changes, affecting methane seepage and diffusion processes; methane acts on the fissure and pore walls during the flow process, generating pore pressures and peripheral rock stress phases, and at the same time, mass exchange between matrix pores and fissures, and methane adsorption/desorption will change the mechanical strength of the coal body.
In summary, the transportation characteristics of gas in the coal body must consider the coupling effect between multiple fields and establish the coupling effect relationship between the deformation field–seepage field–diffusion field of the coal body, as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Flow–solid coupling interaction mode between coal and gas.
The theoretical framework developed in this section provides the foundation for the numerical model presented in Section 3. By discretizing and solving the governing equations, we can simulate the complex interactions among the deformation, diffusion, and seepage fields under realistic conditions.
3 NUMERICAL ANALYSIS OF CBM EXTRACTION
Gas transport in the coal body is a complex multi-phase coupling process, assuming that the flow of gas in the coal body is an incompressible and isothermal process. We use COMSOL Multiphysics software based on the fissure–porosity dual–media model to establish a fissure gas seepage model and add the solid mechanics and Darcy seepage of the two physical fields to study the change of pressure and Darcy seepage velocity in the fissure and matrix under different pressures.
The numerical model presented in this section is based on the theoretical framework described in Sections 2.2 and 2.3. The governing equations for gas adsorption, diffusion, and seepage, as well as the stress-deformation relationships, are discretized and solved using the finite element method in COMSOL Multiphysics. This approach allows us to simulate the coupled multiphysics processes under realistic boundary and initial conditions, providing insights into the behavior of fractured coal under different pressure regimes.
3.1 Geometric modeling and boundary conditions
The influencing factors of gas seepage in a fissured coal body are complex and affected by surrounding rock pressure, ground stress, temperature, geological conditions, and the structural characteristics of the fissure. The fissure itself does not have regular geometric characteristics, but to simplify the fissure for the convenience of research, ignoring the influence of fissure opening and fissure roughness on gas seepage, a rectangular (0.1 m × 0.05 m) area is used to simulate the coal matrix. The intermediate area formed by dividing the rectangle with two line segments is used to simulate the fissure. The two form a joint to simulate the gas transport law of a fissured coal body, as shown in Figure 5. The initial gas pressure p0 of the coal seam is 1 MPa, the apparent density of coal is 1,350 kg/m3, and the gas density is 717 kg/m3. The specific parameters are shown in Table 1.
[image: Figure 5]FIGURE 5 | Geometric model boundary condition setting.
TABLE 1 | Numerical model parameters and their sources.
[image: Table 1]In the Darcy seepage field, the choice of adding fissure flow, the model on the left and right sides of the no-flow boundary, the top of the pressure inlet boundary, the bottom of the outlet boundary, in the physical field of solid mechanics. The bottom of the fixed constraints is set on the top of the boundary load, the left and right sides of the free boundary, and the top and the left and right sides of the different boundary loads, respectively, to study the law of the transport of the gas under different stress cases, as shown in Figure 5.
The distribution and size of fissures in the coal body are not uniform, and the flow patterns of fluids in large fissures and microfissures are different. According to the experiments and the study of the gas movement law, the flow of gas in the fissures can be regarded as a linear flow, which follows Darcy’s seepage law as expressed by Equation 9 (Kong et al., 2017):
[image: image]
Fluid flow in a fissure follows the most basic conservation laws, that is, conservation of mass, conservation of momentum, and conservation of energy, and can be described by the Navier–Stokes equations (Kong et al., 2021) as expressed by Equation 10:
[image: image]
where u-flow rate fitness; t-time; F-volume force; fluid density; fluid viscosity; pressure gradient.
The transient governing equations for the physical field of solid mechanics are expressed by Equation 11:
[image: image]
The equation used in this study is implemented in the COMSOL Multiphysics software and is based on the theoretical framework of Darcy’s law for fluid flow.
