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China possesses abundant coal resources and has extensive potential for exploitation. Nevertheless, the coal rock exhibits low strength, and the coal seam fractures due to mining activities, leading to an increased rate of gas emission from the coal seam. This poses significant obstacles to the exploration and development of the coal seam. This paper focuses on studying the failure mechanism of fractured coal rock by conducting uniaxial and triaxial compression experiments on the coal rock found at the Wangpo coal mine site. Simultaneously, in conjunction with the findings from the field experiment, a gas migration model of the mining fracture field is constructed to elucidate the pattern of coal seam gas distribution during mining-induced disturbances. The study structure reveals that coal rock exhibits three distinct failure modes: tensile failure, shear failure, and tension-shear failure. The intricate fissure in the rock layer will intensify the unpredictability of rock collapse patterns. The compressive strength of coal rock diminishes as the confining pressure drops. The coal rock in the working face area will collapse as a result of the lack of confining pressure. In the rock strata above the mining fracture zone, the gas pressure is first higher and then significantly falls with time. After 100 days of ventilation, the low gas pressure area changes little, so to ensure the safety of the project, the ventilation time of the fully mechanized mining surface is at least 100 days. The research results will help to establish the core technology system of coal seam development and improve the competitiveness of coal seam resources in China.
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1 INTRODUCTION
As economic globalization intensifies and scientific and technological progress advances rapidly, the energy demand in all countries is growing on a daily basis (Chi et al., 2024; Huang et al., 2019; Gao et al., 2023; Cui et al., 2024; Huang et al., 2024; Zhu et al., 2021; Huang et al., 2023a; Zhu et al., 2018; Zhang F. et al., 2022; Huang et al., 2022; Tan et al., 2024a). As the world’s largest developing country, China is facing huge energy challenges in economic development (Zheng et al., 2022; He et al., 2023; Gao et al., 2023; Huang et al., 2023b; Luo et al., 2022; Zhou et al., 2023; Huang et al., 2020; Fu et al., 2024). Due to China’s huge coal reserves and limited reserves of oil and natural gas, coal has historically served as the main source of energy consumption, accounting for about 70% of annual energy consumption (Li Y. et al., 2022; Chen et al., 2022a; Li D. et al., 2018; Wang et al., 2013; Tao et al., 2022; Tan et al., 2024b). While the transition to a new economic growth model and the enforcement of energy conservation and emission reduction legislation may limit the expansion of the coal sector, it still holds the potential for long-term sustainable growth (Chen J. et al., 2022; Yuan, 2018; Chen et al., 2022c; Li and Hu, 2017; Wang and Cao, 2022). Coal mining has formed a complete working system (Zhang Q. et al., 2022; Saber et al., 2024; Chen and Xu, 2010; Wang et al., 2012). Nevertheless, due to the impact of mining activity, the distortion and destruction of the coal seam on the working face intensify the rate at which coal seam gas is emitted, posing challenges in properly managing construction safety at the site (Fu et al., 2020; Kuang et al., 2023; Wang et al., 2020). Therefore, effectively predicting and controlling coal seam gas concentration is still a significant problem that needs to be solved.
When mining disrupts the coal seam, it disrupts the original balance of stress and causes the stress distribution in the coal seam and rock strata to be redistributed (Liu et al., 2022a; Chai et al., 2023; Zhang et al., 2024; Yang et al., 2023a; Jia et al., 2022). In front of the advancing of the working face, the supporting pressure will be formed, while above the goaf, the overlying strata will sink to different degrees due to the loss of support, creating the fracture field caused by mining (Tian et al., 2020; Li S. et al., 2018). The strength of coal rock will drastically decrease as a result of reduced confining pressure. This typically leads to engineering issues, such as the collapse of the working face, hence increasing the safety risk during site development (Xiong et al., 2022; Liu et al., 2022b; Kong et al., 2019). To accurately understand the influence of stress changes on the strength properties of coal rock, yang et al. used uniaxial compression experiments to point out four stages of coal rock failure: crack compaction closure, elastic deformation, crack expansion, and stress reduction (Yang et al., 2023b). Song et al. explored the mechanical properties of coal rock under the disturbance of coal seam excavation by using the cyclic loading method in uniaxial compression. They pointed out that uniaxial compressive strength, elastic modulus, and anisotropic Angle (0–90°) are usually U-shaped. At the same time, the peak strain is characterized by first decreasing and then increasing, and the minimum and maximum values are obtained at the anisotropic angles of 22.5° and 90°, respectively (Song et al., 2024). Zhang et al. used a thermal-fluid-solid coupling triaxial servo seepage experiment device to conduct mechanical and permeability experiments on gas-bearing raw coal samples under conventional triaxial compression, and the research shows that the peak strength of gas-bearing coal increases linearly with the increase of confining pressure (Zhang et al., 2021). Jia et al. adopted AE and triaxial compression experiments to understand the damage evolution law of coal rocks with different buried depths (Jia et al., 2020). They pointed out that under the influence of confining pressure caused by increasing ground stress, the AE activity and average crack size of coal seam decrease with increasing depth. The deeper the coal seam, the more small cracks and the greater the plastic strain.
