[image: image1]Study on the mining response law and coal burst risk assessment of an isolated working face

		ORIGINAL RESEARCH
published: 01 November 2024
doi: 10.3389/feart.2024.1487505


[image: image2]
Study on the mining response law and coal burst risk assessment of an isolated working face
Guojun Liu1,2, Ruide Lei3,4,5*, Ling Huang3, Menglai Li4 and Jiankun Zhou4
1Hunan Engineering Research Center of Development and Application of Ceramsite Concrete Technology, Hunan City University, Yiyang, China
2Key Laboratory of Green Building and Intelligent Construction in Higher Educational Institutions of Hunan Province, Hunan City University, Yiyang, China
3College of Civil Engineering, Sichuan University of Science and Engineering, Zigong, China
4Key Laboratory of Shale Gas Exploration, Ministry of Natural Resources, Chongqing Institute of Geology and Mineral Resources, Yubei, China
5Key Laboratory of Safety and High-Efficiency Coal Mining, Ministry of Education, Anhui University of Science and Technology, Huainan, China
Edited by:
Wen Nie, Jiangxi University of Science and Technology, China
Reviewed by:
Qibin Lin, University of South China, China
Xiaoran Wang, China University of Mining and Technology, China
Peng Li, University of Science and Technology Beijing, China
* Correspondence: Ruide Lei, leiruide123@163.com
Received: 28 August 2024
Accepted: 14 October 2024
Published: 01 November 2024
Citation: Liu G, Lei R, Huang L, Li M and Zhou J (2024) Study on the mining response law and coal burst risk assessment of an isolated working face. Front. Earth Sci. 12:1487505. doi: 10.3389/feart.2024.1487505

With the increasing demand for coal resources and the unreasonable arrangement of subsequent working faces, mining activities in isolated working faces are more likely to induce coal burst accidents. In this study, the minimum distance principle is utilized as the risk assessment indicator and the quantitative theory is introduced to evaluate coal burst risk in isolated working faces. Through a case study in 1,304 isolated working face of Yangcheng Coal Mine, the key factors affecting the risk of coal burst were identified, and a three-dimensional coal burst risk assessment model was constructed to evaluate the risk of the isolated working face. The results show that as the working face advances, the abutment pressure and elastic strain energy density in front of the working face increase to the peak value in a positive exponential relationship at first and then decrease to in situ stress, which presents an upward convex trend. Under different excavation steps, the concentration coefficient of the peak stress gradually increases. The influence range of the abutment pressure of the working face gradually increases. Compared with one-dimensional and two-dimensional evaluation functions, the three-dimensional function significantly improves the accuracy of risk assessment and successfully identifies strong coal and gas outburst risks. Additionally, the model not only enhances the precision of risk assessment but also quantifies the assessment parameters.
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1 INTRODUCTION
Coal burst is a typical dynamic disaster often accompanied by the sudden ejection of coal during underground mining activities (Zhao et al., 2018a; Wen et al., 2019; Tai et al., 2022; Wang P. et al., 2024). In recent years, there has been a significant expansion of coal mining operations, with corresponding increases in mining depths. As the mining depths increase, the engineering conditions encountered in mining activities become more complex, particularly the issue of high in situ stress due to mining depth, faults, and tectonic areas with isolated working faces (Guo et al., 2017; Zhao et al., 2018b; Li et al., 2022; Wang et al., 2024a; Wang et al., 2024b). Under the action of high stress accumulation and complex tectonic stress, the instability of island working faces is more likely to occur. The reason for this is the substantial accumulation of elastic energy, which can potentially lead to significant geotechnical hazards such as mine earthquakes or severe coal burst accidents (Xie et al., 2015; Pan et al., 2018; Li et al., 2021; Li et al., 2024). The instability of isolated working faces poses a severe threat to the safety of coal mining operations and has been responsible for numerous casualties. Therefore, it is imperative to develop effective methods for risk assessment and dynamic failure prediction.