The mechanical model is solved in two stages. In the first stage, the coal deformation due to applied stresses is calculated and removed to establish the equilibrium state of the coal matrix. In the second stage, the methane flow simulation is initialized, and the coupled mechanical and flow processes are solved iteratively. This approach ensures a realistic approximation of the coal seam behavior under stress and gas flow conditions.
3.2 Mesh division and solution setup
Based on the geometrical model constructed, the mesh dissection criteria, and realistic requirements of physics, the choice was made to apply the sequence type model of user-controlled networks and to mesh the model with a free triangle network using the division tool module in COMSOL Multiphysics. In the cell size, due to the simplicity of the structural model, the choice was made to be more refined, and the model was constructed using a free triangular network, resulting in 2,166 mesh domains. The transient study was chosen to be added to study the transient change rules of gas transport and pressure in the fractured coal body under the action of multi-field coupling.
3.3 Results
3.3.1 Gas transportation laws of split coal bodies under uniaxial loads.
The results of the gas transport solution for the coal body of the rift under uniaxial loading are shown in Figure 6. Under the initial conditions, that is, t = 0 s, the gas in the matrix on both sides of the fissure flows from the matrix to the fissure, the maximum Darcy velocity appears at the top of the fissure, the gas flow rate distribution is more uniform, and there is no obvious difference in the flow rate of the various regions. At t = 0.2 s, the gas in the matrix on both sides of the fissure flows to the fissure, the gas flow rate regional distribution is obvious, and the fissure will be divided into three changing regions from the top to the bottom of the fissure in turn. It will be divided into a fast-changing region and a slow-changing region according to the change of the Darcy velocity. The maximum Darcy velocity occurs in the fast change region, and the streamline distribution has obvious changes compared with the initial moment. When t = 0.6 s, the gas in the matrix on both sides of the fissure flows to the fissure, the distribution of the gas flow rate region is obvious, and the first region and the second region expand along the fissure to the bottom of the coal body. The streamline is more dense. When t = 1 s, the gas in the matrix flows to the fissure, and the gas flow rate zoning is obvious.
[image: Figure 6]FIGURE 6 | Darcy velocity field and streamline distribution. (a) t = 0 s. (b) t = 0.2 s. (c) t = 0.6 s. (d) t = 1 s.
At the initial moment, the coal body stress is in equilibrium, and the top of the fissure is the starting point of seepage. With the seepage movement of free gas in the fissure, the concentration difference between the gas in the matrix pores and the fissure is generated, and the adsorbed gas in the matrix is desorbed and diffused to the fissure through the matrix pores. When the top load is suddenly added to the coal body, the original stress balance is broken, and with the flow of time, the coal body is compressed along the bottom, the skeleton is deformed, and the matrix and fissure permeability changes, affecting the seepage flow of the coal body, which is manifested in the change of the fluid flow density. The pressure difference of the fissure gas increases, and the fissure seepage velocity increases, which is specifically expressed in the change of the three regions of the Darcy velocity. The increase in the seepage velocity changes the concentration of the matrix and the fissure gas. The increase of seepage velocity changes the difference between matrix and fissure gas concentrations, the matrix gas desorption and diffusion, and constantly replenishes the gas consumed by fissure seepage, which is specifically shown in the three regions of Darcy velocity change over time along the fissure from the top to the bottom of the expansion.
To study the variation of gas seepage velocity and pressure in the fissure with time, we choose to add a one-dimensional truncation line in the model, and the results are shown in Figure 7. In Figure 7, the pressure change and Darcy velocity change have the same trend at different moments, and the model surface pressure and Darcy velocity reach the maximum at the moment of t = 0. With the increase of fissure depth, the pressure and Darcy velocity decreased sharply to a certain value and then stabilized, and then changed linearly with the increase of fissure depth. At t = 0.2 s, the pressure in the fissure decreased sharply at first, then decreased slowly, and then stabilized, and the Darcy velocity decreased slowly until stabilized. At t = 0.6 s and t = 1 s, the fissure pressure changed from linear to nonlinear with the increase of fissure depth. The Darcy velocity changed to nonlinear, and the pressure changed to nonlinear. Finally, the Darcy velocity decreased slowly.