With the continuous advance of the working face, the distribution of abutment pressure in front of the working face and the mining-induced fracture field above the goaf will experience space-time evolution (Cheng et al., 2020; Liu C. et al., 2022; Jiang et al., 2024; Liang et al., 2018). This evolution process will lead to changes in the structure of the coal seam and then promote the desorption of the gas adsorbed in the coal seam into free gas (Cui and Bustin, 2005; Alexeev et al., 2007). This change further affects the gas migration law in the mining fracture field in front of the working face and above the goaf, making the gas concentration in the field often exceed the expected level (Wang et al., 2023; Shu et al., 2022). Qin et al. put forward a free gas density gradient (FGDG) theoretical model and established a mathematical model of gas desorption flow in a coal matrix based on this model, providing a method to explain gas transport in the coal matrix on the whole time and pressure scale (Qin et al., 2020). Gan et al. established a multi-mechanism diffusion-seepage model of gas in micro-nanopores of coal. They pointed out that when pore pressure is greater than 3.5MPa, apparent permeability decreases first and then increases with the increase of pore radius (Gan et al., 2024). Zeng et al., using research methods based on desorption theory and elastoplastic mechanics, established a gas transport model around coal micro-fissures that considered dynamic microfissure width changes and effective gas viscosity (Zeng et al., 2019). The research shows that coal microfissure permeability positively correlates with rock mechanics parameters (Young’s modulus and Poisson’s ratio) and negatively correlates with fracture compression. However, the above research did not consider the structural changes of coal seams caused by mining disturbance, and the results obtained have obvious shortcomings.
This paper focuses on studying the mechanical strength changes of coal rock at the Wangpo coal mine site. The research is conducted through uniaxial and triaxial compression tests. The paper thoroughly examines the impact of these changes on the driving face and fully mechanized mining face. Additionally, it uncovers the typical characteristics of in-situ coal rock failure, and the mechanism of coal rock damage under mining disturbance has been clarified. Furthermore, by integrating the field detection data, we develop a gas migration model for the mining fracture field and conduct a detailed analysis of the distribution pattern of coal seam gas under stress disturbance, as shown in Figure 1. The research findings will offer essential theoretical backing and technical direction for on-site coal seam mining.
[image: Figure 1]FIGURE 1 | Research idea. The green box lines represent physical tests, whereas the red box lines represent numerical models.
2 EXPERIMENTAL METHODS AND INSTRUMENTS
A microcomputer-controlled electro-hydraulic servo universal experimental machine is used in this experiment to study the stress-strain characteristics of coal rock under uniaxial compression, as shown in Figure 2A. The instrument can apply a maximum pressure of 600 kN while offering high sensor accuracy with an overall error rate of ±0.5%. The test uses the standard sample with ϕ 25 × 50 mm, and the loading rate is set to 0.1 mm/min. Significant disparities in rock mechanical strength often arise because of variations in the nature of coal rock between the driving face and the fully mechanized mining face. Hence, this experiment has six groups, with three of them being assigned to the driving and fully mechanized mining faces.
[image: Figure 2]FIGURE 2 | Experimental equipment and schematic diagram of coal rock samples. (A) Microcomputer controlled electro-hydraulic servo universal experimental machine; (B) Microcomputer servo rock triaxial testing machine; (C) coal rock samples. The microcomputer controlled electro-hydraulic servo universal experimental machine can apply a maximum pressure of 600 kN while offering high sensor accuracy with an overall error rate of ±0.5%. The test uses the standard sample with ϕ 25 × 50 mm, and the loading rate is set to 0.1 mm/min. The microcomputer servo rock triaxial testing machine can achieve the maximum axial stress of 600 kN, the axial displacement of 10 mm, and the test accuracy of up to ±1%. The sample contains a significant abundance of primary natural fractures.
In addition, to effectively reduce the mechanical strength index of coal rock under a triaxial stress state, this paper carried out a triaxial compression test relying on the microcomputer servo rock triaxial testing machine. The test equipment is shown in Figure 2B. The device can achieve the maximum axial stress of 600 kN, the axial displacement of 10 mm, and the test accuracy of up to ±1%. The specific test scheme is shown in Table 1. The confining pressures of the tests were 0 MPa, 2 MPa, 4 MPa, 8 MPa, and 10 MPa, respectively. Each group of tests contained three coal samples, which were loaded by stress control until the residual strength of the coal samples remained stable. As shown in Figure 2C, natural cracks in coal rock samples are relatively developed.