Coal burst risk evaluation methods can be categorized into the following: qualitative evaluation method and quantitative evaluation method. The qualitative method assesses the risk of coal burst by summarizing the characteristics of the coal burst phenomenon. Based on the characteristics of mine micro-seismic data, Cao et al. (2022) proposed a neural network for coal burst prediction that is driven by the fusion of data and knowledge. Zhou J. et al. (2022) investigated the coal burst mechanism of isolated working surfaces and established a numerical model to describe the evolution of static and dynamic stress. The mechanism of coal burst disasters is highly complex, involving numerous influencing factors throughout the disaster’s preparation and development process. For instance, island mining on a coal face can lead to high stress accumulation before catastrophic failure, which may then trigger a coal burst. These prediction models struggle to quantify the relationships between control factors and the timing and location of coal burst accidents, which hampers the ability to accurately and scientifically evaluate the risk of coal bursting (Guo et al., 2019; Xu et al., 2019; Cao et al., 2023). However, the aforementioned evaluation methods primarily offer a qualitative assessment of prevention measures prior to coal mining, rather than providing a quantitative analysis.
To improve the accuracy of coal burst evaluations, quantitative evaluation methods are introduced to study the coal burst grade evaluation model for isolated working faces. The quantitative evaluation methods mainly include the comprehensive index method (Ahmad et al., 2021), possibility index diagnosis method (Zhou K. Y. et al., 2022), and fuzzy mathematics method (Tang et al., 2010). The comprehensive index method describes the relationship between coal burst risk and various mining conditions. Wu et al. (2019) optimized the least square support vector machine (LSSVM) method through the particle swarm optimization algorithm and proposed a new probability model for tunnel coal burst prediction using Copula’s theory. Dou et al. (2018) analyzed the multi-dimensional information of micro-seismic data during the mining process, conducted early warning of coal burst events through comprehensive analysis, and established a multi-parameter index normalization system for the early warning of micro-seismic coal burst. Di et al. (2023) proposed a comprehensive early-warning mode based on a deep learning algorithm through the comprehensive analysis of micro-seismic, acoustic emission and electromagnetic radiation signals. Wang et al. (2015) established a multi-index model for predicting coal mine rock burst by combining fuzzy matter theory, information entropy theory, and proximity theory. He et al. (2017) performed a comprehensive analysis of stress distribution and dynamic stress perturbations based on stress monitoring. Using Bayesian networks, Wang et al. (2022) quantified the probabilistic relationship between rock burst and its different types, and predicted the occurrence probability of rock burst by integrating multiple indicators. Moreover, Du et al. (2021) adopted the Bayesian method and combined the traditional comprehensive index method with the likelihood index diagnosis method to build a comprehensive risk assessment. Liu et al. (2023) established a multi-layer fuzzy comprehensive evaluation model based on the analytic hierarchy process–fuzzy comprehensive evaluation (AHP-FCE) method. Several influencing factors of rock burst risk were determined, and the evaluation model was calculated using a second-order fuzzy mathematical calculation method. It was found that the evaluation results are consistent with those of the comprehensive index method and the possibility index method. Dong et al. (2013) conducted a study on the AHP applied to the coal mine safety evaluation. Sun et al. (2009) combined fuzzy mathematics and neural networks to propose a fuzzy neural network prediction model for rock burst risk. These quantitative evaluation methods contribute to a more precise and data-driven approach to assessing coal burst risk, which is essential for the effective management and prevention of coal burst incidents in mining operations. The quantitative evaluation method is a significant branch of multivariate analysis methods and serves as an effective tool for processing quantitative data (He et al., 2023; Hao and Niu, 2014; Hu et al., 2014; Wang et al., 2012). This approach allows for the development of more effective strategies to mitigate the risks and enhance the safety of coal mining operations. Furthermore, quantitative theory evaluation and forecasting methods can overcome the limitations of scoring or indexing methods, providing a more robust framework for assessing and managing the risks associated with coal burst disasters. The traditional quantitative model has made some progress in evaluating the risk of rock burst, but there are still areas for improvement. For example, the comprehensive index method captures the relationship among risk factors from a holistic perspective, but its weight allocation relies on expert judgment and is susceptible to subjective influence. The fuzzy mathematical method has an advantage in predicting uncertainty, but it is limited by the complexity of establishing fuzzy sets and defining membership functions. The possibility index diagnostic method is effective in rapidly identifying high-risk areas, but it still lacks in providing complex multivariate analysis. Quantitative theoretical evaluation and prediction techniques are used in this study not only because of their competence in data analysis but also because of their ability to overcome the shortcomings of scoring or indexing methods.