[image: Figure 7]FIGURE 7 | Variation of pressure and Darcy’s velocity in the fissure at different moments. (a) t = 0 s. (b) t = 0.2 s. (c) t = 0.6 s. (d) t = 1 s
At different moments, the gas pressure inside the fissure decreases with the increase of depth, and the decreasing trend of pressure gradually becomes slower with the increase of time. The load is applied to the top of the model, the bottom is fixed, the matrix is deformed, and the gas pressure inside the coal body changes from equilibrium to regular change at the initial moment, which is the reaction and action time of the coal body being compressed and deformed and the pressure change. With the increase of time and depth, the load action decays with the interaction of the gas pressure, the surrounding rock, and the fluid flow.
The variation of the Darcy velocity of gas flow in the matrix is shown in Figure 8. At different moments, the Darcy velocity of gas flow in the matrix decreases with the increase of depth. Among the three regions of Darcy velocity variation, the Darcy velocity of region Ⅰ varies rapidly with the increase of depth, the Darcy velocity of region Ⅱ decreases slowly with the increase of depth, and the Darcy velocity of region Ⅲ stabilizes in the region of the variation with depth and time.
[image: Figure 8]FIGURE 8 | Variation of Darcy’s velocity in the substrate at different moments.
We chose to add the transverse intercept line in the model, and the results are shown in Figure 9. The gas pressure in the matrix decreases along the direction of the fissure. The gas pressure in the fissure is lower than that of the matrix on both sides and increases simultaneously in the fissure and the matrix with the increase of time. The gas in the matrix is continuously desorbed, the free gas increases, and the intermolecular collision increases. With the top loading, the skeleton is deformed, and the internal pressure must be released. The pressure in the fissure is obviously different from the top to the bottom, but at the same level, the pressure in the fissure is almost the same, so there is a gas pressure difference between the matrix and the fissure. As a result, the gas flows continuously from the matrix to the fissure until it reaches an equilibrium.
[image: Figure 9]FIGURE 9 | Variation of pressure in the model at different moments.
3.3.2 Gas transportation laws of split coal bodies under three-dimensional loads
The uniaxial load makes it difficult to simulate the stress of the fractured coal body in a real situation, so the fracture model is chosen to add a three-dimensional load. The results indicate that the fracture seepage starts from the top of the fracture, and the gas flow rate in the fracture shows three obvious change areas. With the change of time, the three change areas change along the fracture to the bottom of the fracture, and the substrate on the two sides of the fracture has the same change trend but at the same horizontal position. However, at the same horizontal position, the gas flow rate in the fissure is larger than the gas flow rate in the matrix. The gas in the matrix flows toward the rift, the streamline density increases, and the range of variation of Darcy’s velocity increases compared with the uniaxial load. The gas pressure in the fissure is smaller than that in the matrix, the gas flow rate in the fissure decreases with depth, and the change time is shorter than that of uniaxial loading.
In the model fissure, we choose to add a one-dimensional intercept line, as shown in Figure 10 for the three-dimensional load and uniaxial load Darcy velocity difference. In the initial moment, the uniaxial load under the action of the fissure gas seepage Darcy velocity is greater than the three-dimensional load under the action of the fissure gas Darcy seepage velocity. As the depth increases, the three-dimensional load under the action of the fissure Darcy velocity increases, and the difference between its and the uniaxial load under the action of the Darcy velocity is constantly growing. With the change of time, at t = 0.2 s and t = 0.6 s, the difference between the Darcy seepage velocity in the fissure under a three-axis load and a uniaxial load increases, reaches the peak value, and then decreases until the region stabilizes. The difference between the Darcy velocity at t = 1 s decreases and reaches the minimum value and increases until it tends to stabilize. Figure 11 shows the Darcy velocity change at the same location under the option of changing the top pressure by keeping the surrounding rock pressure unchanged. With the increase of pressure, the Darcy velocity at the same location shows an approximate linear change.
[image: Figure 10]FIGURE 10 | Difference in Darcy velocity of gas seepage in the fissure under three-dimensional loading and uniaxial loading.