TABLE 1 | Test plan.
[image: Table 1]3 EXPERIMENTAL RESULT
3.1 Uniaxial compression experiment
The stress-strain under uniaxial compression test is shown in Figure 3, in which Figures 3A–C are the test results of fully mechanized mining face, and Figures 3D, E are the test results of driving face. The test results show that the uniaxial compression curve can be divided into four stages: compaction stage, elastic stage, yield stage, and failure stage. At the initial stage, with the increase of load, the sample’s internal pores and structural planes are gradually compacted. The curve then rises rapidly into the elastic stage, in which the specimen is compacted. The curve enters the yield stage with the continuous load increase, and a slight disturbance occurs. At this time, the deformation of the sample begins to change from axial compression to transverse expansion, accompanied by a small crack. When the peak stress is reached, the failure stage is entered. Currently, macroscopic cracks appear on the specimen surface, and the internal stress field is rearranged.
[image: Figure 3]FIGURE 3 | Stress-strain curve of uniaxial compression. (A) Z-1, (B) Z-2, (C) Z-3, (D) J-1, (E) J-2, (F) J-3. Where Z stands for fully mechanized mining face, and J stands for driving face.
The failure mode of the sample is shown in Figure 4. During loading, two prominent shear cracks first appeared at the bottom of the sample J-1. With the increase of load, the cracks were connected and then extended in the form of tensile failure, and finally, a “Y” shaped crack is formed, accompanied by micro-cracks and detachment phenomenon. Two tension cracks appeared on the upper end of sample J-2, which extended downward and caused the destruction of the upper end. Later, the cracks penetrated through the whole sample, and the middle part fell off. Sample J-3 shows shear failure. When loading, shear cracks appear at the top and middle of the sample at the same time, and cracks penetrate the sample to form an “X”shaped crack.
[image: Figure 4]FIGURE 4 | Failure modes of uniaxial compression of coal rock (Blue shear failure, red tensile failure). (A) J-1; (B) J-2; (C) J-3; (D) Z-1; (E) Z-2; (F) Z-3. Tensile failure and shear failure are both present in coal rock failure. Due to the large number of natural cracks in the samples, the final damage degree of the samples varies greatly.
The shear crack first appeared at the upper end of sample Z-1 and gradually extended downward. When the crack developed to the middle of the sample, it intersected with the natural crack inside to form a macro crack, which ran through the whole sample. The shear crack at the upper end is deflected after passing through the natural crack and becomes a tension crack after extending for some distance. The failure mode of specimen Z-2 is a shear failure. Three shear cracks appear at the upper end and extend downward. The left two shear cracks are connected, forming a single shear crack to continue to extend. The two cracks intersect in the middle of the sample and run through the whole sample, and the cracks show a “Y”shape expansion. The shear failure of specimen Z-3 is also observed. The shear crack at the upper end intersects with the natural crack. It extends along the direction parallel to the specimen’s top surface, resulting in the spalling of the specimen.
The experimental data is shown in Table 2. Due to the existence of many uncontrollable factors in the physical experiment and the difference in the internal structure of coal rock, there is a large gap between some experimental data, so the average value of similar ones is selected as the final experimental results. In other words, coal rock’s compressive strength and elastic modulus on the excavation face are 5.464 MPa and 0.652. The compressive strength of coal rock at a fully mechanized mining face is 20.196 MPa, and the elastic modulus is 1.277.
TABLE 2 | Results of mechanical parameters of samples.
[image: Table 2]3.2 Triaxial compression experiment
3.2.1 Situation in confining pressure of 0 MPa
Under the condition of confining pressure of 0 MPa, the stress-strain curve is shown in Figure 5. It can be seen that the stress-strain curves of the three coal rock samples show significant differences. This difference is mainly due to the different degrees of development of natural cracks in coal samples. Therefore, the stress-strain behavior of each sample is different in the compaction, damage, and failure stages during the test.
[image: Figure 5]FIGURE 5 | Stress-strain curve at confining pressure of 0 MPa. (A) 1; (B) 2; (C) 3. The enrichment of natural cracks in coal rock samples leads to a high degree of difference in experimental results.
The stress-strain curve especially shows large fluctuations in the later stages of the test in Figure 5C. This fluctuation is probably due to the effect of cracks in the coal rock when subjected to pressure. When pressure acts on coal rock, the expansion and closure of internal cracks will lead to the fluctuation of stress and strain.