Drawing on the aforementioned research, this study performs a comprehensive examination of coal outburst risk assessment for isolated mining faces, grounded in quantitative theory and the principle of minimum distance. Through the detailed analysis of geological and engineering parameters that influence coal outburst risk, a three-dimensional evaluation model is developed. The utility of various assessment methodologies is further evaluated by integrating numerical simulations with case studies for comparative analysis. This paper is organized as follows: Sections 2, 3 present a numerical simulation analysis on the abutment pressure and elastic strain energy during the mining process; Section 4 establishes a coal burst grade evaluation model for isolated working faces based on quantitative theory and the principle of minimum distance; and finally, conclusions are presented in Section 5.
2 METHODOLOGY
2.1 Geological and mining conditions
The mining level of working face 1,304 at Yangcheng Coal Mine is −650 m, and the coal seam is 3# coal, which is highly prone to bursts. The ground elevation ranges from 38.3 to 39.5 m. The coal seam floor elevation of the working face is between −535 and −660 m. The length of the working face is 184 m, and the mining advance length is 870 m. The dip angle of the coal seam in the working face varies from 17° to 21°, with an average of 19°. The thickness of the coal ranges from 7.0 to 8.2 m, with an average of 7.5 m. The minable index of 3# coal is 1, the coefficient of variation is 18.6%, and the coefficient of hardness is between 2 and 3, which belongs to medium-hard coal seam. The overburden of the working face is a thick and hard basic roof, which can accumulate extensive elastic properties, and poses potential mine burst hazards. According to the identification of the General Coal Research Institute, the lower part of 3# coal has a weak burst-prone characteristic, and the upper part of 3# coal has a strong burst-prone characteristic. The layout plan of the mining area for working face 1,304 is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic diagram of 1,304 working face.
In addition, the pore structure of coal samples was characterized using the non-destructive nuclear magnetic resonance system. The magnetic field intensity of the test system is 0.3 ± 0.05 t, the operating temperature is 32°C, and the frequency range is 2–30 MHz. The porosity of three typical coal samples is 8.89%, 8.31%, and 8.94%, with an average porosity of 8.71%. The T2 spectra of typical coal samples are shown in Figure 2.
[image: Figure 2]FIGURE 2 | T2 distribution of typical coal samples.
2.2 Numerical modeling
FLAC3D is used to study the energy evolution and abutment pressure of island working faces under the condition of three-sided mining (Wu and Wong, 2012). Based on the energy principle, the distribution of elastic strain energy for coal-rock mass compiled using Fish language in ASD reveals the evolution of the elastic strain energy in front of the coal wall under different advancing steps. The numerical calculation model is established according to the geological conditions of the 1,304 island working face in the Yangcheng Coal Mine. The detailed geometry of the constructed model is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Model geometry.
The size of the model is 540 m × 300 m × 232 m (length × wide × height), which consists of 432,000 zones and 451,369 grid points in total. The coal-rock mass is assumed as the elastoplastic material, and the Mohr–Coulomb criterion is adopted. The boundary conditions are horizontal constraints in the x- and y-directions; vertical constraints at the bottom, free boundaries at the top, and equivalent loads (q = γh) in the vertical direction are applied at the top boundary of the model to simulate the self-weight of the overlying strata. γ is the average unit weight of the overlying strata of the model, taken as 24 kN/m3. h is the average distance from the upper part of the model to the surface, taken as 650 m. Thus, the equivalent load can be obtained as 15.3 MPa. The null zone is used to simulate the excavation of two working faces 1,303 and 1,305, which are equivalent to the goaf of working face 1,304. Furthermore, to account for the influence of the boundary effect, 50-m-wide coal pillars are reserved at the boundary along the x-direction, 30-m-wide coal pillars at the boundary along the y-direction, and 5-m-wide roadway protection coal pillars at the sides of the transport drift.