[image: Figure 11]FIGURE 11 | Variation of Darcy’s velocity at different pressures at the same position.
When the three-dimensional load is applied to the cleft coal body, the matrix effective stress increases, and the gas pressure decreases. Therefore, at the initial time, the gas flow rate is larger than that of the uniaxial loading when the three-dimensional load is applied. With the stress action, the matrix compression, fissure deformation, and fissure top opening along the fissure to the bottom all increase, so in region Ⅰ, which is the Darcy velocity rapid change region of three-dimensional load and uniaxial load action, the Darcy velocity difference is increasing. In region Ⅱ, which is the Darcy velocity slow change region, the fissure openness and Darcy velocity have reached the maximum. In region Ⅲ, which is the Darcy velocity stable change region, the stress action attenuates, the impact on the fissure is small, and the Darcy velocity change tends to stabilize.
The numerical results presented in this section reveal the gas transport behavior in fractured coal under different loading conditions. In Section 4, we discuss the implications of these findings for CBM extraction and compare them with existing studies.
4 DISCUSSION
The multi-field coupling action of coal-bed methane mining in deep coal beds is essentially the interaction between rock seams and coal seams, as shown in Figure 12. The upper rock layer of the coal body and the bottom rock layer are affected by the outside world, changing the form of the role of the surrounding rock force from a static load to a static and dynamic load, which causes the coal seam structure to change. Coal body structure changes affect the storage space of coal-bed methane. As a result, the surrounding space changes, and the gas state changes and, in turn, acts with the coal rock body. Therefore, the change of coal rock body stress affects the adsorption/desorption of CBM, which influences the seepage and diffusion of CBM in the fissure and matrix. The force generated in the process of gas transportation, in turn, acts on the coal rock body, which is a dynamic process of change from the causative factor to the medium and then to the resultant feedback until the stress reaches equilibrium again.
[image: Figure 12]FIGURE 12 | Forms of rock–seam–coal seam interaction.
CBM adsorption/desorption under the influence of stress change is of great significance to the unpressurized extraction efficiency of coal-bed methane, but CBM desorption produces a thermal effect, and the constant temperature condition is difficult to maintain. A coupled thermal–fluid–solid model of CBM mining of a fissured coal body under the influence of stress change should be established to further reveal the characteristics of CBM adsorption/desorption under the influence of stress.
5 CONCLUSION
This article uses theoretical analysis and numerical simulation methods to explore multi-field coupling in the coal mining process and the gas migration model of fractured coal under different pressure conditions. The main conclusions are as follows:
(1) The deformation processes of coal body gas desorption, diffusion, seepage under the action of pressure are dynamic change processes that influence and interact with each other. The influence of stress on gas seepage and diffusion mainly lies in the fact that the skeleton compression deformation will change the parameters of porosity, permeability, and gas pressure of the coal body. The influence of gas seepage and diffusion lies in the parameters of pore pressure, pore compression strain, and adsorption upward stress. The influence of gas seepage and diffusion lies in the mass exchange between each other.
(2) Under uniaxial loading, the Darcy velocity of gas flow in the coal body of the fissure shows three obvious regions of change and expands along the fissure to the bottom of the fissure with the change of time. The Darcy velocity in the fissure and matrix decreases with the increase of the depth. When t = 1 s, the Darcy velocity of the fracture decreases from 3.5 × 10−4 m/s to 0.5 × 10−4 m/s, a decrease of 86%, and the Darcy velocity of the matrix decreases from 3 × 10−4 m/s to 0.9 × 10−4 m/s, a decrease of 72%. The rate of the Darcy velocity decline is greater than that of the matrix. The pressure of gas in the matrix is larger than that in the fissure, and the gas in the matrix flows to the fissure.
(3) Under triaxial loading, the Darcy velocity in the fissure and matrix decreases with the increase of depth, and the Darcy velocity at the same location in the matrix changes approximately linearly with the increase of pressure. In the model, the Darcy velocity at the model optimal coal-bed methane extraction location changes steadily in the region.
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