The failure form of the specimen in the test is shown in Figure 6. In the process of stress loading, a large number of cracks were produced at the top and bottom of the specimen. A typical shear crack is extended through the specimen in the middle of the specimen. These cracks eventually form a fracture network that connects the specimen to develop natural cracks, resulting in a complete fracture of the specimen. This failure mode further confirms the critical influence of internal fractures on specimens’ stress-strain properties and failure forms.
[image: Figure 6]FIGURE 6 | Schematic diagram of typical failure forms of specimens at confining pressure of 0 MPa (Blue shear failure, red tensile failure). During the test, the coal rock undergoes fracture starting from both ends of the sample and then develops shear cracks in the middle of the sample.
3.2.2 Situation in confining pressure of 2 MPa
Figure 7 shows the stress-strain curve of the sample under the confining pressure of 2 MPa. Compared with the stress-strain diagrams of the three samples when the confining pressure is 0 MPa, it can be observed that the ultimate compressive strength of the samples increases with the increase of the confining pressure. In Figure 7C, the stress at the end of the curve remains at a certain level after it has been reduced for a certain distance and does not continue to decrease. The characteristics of coal rock specimens often cause this phenomenon. Even if the specimen is damaged, it still has a specific residual strength inside, so the stress-strain curve shows a plateau after the decline.
[image: Figure 7]FIGURE 7 | Stress-strain curve at a confining pressure of 2 MPa. (A) 1; (B) 2; (C) 3. The enrichment of natural cracks in coal rock samples leads to a high degree of difference in experimental results.
When the confining pressure is 2 MPa, the compressive strength of the specimen is generally higher than that when the confining pressure is 0 MPa. The degree of breakage of the specimen is also more apparent. As shown in Figure 8, under the combined action of axial pressure and confining pressure, the specimen produces long shear cracks, which run through the top of the specimen, resulting in noticeable pressure loss on the top of the specimen, and the appearance of pulverized coal cinder. In addition, the previously formed shear cracks extend to the top and bottom of the specimen, connecting with the natural cracks that exist in the middle of the specimen. Despite this, the integrity of the specimen is maintained and not destroyed.
[image: Figure 8]FIGURE 8 | Schematic diagram of specimen failure form at confining pressure of 2 MPa (Blue shear failure, red tensile failure). Under the action of confining pressure, the fracture degree of coal rock samples is intensified, but the whole structure remains intact.
3.2.3 Situation at a confining pressure of 4 MPa
With the gradual increase of confining pressure, the peak stress of coal rock failure also shows an upward trend, while the ultimate strain of the specimen remains relatively stable. In this test, the natural fracture content of the three specimens selected is relatively low, so their stress-strain curves do not show significant fluctuation characteristics, as shown in Figure 9. The failure mode of the specimen is shown in Figure 10, which is mainly manifested as top collapse, and a large number of shear failure cracks and tensile failure cracks appear in the middle of the specimen. This phenomenon shows that the natural cracks in the specimen are gradually compressed when pressure is applied. It is worth noting that the specimen was not immediately destroyed due to confining pressure. Still, after the shear cracks are generated, these cracks gradually expand and connect and eventually extend to the stressed area. Therefore, despite the existence of cracks on the surface of the specimen, the ultimate compressive strength of the specimen under the action of confining pressure is increased compared with that under the confining pressure of 0 MPa.
[image: Figure 9]FIGURE 9 | Stress-strain curve at a confining pressure of 4 MPa. (A) 1; (B) 2; (C) 3. The results of sample No. One and specimen No. 2 are similar, but the difference of specimen No. 3 is relatively high, which may be because there is no large number of natural cracks in specimen No. 3.
[image: Figure 10]FIGURE 10 | Schematic diagram of specimen failure form at confining pressure of 4 MPa (Blue shear failure, red tensile failure). A large number of shear cracks occurred after the specimen was broken, and the cracks mainly concentrated in the middle of the specimen.
3.2.4 Situation in confining pressure of 6 MPa
When the confining pressure is 6 MPa, the ultimate compressive strength of the three coal specimens in this group presents significant differences, and the stress-strain curves of each specimen have obvious fluctuations, as shown in Figure 11. This phenomenon indicates a large number of natural cracks in the specimen. Although the confining pressure was increased compared with the previous tests, the specimens’ ultimate compressive strength remained low. As shown in Figure 11B, the stress-strain curve shows a second prominent rise at the end, which means the natural cracks developed inside the specimen significantly increase the randomness of the strength. Figure 12 shows the typical failure mode of this group of specimens under high pressure: the shear-tension mixed failure. The shear crack and the tension crack extend to the specimen’s edge, causing the specimen’s top and bottom to break and finally causing the specimen to fail.
[image: Figure 11]FIGURE 11 | Stress-strain curve at confining pressure of 6 MPa; (A) 1; (B) 2; (C) 3. A large number of natural cracks cause the failure threshold of the sample to decrease significantly and the stress-strain curve to fluctuate significantly.