2.3 Physical and mechanical parameters
The mechanical parameters of the coal-rock mass layer in the model are determined according to the actual rock mechanical properties of the Yangcheng Mine, as listed in Table 1. It should be noted that Eb represents the bulk modulus, ρ represents the density, T represents the thickness, Es represents the shear modulus, c represents the cohesion, σt represents the tensile strength, and φ represents the internal friction angle.
TABLE 1 | Physical and mechanical parameters of coal-rock mass.
[image: Table 1]According to the mechanical characteristics of the coal-rock mass, the coal-rock mass will be damaged in different forms when the load borne by the coal-rock mass is greater than its ultimate strength and will maintain a certain residual strength after plastic deformation and failure. Therefore, the Mohr–Coulomb criterion is utilized in this study. The modified Mohr–Coulomb model strength criterion is as follows:
[image: image]
where [image: image] is the maximum principal stress, [image: image] is the minimum principal stress, c is the cohesion, and φ is the internal friction angle. From Equation 1, when [image: image], the coal-rock mass is damaged due to shear failure, and when [image: image], the coal-rock mass is damaged due to the tensile failure.
3 NUMERICAL RESULTS
To study the distribution of the abutment pressure of the working face under different advancing steps, the monitoring points are arranged at three positions along the advancing direction of the working face, namely, the side of the transportation drift, the side of the return air drift, and the middle of the working face.
Based on the energy principle, the elastic strain energy density of coal-rock mass compiled by Fish language presented in FLAC3D is used to study the space–time distribution of elastic strain energy density in coal-rock mass in the stope under different advancing steps. The characteristics of strain energy are adopted to reveal the dynamic response in the mining process of the working face. By setting up coal pillars with different widths, the distribution of the inner abutment pressure and the residual elastic strain energy in the coal pillars under different coal pillar widths is obtained. The instability failure of the coal pillars in the isolated working face can be revealed. After the simulated calculation is completed, the values of the monitoring points are exported. The data processing software applications are used to obtain the distribution of the abutment pressure and elastic strain energy in front of the coal wall. The results are analyzed to obtain the cloud nephogram of the abutment pressure and the elastic strain energy in front of the coal wall. Finally, the stress distribution and the evolution of energy accumulation are quantitatively obtained.
3.1 Abutment pressure of the isolated working face
3.1.1 Influence of the excavation step on abutment pressure
This section discusses the impact of different excavation steps on the hazard risk of an isolated working face by obtaining the distribution of abutment pressure in front of the isolated working face under seven excavation steps, namely, 30, 60, 90, 120, 150, 180, and 210 m. According to the built-in data output and post-processing functions, the stress of each unit of coal-rock strata is derived. Figure 4 shows the bearing abutment distribution in front of the coal wall of the isolated working face. It should be noted that the stress concentration coefficient is the ratio of the maximum stress to the average stress.
[image: Figure 4]FIGURE 4 | Abutment pressure distribution of the working face in different advancing steps.
Figure 4 shows that the abutment pressure in front of the coal wall of the working face increases to the peak stress in a positive exponential relationship at first and then gradually decreases to the original rock stress in a negative exponential relationship, showing an upward convex trend. With the increase in the advancing step, the peak abutment pressure in front of the working face gradually increases, and the peak stress appears at 8∼10 m in front of the working face. With the increase in the advancing step, the concentration coefficient of peak stress gradually increases, and the influence range of the abutment pressure of the working face gradually increases. When the working face advances 30 m, the peak abutment pressure in front of the coal wall of the working face is 36.7 MPa, and the stress concentration coefficient is 2.45. When the working face is advanced by 90 m, the peak abutment pressure in front of the working face is 49.5 MPa, and the stress concentration coefficient is 3.3. The hazard risk is relatively high when the working face is advanced by 30 m. When the advancing distance of the working face is advanced by 150 m, the peak abutment pressure in front of the working face is 58.5 MPa, and the stress concentration coefficient is 3.9. When the working face is advanced by 180 m, the peak abutment pressure in front of the working face is 63.3 MPa, and the stress concentration coefficient is 4.22. The stress concentration is relatively high when the working face is advanced by 90 m, and the hazard risk is correspondingly increased. When the advancing distance of the working face is advanced by 210 m, the peak abutment pressure in front of the coal wall is 69.8 MPa, and the stress concentration coefficient is 4.65. It can be further inferred that with the continuous advancement of the working face, the stress gradient in front of the working face gradually increases. The stress concentration coefficient exceeds the critical value of the hazard risk, indicating that the hazard risk in the working face gradually increases.
