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With the continuous increase of mining depth, coal and gas outburst poses a significant threat to mining safety. Conducting research on the mechanisms of coal and gas outbursts contributes to understanding the evolutionary process of such incidents, thus enabling accurate prediction and prevention of coal and gas outbursts during mining operations. This paper has developed a comprehensive visual experimental system that is specifically tailored to simulate diverse coal body conditions, ground stress and gas pressures. By monitoring and analyzing the real-time progression of coal fissures during the outburst process, we can obtain valuable insights into the evolution and mechanisms of coal and gas outbursts. Additionally, this study introduces a method to determine the critical threshold for predicting coal and gas outbursts, and the critical gas pressure threshold for Jiulishan Coal Mine (Jiaozuo City, Henan Province, China) is established at 0.6 MPa.
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1 INTRODUCTION
Coal and gas outbursts are geological hazards characterized by the sudden ejection of fractured coal, rock and gas from the coal seam into the mining space, resulting from the combined effects of ground stress and gas (Li et al., 2023; Liu et al., 2023; Soleimani et al., 2023). The occurrence of coal and gas outbursts generates strong shockwaves with tremendous destructive power, posing significant threats to the safety of miners and mining facilities (Black, 2019a; Mekhtiev et al., 2021). With the continuous growth in energy demand and the increase in mining intensity and depth, the complex interactions among stress, gas, coal and rock have made the geological conditions of mines increasingly complicated, the probability of coal and gas outburst events increases (Li et al., 2019; Kursunoglu and Onder, 2019; Ul’yanova et al., 2019). The intricate mining conditions in deep mines give rise to distinct features of coal and gas outbursts, which are marked by heightened energy levels, intensity, and challenges in prevention and control efforts (Odintsev and Makarov, 2020; Gawor and Wasilewski, 2021; Remennikov et al., 2022; Shang et al., 2023). Therefore, studying the evolutionary processes and mechanisms of coal and gas outbursts holds significant importance for the safe operation of coal mines.
Previous research has conducted extensive research on the mechanisms of coal and gas outbursts and have proposed a range of hypotheses, including the “rheological hypothesis,” “failure of the coal shell hypothesis,” “unified instability theory,” “fluid-solid coupling instability theory,” and the composite hypothesis (Jiang et al., 2015; Yuan, 2017; Jin et al., 2018). These studies still have important guiding significance for current research. In recent years, with the advancement of experimental methods, research on the outburst mechanisms has continued to deepen. Koziel et al. (2022) conducted a study to investigate the prominent energy source in the porous structure of rocks, which is due to the presence of high-pressure gas. The prominence of this energy source is determined by the type of transformation that occurs during the decompression process. Zhao et al. (2022) conducted coal and gas outburst experiments under deep high-stress conditions and studied the stress-gas-pressure-temperature response characteristics of coal and rock around the outburst hole. The experimental findings indicate a significant stress response in the vicinity of the blast hole, with diminishing stress changes as the distance from the blast hole position increases. Based on these observations, one can deduce that the principal energy source for coal and gas outbursts originates from the internal energy of gas.
Coal possesses a complex fractured morphology, cracks and the finely porous structure (Ul’yanova et al., 2019; Godyn and Kozusnikova, 2019), experiences the formation of gas-bearing fractures due to the extension and convergence of microcracks under the ground stress. The cracks act as direct indicators of coal damage, and a comprehensive analysis of their attributes and formations can unveil the processes and mechanisms behind the onset and development of disasters (Odintsev and Makarov, 2020; Gao et al., 2021). Feldman et al. (2017) proposed a model to describe the development of primary fractures in coal seams under rapid unloading conditions, along with criteria for fracture occurrence and fracture timing in the edge areas of the coal seams. The study revealed that in virgin gas-bearing coal seams, fractures are influenced by both rock pressure and gas pressure within the coal seam fissures. Zhu et al. (2022) used mercury intrusion porosimetry and gas adsorption methods to investigate the pore structure characteristics of coal samples from highly gassy coal seams. The results indicated that during the initial stage of crack propagation, the main cracks on the coal samples extended along the direction of natural fractures. As the cracks expanded, the surface fractal dimension of the main cracks increased, and their degree of curvature intensified. The propagation path of the main crack is mainly affected by natural fractures and loads. Odintsev and Shipovskii. (2019) investigated the mechanisms underlying the formation of dynamic fracture in outburst-hazardous coal band under the influence of coal seam explosions. Furthermore, the researchers made estimations regarding the initial timing of crack development under the pressure exerted by liberated methane. The results indicate that the onset of crack development varies significantly, ranging from several tens of seconds to several hours, depending on the distinct mechanical characteristics exhibited by different coal samples.