[image: Figure 12]FIGURE 12 | Schematic diagram of specimen failure form at confining pressure of 6 MPa (Blue shear failure, red tensile failure). Shear cracks, tension cracks, and natural cracks communicate with each other, resulting in sample failure.
3.2.5 Situation in confining pressure of 8 MPa
When the confining pressure is increased to 8 MPa, the ultimate compressive strength of the specimen is also increased accordingly. The stress-strain curves of each specimen are shown in Figure 13, among which specimens one and two show more typical characteristics. However, the curve of specimen three fluctuates significantly, which indicates that the development of natural cracks in the specimen is relatively severe. In the triaxial compression test, these cracks are continuously compacted, which causes the stress of the specimen to fluctuate wildly. The failure mode of the specimen is shown in Figure 14. When the specimen is pressed, shear cracks are generated first, and then cracks extend tortuously along the surface of the specimen, resulting in a large number of cracks distributed on the surface of the specimen. Still, the specimen remains intact as a whole.
[image: Figure 13]FIGURE 13 | Stress-strain curve at confining pressure of 8 MPa: (A) 1; (B) 2; (C) 3. The stress-strain curves of specimens one and two show typical characteristics. The curve of specimen three fluctuates significantly, indicating that there are a large number of natural cracks in the specimen.
[image: Figure 14]FIGURE 14 | Schematic diagram of specimen failure form at confining pressure of 8 MPa (Blue shear failure, red tensile failure). The cracks of the sample were mainly concentrated at both ends of the sample, and the structure of the sample remained intact after the experiment.
3.2.6 Situation in confining pressure of 10 MPa
When the confining pressure is increased to 10 MPa, the compressive strength of the three specimens in this group is all increased to 35 MPa, and the ultimate compressive strength of specimen one is further increased to 40 MPa, as shown in Figure 15. This result shows that the strength of coal rock rises with the increase of confining pressure. There are a few natural cracks in specimen 1; when the specimen is destroyed along these cracks, it still shows a particular residual strength. Therefore, the stress-strain curve of specimen one suddenly rises after falling, and secondary failure occurs. This indicates that the strength of coal rock specimens can still be affected by the natural cracks existing in the specimens under high confining pressure.
[image: Figure 15]FIGURE 15 | Stress-strain curve at confining pressure of 10 MPa. (A) 1; (B) 2; (C) 3. Under high confining pressure, even if the number of natural cracks in the specimen is different, the peak stress of the specimen has little change.
Under the compaction action of high confining pressure, the failure process of the test often becomes difficult, resulting in more complex failure forms of the specimen, as shown in Figure 16. A macroscopic shear crack first appeared in the specimen, and the crack expanded rapidly, resulting in spalling on the specimen surface. Due to the confining pressure, the spalling part is still attached to the sample’s surface during loading and participates in the pressure action until the sample is completely broken, so several horizontal cracks are generated in the middle of the coal rock.
[image: Figure 16]FIGURE 16 | Schematic diagram of specimen failure form at confining pressure of 10 MPa (Blue shear failure, red tensile failure). It is difficult to destroy the sample under high confining pressure, and the degree of rupture after the experiment is high. The surface of the specimen is spalling, and several shear cracks run through the specimen.
After an in-depth study of coal-rock failure modes, we can divide them into three main types: tensile, shear, and mixed tension-shear failure. These failure modes reveal the different response modes of coal rock under stress and provide important clues to understanding the failure mechanism.
The above research shows that the natural random fissure in coal rock is one of the key factors affecting its failure form. These natural fractures make the coal rock samples show remarkable anisotropy characteristics, resulting in a highly uneven distribution of stress fields. This uneven stress distribution makes the fracture morphology complex and variable, greatly increasing the randomness of the basic mechanical parameters of the samples (Fu et al., 2021; Ji et al., 2015). Even the coal rock samples in the same area may show utterly different failure modes. At the same time, there is a significant correlation between the peak strength of coal and confining pressure. Under high confining pressure, coal rock usually shows strong bearing capacity and can effectively resist the action of external loads. However, in the process of coal seam mining, the strength of the coal seam wall in the working area will be greatly reduced due to the lack of confining pressure. This reduction in strength will increase the risk of wall collapse and seriously threaten mine safety production.