3.1.2 Influence of buried depths on abutment pressure
In this section, we discusses the influence of different coal seam depths on the impact risk of isolated working faces by studying the distribution of the abutment pressure in front of the isolated working faces under three buried depths, namely, 400, 600, and 1,000 m.
The distribution of the abutment pressure in front of the island working face under different buried depths is shown in Figure 5. Figure 5 shows that the peak abutment pressure is 42 MPa when the buried depth of the coal seam is 400 m. The concentration coefficient is 4.2. The position of peak stress is 6 m away from the working face. When the buried depth of the coal seam is 600 m, the peak abutment pressure in front of the working face is 52.5 MPa. The concentration coefficient of peak stress is 3.5. The peak stress position is 8 m away from the coal wall of the working face. When the buried depth is 1,000 m, the peak abutment pressure in front of the working face is 84.6 MPa. The concentration coefficient of peak stress is 3.38. The position is 10 m away from the working face. Compared with the different buried depths of the coal seam, the peak abutment pressure in front of the coal wall gradually shifts to the deep part of the coal seam. With the increase in the buried depth, the abutment pressure in front of the coal wall increases first and then decreases. The underlying physical mechanisms of this phenomenon are multifaceted and involve the interaction of various factors. With the increase in the buried depth, the self-weight stress transmitted by overlying strata is intensified, which causes the abutment pressure of working face to increase primarily. This phenomenon manifests itself in a more pronounced stress concentration as the coal-rock is subjected to enhanced compression. In addition, the mechanical properties of coal-rock change with the increase in buried depth. At deeper depths, the evolution of peak stress may migrate deeper into the coal seam, thus reducing the peak stress near the coal wall. In addition, as the depth of burial increases, the overlying rock tends to be rigid, thus storing more elastic energy, which leads to an increase in stress intensity. However, after a certain critical depth, the plasticity of coal-rock mass increases, the ability of rock strata to transfer stress weakens, and eventually, the peak stress decreases.
[image: Figure 5]FIGURE 5 | Abutment pressure distribution of the front wall with various buried depths.
3.2 Elastic strain energy of the isolated working face
3.2.1 Elastic strain energy density
According to the principle of strain energy density of the elastomer under a three-dimensional stress state derived in elasticity,
[image: image]
where U is the strain energy density of the elastomer, kJ/m3; [image: image], [image: image], [image: image], [image: image], and [image: image] present six stress components at any point in the elastomer; and [image: image], [image: image], [image: image], [image: image], [image: image], and [image: image] present six strain components at any point in the elastomer.
The elastic body is regarded as an isotropic body. According to the generalized Hooke’s law, the relationship between stress and strain at any point in the elastic body is
[image: image]
where E is the modulus of elasticity, μ is the lateral pressure coefficient, and G is the shear modulus.
There is a relationship among E, μ, and G:
[image: image]
Substituting Equations 3, 4 into Equation 2, the strain energy density expressed by the stress component is
[image: image]
From Equation 5, it can be found that the strain energy of the roof rock under the three-dimensional stress state is in a quadratic relationship with its internal stress, that is, the higher the stress on the coal-rock in front of the coal wall, the greater the accumulated elastic strain energy.