Obviously, extensive literatures have carried out the coal and gas outburst simulation experiments. However, the interaction mechanism between various influencing factors is still controversial in the process of prominent events. Therefore, the design of a simulated experimental device for real-time dynamic observation of the fracture evolution of coal during coal and gas outbursts is of great significance for investigating the mechanisms of coal and gas outbursts and improving prevention measures. Meanwhile, the variations in gas pressure, ground stress, and mechanical characteristics of coal are substantial across different mining areas. The complex interaction of various influencing factors greatly impacts the occurrence of coal and gas outbursts, rendering their prediction challenging (Black, 2019b; Amani et al., 2021; Shadrin et al., 2022). Therefore, it is indispensable to formulate an accurate approach to anticipate the crucial thresholds of indicators related to coal and gas outbursts in different mining areas (Agrawal et al., 2023; Zheng et al., 2023).
In this paper, a comprehensive simulation experiment system was designed. The simulation experiments were conducted to investigate the effects of ground stress, gas pressure and coal properties on the occurrence of outbursts. Real-time observation and analysis of the generation, expansion and movement of coal fractures during coal and gas outbursts were conducted, and the experimental data were fitted. The interaction among ground stress, gas pressure and coal properties during coal and gas outbursts was analyzed, and the process of coal cracks during the outburst evolution was determined was analyzed. Additionally, a method was proposed for determining the critical values to predict coal and gas outbursts, and the critical value for gas pressure was found to be 0.6 MPa for the Jiusan Mine (Jiaozuo City, Henan Province, China).
2 EXPERIMENTAL SECTION
2.1 Experimental system
As shown in Figure 1, the coal and gas outburst experiment system consist of a pressure loading device, gas loading device and observation device. The pressure loading device is primarily composed of a computer-controlled electro-hydraulic servo pressure testing machine, which applies stress to the coal to simulate the ground stress by the coal underground. The gas loading device is used to fill the coal samples in the apparatus with gas, and the observation device includes a high-speed camera and a transparent organic glass window. The high-speed camera is positioned facing the transparent window to capture the fracture evolution process of the coal during the outburst. In order to capture and analyze coal and gas outburst processes, the frame rate of the high-speed camera was set to 2,000 frames per second.
[image: Figure 1]FIGURE 1 | The coal and gas outburst simulation experiment system.
2.2 Sample preparation
In coal and gas outburst simulation experiments, the physical and mechanical conditions of the coal body are important factors affecting the outburst process. To compare the impact of different coal types on the outburst, this experiment used both coal briquette and lump coal as the coal samples. By controlling the ratio of coal powder to coal tar, the coal briquette was prepared with different physical and mechanical properties. The preparation of coal briquette was performed directly in the outburst experiment apparatus, the pre-prepared coal powder was loaded into the apparatus in three stages, with each stage being pressurized at 20 MPa. The pressurization was done using a hydraulic press at a rate of 300 N/s, and once the predefined pressure was reached, it was maintained for 30 min. Before pressing the coal briquette, the outburst opening needed to be sealed to ensure proper bonding between the prepared coal and the container wall. For the lump coal outburst experiments, large coal samples were selected from the field and then cut into pieces that matched the volume of the experimental container. These coal pieces were placed in the experimental apparatus, and coal powder was used to fill the gaps between the coal samples and the container wall.