4 GAS MIGRATION LAW IN MINING FRACTURE FIELD
In the process of underground coal mining, with the continuous advancement of the coal mining face, the stress state of the coal rock in front of the workings changes, i.e., it causes stress release in the direction of the coal seam excavation and local stress concentration in the direction perpendicular to the coal seam excavation. When the stress state changes, the most direct effect is to cause deformation or destabilization of the coal rock layer, and the stress distribution is different at different locations. The deformation of the surrounding rock is also different, and the joints and fissures produced are different. After the deformation of the coal rock layer, the pore and fissure structure inside the coal rock layer changes, which makes the circulation channel of the gas in the coal rock layer change, leading to the change of the permeability of the gas in the coal rock layer, and greatly increasing the concentration of gas in the working face. Therefore, it is urgent to clarify the gas transportation law in the workplace, considering the collapse of coal rock and other factors. To this end, this section constructs the field mining fissure field morphology as shown in Figure 17 through the on-site data detection and test in Wangpo Mine and constructs the on-site gas transport model relying on COMSOL.
[image: Figure 17]FIGURE 17 | Fracture distribution in mining fracture field. The lines in the image represent cracks that have been created in the coal seam under mining disturbance.
5 NUMERICAL MODEL
This model adopts a dual-medium structure of pores and cracks based on the special composition of coal. That is, coal is composed of pores, cracks, and matrix. In this structure, the matrix is divided by cracks. Most of the gas exists in the matrix through adsorption, and its transport law follows Fick’s diffusion law. However, a small part of gas exists in the fissure in a free state, and its migration law follows Darcy’s seepage law.
In the ideal state without external interference, adsorbed and free gas maintain a dynamic balance. However, once this equilibrium state is broken, a continuous migration process will start, including diffusion and seepage, because the fracture’s gas flow rate exceeds the matrix’s diffusion rate. Specifically, the gas is first diffused from the matrix to the fissure utilizing Fick’s diffusion law, driven by the difference in concentration. Subsequently, the gas will further migrate from the fissure to the borehole or roadway through Darcy seepage. The gas migration process of the coal seam is shown in Figure 18.
[image: Figure 18]FIGURE 18 | Schematic diagram of coal seam gas migration process. The gas first diffuses from the matrix to the fissure by means of Fick diffusion driven by the concentration difference. Subsequently, the gas will further migrate from the fissure to the borehole or roadway in the form of Darcy seepage.
Considering the pore structure, gas migration form, and permeability characteristics of coal comprehensively, the pore structure characteristics and gas migration form of coal can be classified from a systematic perspective, including:
(1) Single pore - single permeability system: the pore structure of coal is idealized into a uniform fracture medium model, focusing on the permeability of the fracture. When the gas pressure balance in the coal seam is broken, the gas in the matrix can quickly desorb and diffuse into the fracture, and the gas migration process is mainly a single Darcy seepage form.
(2) Double-pore - single permeability system: the pore structure of coal is idealized into a dual medium model, including pores and cracks, focusing on the permeability of cracks. In this case, gas migration in coal seams can be regarded as a two-step process in series.
(3) Double-pore - double-permeability system: the pore structure of coal is also idealized as a dual medium model including pores and cracks while considering the permeability of the matrix and cracks. Currently, gas migration in the coal seam can be regarded as a two-step process involving series and parallel connections. Specifically, the gas in the coal matrix not only enters the fracture in the form of diffusion but also migrates between the matrix in the form of seepage and finally enters the roadway or borehole.
5.1 Simplified treatment of gas-solid coupling between coal and gas
Due to the complex multi-field coupling solution of the model and the comprehensive impact of computational efficiency, the numerical simulation will be simplified as follows:
(1) Suppose that the coal seam is a dry porous medium;
(2) The coal seam is a uniform and isotropic medium, and the influence of the anisotropy of the coal seam on the permeability directivity is ignored;
(3) The temperature in the gas flow field does not change much, and the gas migration in the coal seam is treated as an isothermal process;
(4) The coal seam fissures are filled with free gas, while the gas in the matrix exists in both adsorbed and free states;
(5) Gas is regarded as an ideal gas, and its dynamic viscosity remains unchanged under isothermal conditions;
(6) The pore and fissure systems are continuum systems.
5.2 Numerical simulation formula

(1) Gas occurrence quality per unit volume of coal
The free gas in the fracture system exists in the state of gas, and the mass of the free gas in the fracture system per unit volume of coal can be calculated by Equation 1:
[image: image]
The [image: image] is the mass of free gas deposited per unit volume of coal, kg; [image: image] is the fracture porosity of coal, %; [image: image] is the free gas density in the fracture system, kg/m3.
The ideal gas equation of state is used to calculate the free gas density in the fracture system, and its expression is shown in Equation 2:
[image: image]
The [image: image] is the molar mass of methane, kg/mol; R is the ideal gas constant, J/(mol·K); T is the temperature of the coal seam, K; [image: image] is the gas pressure in the fracture system, MPa.