3.2.2 Influence of the excavation step on elastic strain energy
Based on the built-in data output and post-processing functions of FLAC3D, six stress components of each unit of coal and rock strata in the middle of the working face are derived, and the elastic strain energy distribution of coal-rock strata along the advancing direction is calculated by substituting Equation 7, as shown in Figure 6.
[image: Figure 6]FIGURE 6 | Elastic strain energy distribution curve of the working face in the direction of face advance.
Figure 6 shows that the peak strain energy gradually increases. The peak elastic strain energy is located 8 m in front of the coal wall of the working face with increasing excavation steps. With the increase in the advancing distance of the working face, the elastic strain energy in front of the working face increases. The hazard risk in front of the working face increases accordingly. When the excavation step is 30 m, the peak strain energy is 136.43 kJ/m3. The roof rock layer of the working face is subject to large bending deformation, which causes elastic energy accumulation in the coal layer. Compared with the advancing distance of 30 m, the elastic strain energy in front of the coal wall of the working face increases slightly under the condition of the working face of 60 m. The peak strain energy density is 198.9 kJ/m3, and the peak strain energy also appears 8 m in front of the coal wall. When the working face is advanced by 90 m, the elastic strain energy in front of the working face continues to increase. The peak strain energy density is 248.27 kJ/m3. When the working face is advanced by 120 m, the peak elastic strain energy in front of the working face is 302.19 kJ/m3, which is significantly higher than that of 90 m. When the advancing distance of the working face is 150 m, the peak strain energy in front of the working face is 341.79 kJ/m3. When the excavation step is 180 m, the elastic strain energy density reaches 400.5 kJ/m3. When the working face is advanced by 210 m, the peak elastic strain energy reaches 485.65 kJ/m3.
In the process of underground coal mining, the forward movement of the working face will cause a change in the stress distribution in the front and adjacent areas of the coal seam, which has a significant impact on the coal pillar. These pillars absorb most of the stress transmitted by the overlying rock, resulting in a large expansion of the stress concentration area. This expansion is accompanied by a sharp increase in the elastic energy density within these regions. In addition, the advance of the working face disrupts the initial stress balance, resulting in the elastic deformation of rock strata and coal seams. This deformation is physically manifested as an accumulation of energy or a significant increase in elastic energy density. With the increase in the mining step, the deformation of the coal seam and surrounding rock is more obvious, the stress adjustment speed is faster, and more elastic energy is accumulated. Therefore, with the advance of the working face and the increase in the mining step, the elastic energy density in the unexcavated coal seam in front also increases due to the continuous stress transfer process.
The relationship between the peak of strain energy density in front of the coal wall and the excavation step is fitted, as shown in Figure 7, and the fitting formula is obtained:
[image: image]
[image: Figure 7]FIGURE 7 | Fitting results of peak elastic strain energy density under different face advances.
From Equation 6, it can be found that the correlation coefficient R2 is 0.9704. With the increase in the excavation step, the peak elastic strain energy in front of the working face gradually increases, and the impact hazard of the working face also gradually increases.
3.2.3 Influence of burial depths on elastic strain energy
To reveal the influence of the burial depth on the strain energy of coal wall, this section takes a mining height of the coal seam of 7.5 m as the fixed value and the buried depth of the coal seam as the variable to investigate the evolution of elastic strain energy in front of the isolated working face under the three buried depths of 400, 600, and 1,000 m.
Based on the built-in data output and post-processing function of FLAC3D, the distribution curve of elastic strain energy density in front of the working face at different buried depths is calculated by deriving six stress components of each unit of the coal rock strata under three cases of 400, 600, and 1,000 m, and substituting them into Equation 5, as shown in Figure 8. It can be found that the peak elastic strain energy in front of the working face is 181.07 kJ/m3 when the mining depth is 400 m. The peak elastic strain energy density is 6 m away from the coal wall of the working face. When the buried depth is 600 m, the peak elastic strain energy in front of the working face is 302.19 kJ/m3. The distance between the peak strain energy is 9 m away from the coal wall of the working face. When the buried depth increases to 1,000 m, the peak elastic strain energy in front of the working face is 712.22 kJ/m3. The peak elastic strain energy is 10 m away from the coal wall of the working face. Compared with the burial depths of 400 and 600 m, the peak elastic strain energy gradually shifts to the inner of the coal seam when the burial depth increases to a deeper depth.