3 EXPERIMENTAL RESULTS
3.1 Results of simulation experiments on coal and gas outburst
Different physical and mechanical properties of coal briquette were prepared by changing the ratio of coal powder to coal tar. A stress of 10 MPa was applied to the coal samples to simulate ground stress, and the minimum gas pressure required for coal outburst under this stress was measured. The experimental results are presented in Table 1.
TABLE 1 | The results of outburst experiment under different coal properties.
[image: Table 1]In the absence of coal tar additives, after directly applying pressure to the coal samples, no outbursts occurred at a gas pressure of 0.20 MPa, and only minor fissures appeared. When the gas pressure increases to 0.22 MPa, the outburst phenomenon occurs. However, when a coal briquette made of 7% coal tar was added, no outbursts occurred at a gas pressure of 0.49 MPa, and the outbursts occurred when the gas pressure increased to 0.72 MPa. Similarly, when a coal briquette made of 15% coal tar was added, no outbursts occurred at a gas pressure of 0.58 MPa. The outbursts occurred when the gas pressure increased to 1.25 MPa.
Coal and gas outbursts often occur in coal seams with soft layers, however, with the increase of mining depth, the ground stress and gas pressure increase correspondingly, and the probability of hard coal outburst increases significantly (Yuan et al., 2021; Kursunoglu and Onder, 2023). In the hard coal outburst experiment, when the flap of the outburst mouth is suddenly opened, the coal undergoes a transition from being subjected to three-dimensional forces to being subjected to two-dimensional forces, resulting in the rapid release of stored elastic energy. Table 2 displays the outburst conditions of hard coal. Figure 2 illustrates the distribution of coal fractures after an experiment with a gas pressure of 0.65 MPa and a ground stress of 15 MPa. Multiple fractures appear near the outburst mouth, with small widths and primarily in the vertical direction. Furthermore, the upper part of the coal body experiences more severe damage, resulting in the fragmentation into several larger coal chunks.
TABLE 2 | Incidents of hard coal outburst.
[image: Table 2][image: Figure 2]FIGURE 2 | Hard coal sample after outburst in 0.65 MPa of gas pressure and 15 MPa of ground stress: (A) The crack fracture of flank, (B) The crack fracture of outburst mouth.
Figure 3 illustrates the distribution of coal fractures after an experiment with a gas pressure of 0.75 MPa and a ground stress of 20 MPa. The outburst mouth exhibits two significant connected and branched shear fractures, with a noticeable increase in width. From the side cracks, it can be observed that the coal near the outburst mouth experiences further damage, resulting in the fragmentation into smaller particles. Furthermore, the fractures of coal located farther from the outburst mouth have certain closure. By considering the results of the side crack observations, it can be concluded that the corner position of the coal block undergoes the most severe damage.
[image: Figure 3]FIGURE 3 | Hard coal sample after outburst in 0.75 Mpa of gas pressure and 20 Mpa of ground stress: (A) The crack fracture of flank, (B) The crack fracture of outburst mouth.
Figure 4 illustrates the distribution of coal fractures after an experiment with a gas pressure of 0.6 MPa and a ground stress of 20 MPa. Under the gas pressure of 0.6 MPa and the in-situ stress of 20 MPa, the outburst of hard coal occurred, the dynamic characteristics during the outburst were not significant. The hard coal did not exhibit a pronounced ejection phenomenon, resulting in relatively large coal particles left after the outburst. After the outburst occurs, a hole with a large opening and a small cavity formed inside the coal body, and the coal surrounding the cavity became quite loose. Under this experimental condition, the coal located below the outburst mouth was mostly unaffected by the outburst, and the degree of fragmentation was minimal. The coal located below the outburst mouth was not subjected to a change in stress state when the outburst mouth opened, and the elastic energy in the coal was not rapidly released in a short time, thus not providing a rapid release pathway for the gas within the coal, resulting in minimal damage to the coal. As shown in Table 2, in the case of the same ground stress, when the gas pressure increases, the outburst phenomenon does not occur. This is due to the outburst mouth baffle and the coal block inside the device do not come into contact with each other, and when the outburst occurs and the protruding mouth baffle opens, the coal body is not completely and quickly depressurized, and the stored elastic energy cannot be released quickly.