[image: image]
In the coal matrix pore system, adsorbed and free gas exist, the main form of coal seam gas. The adsorbed gas conforms to Langmuir's adsorption equilibrium equation of state, whose expression is Equation 4:
[image: image]
The [image: image] is the mass of adsorbed gas in the pore system of coal per unit volume, kg; [image: image] is the Langmuir volume, m3; [image: image] is the Langmuir pressure, MPa; [image: image] is the mass of coal per unit apparent volume, kg/m3; [image: image] is the gas pressure in matrix pores, MPa.
The density of gas in the standard state is calculated by Equation 5:
[image: image]
The [image: image] is the molar volume of methane in the standard state, m3/mol. It can be calculated with Equation 6;
[image: image]
The [image: image] is the occurrence mass of free gas in the pore system of coal per unit volume, kg; [image: image] is the matrix porosity of the coal, %.
The total gas occurrence mass per unit volume of the coal matrix pore system is Equation 7:
[image: image]
The total gas occurrence mass per unit volume of coal is Equation 8:
[image: image]
(2) Control equation of gas diffusion in the coal matrix
Gas diffusion in a coal seam is mainly gas phase diffusion, as shown in Figure 19. The driving force of diffusion is the concentration difference between gaseous phase gas in the pores of the coal matrix and gas phase gas in cracks. In the process of gas extraction, the absorbed gas in the coal matrix as a mass source desorbs outward, making diffusion and seepage continue. The flux formula of mass exchange between the coal matrix and crack system can be expressed as is Equation 9:
[image: image]
[image: Figure 19]FIGURE 19 | Mass exchange between matrix system and matrix system and matrix simplified model of matrix block.
The [image: image] is the mass exchange rate between the coal matrix and fracture system per unit volume, kg/(mt ·s); D is the gas diffusion coefficient, m2/s; [image: image] is the matrix form factor, m-2; [image: image] is the concentration of gas in the matrix, kg/m3; [image: image] is the gas concentration in the fissure, kg/m3.
The matrix shape factor [image: image] is an essential parameter in the flux formula of mass exchange between the coal matrix and fracture system. For cubic type coal matrix, its form factor can be calculated as Equation 10:
[image: image]
L is the crack spacing, m.
Therefore, the governing equation of mass exchange between the coal matrix and fracture system can be expressed as Equation 11:
[image: image]
According to the gas migration characteristics in the extraction process, it can be seen that the matrix system is the positive mass source of the fissure system, and the fissure system is the negative mass source of the matrix system. Therefore, according to the law of conservation of mass, the mass exchange rate between the matrix system and the fissure system should be equal to the change of the mass of the matrix system with time, which can be expressed as Equation 12:
[image: image]
The governing equation of matrix gas pressure change over time can be obtained by combining and simplifying as Equation 13:
[image: image]
(3) Control equation of seepage flow of fissure gas
Equation 14 is the mass conservation equation:
[image: image]
[image: image] is the gas seepage velocity in the fissure, m/s.
The gas in the fissure flows in the Darcy seepage mode, which can be calculated as Equation 15:
[image: image]
[image: image] is the effective permeability of coal seam, Md; [image: image] is the aerodynamic viscosity coefficient, Pa·S.
5.3 Result analysis
The collapse of the mining fracture field was imported into the COMSOL numerical simulation software, and its model was meshing. The meshing results are shown in Figure 20.
[image: Figure 20]FIGURE 20 | Grid division of mining-induced fracture field model. In order to improve the efficiency of calculation, the grid division of the crack area is finer.
After the mesh division of the model is completed, the Dilliclet boundary condition is set. In the model, the crack surface is a natural crack under mining disturbance, and the condition is set as natural flow. Only the initial gas pressure is set in the upper and lower strata of the coal seam, and no additional gas is generated. Natural gas pressure and emission amount are set in the coal seam to investigate the law of gas migration under mining disturbance.
Coal seam gas dynamically evolves with time in the mining fracture field. Gas migration at different times is shown in Figure 21, and the color in the cloud map represents the gas pressure.
[image: Figure 21]FIGURE 21 | Gas migration cloud map. (A) 5; (B) 10; (C) 15; (D) 30; (E) 50; (F) 80; (G) 100; (H) 120. The color of the cloud image represents the gas pressure. In the first 100 days, the gas concentration decreased significantly with the increase in ventilation time. After 100 days of ventilation, the gas concentration hardly changed. In other words, 100 days of ventilation is the best ventilation time.
Due to the initial gas pressure in the overlying and lower strata in the model, the gas concentration and pressure in most areas were still high after 5 days of simulated natural ventilation. Only the gas migrated naturally at the crack area, and the gas concentration and pressure decreased, and the gas concentration in the center of the crack development area decreased significantly. With the increased natural ventilation time to 10 days, the gas concentration in the rock layer and coal seam close to the fracture area began to decrease. Because of the gas emission in the coal seam, the gas concentration near the coal seam was significantly higher.