[image: Figure 8]FIGURE 8 | Elastic strain energy of the front wall under various mining depths.
4 COAL BURST RISK ASSESSMENT
4.1 Impact risk assessment of the 1,304 working face
The 1,304 working face is an island working face, and the mine has potential impact risk. To obtain the hazard score coordinates of the region, we can substitute the reaction values of the working face on different items and categories, which are (0, 1, 0), (0, 1, 0), (0, 0, 1), (1, 0, 0), (0, 1, 0), (0, 0, 1, 0), and (0, 0, 1) into the discriminant score function. Subsequently, the distance from this point to the center coordinates of the four grades are 0.3159, 0.3165, and 0.3155 m. Finally, according to the shortest distance theory, the score coordinate of the evaluation area is close to the center coordinate listed in Table 2 (level 4). Therefore, the impact hazard level of the 1,304 island working face is 4; that is, it is a strong impact risk.
TABLE 2 | Items and categories of the evaluation model.
[image: Table 2]The coal burst of the working face is affected by numerous factors such as the physical and mechanical properties of coal-rock mass, geological overview, and mining technical conditions. In quantitative theory, qualitative variables are regarded as items. The various possible situations of items are regarded as categories. Based on the analysis of the factors affecting the induced coal burst, the risk evaluation model of mine coal burst is established by using the relevant theory. The risk of mine regional coal burst is evaluated by using the evaluation model. Based on the specific mining conditions and geological situation of the working face, this study divides the coal burst risk degree of the island working face into four grades: 1, no coal burst risk; 2, weak shock hazard; 3, moderate shock hazard; and 4, strong shock hazard.
4.2 Quantitative theory modeling
In order to obtain modeling data, 60 modeling samples are determined from previous literature and engineering cases, that is, 16 level-1 samples (n1 = 16), 16 level-2 samples (n2 = 16), 16 level-3 samples (n3 = 16), and 12 level-4 samples (n4 = 12). It is specified that when a sample reacts on Cjk (j = 1, 2, 7; k = 1, 2, 3), the value is 1; otherwise, it is 0. According to the major influencing factors inducing the impact hazard of the isolated working face, seven evaluation items are given. In the process of establishing the impact risk assessment model of the isolated working face, the key geomechanical and geotechnical conditions related to the impact risk of the isolated working face are studied by carefully analyzing the selected parameters. The bursting tendency of the coal seam is determined by examining the coal quality type, hardness, and explosive ability of the coal seam, which directly affect the response of the coal seam to sudden pressure change. There is a significant correlation between the hardness of coal and its bursting. The direction of the coal seam affects the stress distribution and may lead to increased stress concentration in some areas, thus increasing the risk of the isolated face. The thickness of the coal seam is the decisive factor of stress release in the process of extraction. The thicker the coal seam, the greater the elastic energy, the greater the energy released in the process of mining, and the greater the possibility of impact risk in the isolated working face. The buried depth affects the ground pressure of the coal seam, and the deeper coal seam bears more ground pressure, which increases the possibility and severity of stress concentration, and is easy to be harmed by the impact of the isolated working face. In addition, geological discontinuities, such as roof conditions, play a crucial role in explaining stress transfer within coal seams. The coal seam with a complex structure or through multiple fracture zones has greater risk of stress concentration and coal seam explosion. In addition, the site stress conditions and cumulative stress levels are considered, which reflect the overall state of stress changes and stress accumulation caused by mining activities. Each project is divided into several categories, of which there are k categories in the j project. A total of 20 categories are listed in Table 2.