[image: Figure 4]FIGURE 4 | Hard coal sample after outburst in 0.6 Mpa of gas pressure and 20 Mpa of ground stress: (A) The crack fracture of flank, (B) The crack fracture of outburst mouth.
The impact of ground stress on the outburst of coal briquette is illustrated in Table 3, indicating that no outbursts occurred under the ground stress of 5 MPa and 7.5 MPa. However, when the ground stress increased to 10.41 MPa, an outburst phenomenon occurred, with a mass of 3.2 kg, accounting for 45.7% of the total coal mass. This indicates that coal briquette containing 7% coal tar exhibit outburst phenomena within a certain range of critical stress threshold under a gas pressure of 0.37 MPa.
TABLE 3 | The results of outburst experiment under the different ground stress.
[image: Table 3]3.2 The distribution of coal cracks in the outburst process
Coal and gas outbursts are rapid processes that can be completed in just a few seconds. In order to analyze the evolution of cracks during the outburst process, this study conducted continuous observations using a high-speed camera system. Figure 5 presents the evolution of coal cracks captured by the high-speed camera during the moment of outburst, the entire outburst process is less than 0.1 s. After the outburst occurs, the coal in the outburst area is quickly expelled, followed by the emergence of cracks. Initially, the cracks appear at the top of the coal and gradually propagate towards the interior. The crack propagation speed is first fast and then slow, and finally tends to stop. Additionally, when the gas pressure exceeds 0.48 MPa, no cracks were observed during the outburst process.
[image: Figure 5]FIGURE 5 | Schematic diagram of evolution process of coal fracture in outburst process.
Figure 6A illustrates the evolution process of coal fractures during the outburst process, while Figures 6B, C depict the displacement and velocity plots of the marked particles in Figure 6A. From Figure 6B, it can be observed that the trajectory of the coal particle motion also approximates a parabolic shape. The particle exhibits significant displacement, moving approximately 0.06 m along the x-axis according to the recorded observations on the graph. After outburst, the motion velocity of the coal particle rapidly increases, reaching a maximum speed of 1.1 m per second, and gradually decreases, reaching its maximum value at 0.15 s. Once the outburst occurs, the coal was expelled rapidly under the driving force of gas pressure.
[image: Figure 6]FIGURE 6 | (A) Schematic diagram of particle trajectories taken from coal relative position, (B) The trajectory of particle motion, (C) The velocity of particle motion.
4 DISCUSSION
4.1 The analysis of coal and gas outburst laws and influencing factors
In the coal briquette outburst experiment, the occurrence of coal and gas outburst phenomena in the coal body under low coal tar content and small gas pressure was observed, and the frequency of coal outbursts increased as the gas pressure increased. Furthermore, the ability of coal bodies with different intensities to resist outburst varied, resulting in different minimum values of gas pressure required for outburst. During the outburst experiment with hard coal, the in-situ stress led to the continuous accumulation of elastic energy within the coal body. The critical factor for outbursts in hard coal is the release of elastic energy during the decompression process (Rudakov and Sobolev, 2019; Soleimani et al., 2023).
As shown in Table 3, conclusions can be drawn from the results of the 4th, 5th, and 6th experimental groups, where coal samples containing 7% coal tar exhibit a range of critical ground stress thresholds for outburst phenomena under a gas pressure of 0.46 MPa. In summary, the Eq. 1 and Eq. 2 can be derived:
[image: image]
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To further analyze the impact of pressure of briquette and gas coupling on outbursts, the influence mechanisms of the outburst occurrence was researched under the different outburst mouth when the gas pressure was 0.49 MPa, the experimental findings are presented in Table 4. A layer of sealing rubber film was added to the outburst mouth while maintaining the experimental conditions unchanged. After the induction step of the outburst, the coal mass did not experience an outburst but exhibited a certain degree of swelling. At the moment of the outburst occurrence, the barrier plate on the outburst opening was suddenly removed, resulting in deformation and fragmentation of the coal mass near the opening under the influence of stress, causing it to move towards the outburst mouth. However, due to the obstructive effect of the thin film, no pressure differential was formed around the outburst opening, preventing the outburst of the coal. According to the report of Wang et al. (2018), the release of a certain level of coal stress alone cannot lead to an outburst without the involvement of gas. In the third group of experiments, while keeping other conditions unchanged, there was no contact between the coal mass near the outburst opening and the barrier plate. Therefore, during the outburst moment, when the outburst barrier plate was removed, there was no depressurization, fragmentation, or deformation of the coal mass near the outburst opening. Although there was a pressure difference between the coal seam gas and the atmosphere at this time, the resistance of the coal mass prevented the occurrence of an outburst. The analysis mentioned above leads to the conclusion that the impact of ground stress on outbursts is primarily evident during the occurrence of the outburst, if the ground stress cannot be rapidly released at that moment, its influence on the outburst will be significantly reduced. For instance, when the outburst baffle does not contact with the coal body, even a slight increase in gas pressure will not occur. Similar conclusion has also been obtained in previous studies (Du and Wang, 2019; Wu et al., 2020), further confirming the rationality of this study.