After 30 days of ventilation, the gas concentration in the rock layer and coal seam around the crack is further reduced, and the low concentration range is relatively expanded, forming a low gas concentration area around the crack range. Under the influence of coal seam gas emission, the low concentration area is prominent in the upper part and small in the lower part. After 80 days of ventilation, the low-concentration area of gas increased significantly, and the concentration of coal seam near the fissure decreased significantly. This is because there is no gas pressure in the fissure itself, while there is gas pressure in the coal seam and its overlying and lower rock layers, resulting in gas migration toward the fissure. After 50 days of ventilation, most of the gas in the rock strata around the crack and the coal seam migrated along the crack, so the gas concentration in the coal seam close to the crack decreased significantly. When the ventilation time reaches 100 days, the gas concentration around the crack substantially reduces, and the gas pressure drops below 0.2 MPa. The gas concentration diagram after 120 days of ventilation has little change from that after 100 days of ventilation.
To explore the specific situation of coal seam gas migration in the mining fracture field with time change after 100, 110, and 120 days of ventilation, Figure 22 shows the contours of gas pressure under different ventilation times. The results show that the low gas pressure area does not change significantly after 100 days of ventilation and 110 days and 120 days of ventilation, so the recommended extraction time should be at least 100 days. In addition, compared with gas migration in the overlying rock matrix, the separation fractures and vertical fracture fractures in the mining fracture field have gas flow orientation.
[image: Figure 22]FIGURE 22 | Gas pressure contours under different ventilation times. (A) 100; (B) 110; (C) 120. The gas pressure area does not change significantly after 100 days of ventilation and 110 days and 120 days of ventilation, so it is recommended to ventilate for at least 100 days.
The evolution law of gas pressure at different positions in coal seams with ventilation time is still the focus of attention. Therefore, 11 detection points are set in this paper, as shown in Figure 23A. The total length of each point is 100m, and all of them are areas where gas concentration changes significantly after long-term ventilation.
[image: Figure 23]FIGURE 23 | Monitoring points and monitoring curves. (A) Schematic diagram of points 1 to 11; (B) Gas migration curve from points 1 to 11. A total of 11 detection points were set up to detect the evolution law of gas pressure at different positions in coal seams with ventilation time. The total length is 100 m, and each point is 10 m apart. With the increase of time, the gas pressure at each point has a different amplitude of decline, and the closer to the crack, the more obvious the gas pressure decline trend. In addition, when the gas migration time reaches 100 days, the gas pressure curve at each point is basically stable.
Figure 23B shows the variation curve of gas pressure at each point. With the increase of time, the gas pressure at each point decreases in different amplitude. The closer to the crack, the more pronounced the decreasing trend of gas pressure is. So, in the leftmost detection point (50,20) and the two rightmost detection points (140,20; 150,20), the pressure drop trend is the weakest, the fourth detection point on the left (80,20) is closest to the fracture, and the gas pressure drop is the most significant. In addition, after the gas migration time reaches 100 days, the gas pressure curve at each point is stable, which also shows that after the ventilation time reaches 100 days, the gas migration speed and low gas area change little.
Therefore, with gas migration in the mining fracture field, the gas enrichment area is located in the coal seam area far away from the mining fracture.
6 CONCLUSION
This work employs uniaxial and triaxial compression experiments to investigate the failure process of fractured coal rock. Using the data collected from the field survey, a model is developed to transport coal seam gas in the mining fracture field. This model also defines the behavior of coal seam gas transport when subjected to stress disturbances. The primary findings can be summarized as follows:
(1) Coal rock exhibits three common failure modes: tensile failure, shear failure, and a combination of tension and shear failure. The stochastic arrangement of natural cracks in coal rock is the primary determinant that renders the anticipation of fracture failure mode challenging. Additionally, it is the primary factor contributing to the significant variation in the mechanical durability of coal rock within a given area.
(2) The peak strength of coal rock is significantly correlated with confining pressure. Under high confining pressure, coal rock typically exhibits strong bearing capacity.
(3) An analysis was conducted on the dynamic evolution law of gas migration at different times. It was observed that in the overlaying strata area of the mining fracture field, the gas pressure was initially higher and reduced significantly as time progressed. Compared with the overlying rock matrix migration, the separation and vertical fracture fractures in the mining fracture field have gas flow orientation. With the movement of gas in the trapezoidal stage of the mining fracture field, the gas enrichment area is located in the coal seam area far away from the mining fracture.
(4) The simulation results of gas migration under mining disturbance show that the low gas pressure area changes little after 100 days of ventilation. Therefore, to ensure project safety, the ventilation time of a fully mechanized mining face should reach at least 100 days.
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