TABLE 4 | The results of outburst experiment under the different outburst mouth.
[image: Table 4]During the excavation of the coal roadway, three zones persist in front of the working face, including the pressure relief zone, the stress concentration zone, and the original stress zone (Zhang et al., 2020). The pressure relief zone consistently exists during subsequent excavation cycles. Therefore, under equivalent conditions of coal strength and ground stress, a greater gas pressure value is required in the original coal seam for conditions conducive to outbursts as compared to the pressure during rock cross-cut coal. To investigate the impact of original gas pressure in the coal seam on coal and gas outbursts during tunnel excavation, this study conducted 7 sets of coal and gas outburst experiments under varying gas pressures. The experimental parameters are presented in Table 5. Under the conditions of coal tar content of 7%, pressure of briquette of 20 MPa, and ground stress of 10 MPa, a low gas pressure will not induce coal outbursts. However, when the gas pressure increases to 0.72 MPa, the outburst phenomenon occurs, and the outburst coal accounts for about 29.3% of the total coal.
TABLE 5 | The results of outburst experiment under different gas pressure.
[image: Table 5]The occurrence of coal and gas outburst is affected by many factors. It is of great significance to establish a method to accurately predict the critical value of coal and gas outburst index in different mining areas to reduce the risk of coal and gas outburst in coal mine production (Amani et al., 2021; Soleimani et al., 2023). Taking Jiulishan Coal Mine (Jiaozuo City, Henan Province, China) as an example, the critical value of mine gas pressure for outburst was determined by experiments. The coal briquette containing 7% coal tar was used as the coal sample to meet the requirement of similarity in the physical and mechanical properties of the coal body in the Jiulishan Coal Mine, and the ground stress was approximately 10 MPa calculated based on the burial depth. Preliminary estimation was conducted based on the possible occurrence of gas pressure, starting from 0.30 MPa in the experiments, and no outbursts were observed. Continuing the use of the original coal sample, experiments were conducted with an additional 0.2 MPa of gas pressure under unchanged conditions, and no outbursts occurred. The gas pressure was further increased by 0.2 MPa until reaching 0.72 MPa when an outburst occurred. Then, experiments were continued using the midpoint between the values of gas pressure causing outburst and non-outburst until an outburst occurred. This process continued iteratively until reaching an accuracy of 0.01 MPa. Through experimentation, the critical gas pressure for coal and gas outbursts in the Jiulishan Coal Mine was determined to be 0.6 MPa. The specific experimental steps and methods are shown in Table 6. According to relevant literature data (Zhang, 1995), the gas pressure critical value in the Jiaozuo mining area is 0.6 MPa, which is consistent with the gas pressure critical value determined in this experiment, indicating the accuracy of method used in determining the gas pressure critical value in this experiment.
TABLE 6 | Determination of the critical value of gas pressure in Jiulishan Coal Mine.
[image: Table 6]4.2 The analysis of distribution law of coal cracks in the process of protrusion evolution
The experimental results show that the duration of the coal and gas outburst process is very short, and the time from the beginning to the end of the outburst is less than 0.1 s. After the outburst starts, the coal near the outburst mouth first peels off and pulverizes, and then develops from the surface to the interior and from the shallow to the deep. In order to describe the trajectory of coal ejection from the hole during the outburst, the coal in the experimental device can be divided into three parts: upper, middle, and lower. The upper part refers to the coal section that corresponds to the horizontal height where the outburst mouth is located, the middle part refers to the coal section at the same horizontal height as the outburst mouth, the lower part refers to the coal section below the horizontal height where the outburst mouth is located. The coal in the upper part near the outburst section is directly ejected from the outburst mouth after stripping off the coal wall. The coal far away from the outburst mouth is affected by the combined force of gas pressure and radial stress, and the trajectory of its movement is parabolic ejection, while under the obstruction of the coal in front, the coal that is unable to be ejected falls down under the influence of gravity in the lower part. The coal corresponding to the height of the outburst mouth moves towards the outburst mouth in a near-horizontal manner. The coal in the lower part moves towards the outburst mouth under the influence of gas pressure, and due to the inability to eject horizontally, its trajectory of movement near the outburst head is approximately arched and upward, and it is finally expelled rapidly after reaching the outburst mouth.
After the outburst starts, the outburst mouth of the coal body opens, the coal body is thrown out, and the broken coal accumulates near the outburst hole. A slight movement towards the outburst mouth can be observed in the accumulated coal after a short interval following the first outburst. This is because the crushed coal accumulated after the first outburst obstructs the gas outflow channel, leading to an increase in gas pressure inside the hole. When the gas pressure within the hole reaches a high level, the broken coal in the hole will be forcefully expelled by the gas pressure, resulting in a decrease in the gas pressure within the hole. The broken coal in the cavity will be forcefully ejected when the gas pressure reaches a high level. As the difference between the gas pressure inside the hole and the gas pressure in the coal wall increases, when the pressure difference reaches a certain level, another outburst may occur. Therefore, coal and gas outbursts are not completed in a single occurrence, but rather in an intermittent development process, and similar results were also observed by Cheng et al. (2023).
4.3 The analysis of the interaction of stress, gas pressure and coal body in the process of protrusion
The interaction of stress, gas pressure and coal body in the process of protrusion is a complex problem, in order to analyze this interaction in depth, this paper carries out several sets of experiments and selects the typical experimental results to illustrate them.
According to Figure 7, the relationship between the coal solidity coefficient and gas pressure can be obtained as shown in Eq. 3:
[image: image]
[image: Figure 7]FIGURE 7 | Fitting of gas pressure and coal properties.
In Eq. 3, it can be seen that the gas pressure required to reach the protrusion condition increases as the coal body firmness coefficient increases.
Also, Eq. 4 can be obtained from Figure 8:
[image: image]
[image: Figure 8]FIGURE 8 | Fitting of ground stress and gas pressure.
According to Eq. 4, it can be seen that the gas pressure required for protrusion decreases as the ground stress increases. However, when the gas pressure reaches a certain value, protrusion may still occur even if the ground stress is small. Specifically, whether or not protrusion occurs also depends on the physical and mechanical properties of the coal body.
Eq. 5 can be obtained by substituting Eq. 3 into Eq. 4:
[image: image]
It follows that the relationship between the three elements that determine the critical value is shown in Eq. 6.
[image: image]
5 CONCLUSION
In this paper, a protrusion simulation experiment system that integrates ground stress, gas pressure and coal properties is developed. Through the simulation experiment, the roles of ground stress, gas pressure and coal properties in outburst were studied, and the outburst experiment result data are fitted. With the increase of coal hardness, the gas pressure and ground stress required for outburst increase. In addition, the relationship between gas pressure and ground stress is also found, that is, increasing ground stress will lead to a decrease in the gas pressure required for outburst. It is worth noting that when the gas pressure reaches a certain value, protrusion is able to occur even if the ground stress is small. In addition, this paper proposes a method to determine the critical value for coal and gas protrusion prediction, and studies and determines the critical value of gas pressure of 0.6 MPa in Jiulishan Coal Mine (Jiaozuo City, Henan Province, China).
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