4.2.1 Modeling proposed
Using δti (j,k) represents the reaction value of the ith sample in the tth hazard level on the jth item and the kth category. After δti (j,k) is arranged in the original order, the reaction matrix is
[image: image]
According to the quantitative theory, the risk score model is
[image: image]
where [image: image] is the risk score of the ith sample of the tth risk level and bjk is the undetermined constant, which is called the category score and recorded as
[image: image]
[image: image]
Then, Substituting  Equations 9, 10 into Equation 8, can be expressed as
[image: image]
According to the Fisher principle, the problem of category score b in Equation 11 can be transformed into fnding the maximum characteristic root of its characteristic equation λ:
[image: image]
The corresponding equation satisfies the eigenvector:
[image: image]
Among  Equations 12, 13,
[image: image]
[image: image]
Equations 14, 15 are the inter-group dispersion matrix and total dispersion matrix, respectively. Among  Equations 16–19, Both [image: image] and [image: image] have the same dimension as X.
[image: image]
[image: image]
[image: image]
[image: image]
As matrices C and D are singular matrices, we refer to the solution given by Dong (1979). The score vectors of three categories are calculated using MATLAB, and the corresponding characteristic roots are 1.10, 0.32, and 0.51, respectively.
[image: image]
[image: image]
[image: image]
The mean vector of the sample response of the tth risk level is recorded as
[image: image]
The discriminant function is obtained by substituting it into Equations 20–23, and three scores are obtained, denoted as [image: image] and recorded as
[image: image]
V(t) is the central coordinate of the sample score of the tth hazard level, and the central coordinates of the four levels are obtained from Equation 24, as listed in Table 3.
TABLE 3 | Center coordinates of different levels.
[image: Table 3]The evaluation standard is based on the principle of minimum distance. Taking 3D analysis as an example, a certain place in the mine is considered, its response value δ (j,k) on various items is investigated and brought into the discriminant function, and three scores, namely, y1, y2, and y3, are obtained, recorded as V = (y1, y2, y3)T. In l dimensional Euclidean space, the distance from inspection point v to each central coordinate X. If [image: image], then the impact grade here is [image: image].
4.2.2 Modeling verification
The model has three scoring functions, so one-dimensional, two-dimensional, and three-dimensional evaluation methods can be used to train the model. The test results of the one-dimensional evaluation analysis are only the first score function and the first component of (V1–V4); the two-dimensional evaluation analysis using the first two score functions and the first two components of (V1–V4) and the three-dimensional evaluation analysis are listed in Table 4.
TABLE 4 | Hazard risk evaluation of the 1,304 island working face.
[image: Table 4]Table 4 shows that compared with the 1D and 2D evaluation results, the accuracy obtained using the 3D analysis method is higher, and the corresponding evaluation effect is relatively ideal. Therefore, the 1D and 2D analysis results are ignored. Finally, the 3D evaluation results are taken as the analysis method of hazard risk evaluation of 1,304 island working face in this study.
4.3 Analysis of electromagnetic radiation of 1,304 working face
It is well known that electromagnetic radiation from coal-rock is a phenomenon where electromagnetic energy is emitted outward during the deformation and fracture of coal-rock under load. The occurrence of a rock burst is the process of mass energy release when the strength limit of the coal-rock mass is reached after the process of energy accumulation. Figure 9 shows the evolution of electromagnetic radiation information in the advanced roadway in front of the coal wall of the working face. It is important to note that the horizontal axis dates in Figure 9 range from 1 August 2012 to 30 September 2012. As observed in Figure 9, the electromagnetic radiation intensity and pulse number of the coal body fluctuated around the normal value during August 1–August 8 and August 27–September 4, indicating that the internal stress level of the coal body was normal during these two periods. From August 9 to August 14 and from September 5 to September 12, the electromagnetic radiation intensity and pulse number of coal continued to increase significantly, with the amplitude of increase reaching or even exceeding about 10 times the normal value, suggesting a sharp increase in stress during these periods. The higher stress levels led to intensified internal fracturing and friction within coal, resulting in stronger electromagnetic radiation signals. On August 25, an abnormal electromagnetic radiation signal with a pulse number of up to 1 × 105 was recorded, which was analyzed as an electromagnetic field interference signal. Before the “8.14 event” and “9.12 event,” the electromagnetic radiation intensity and pulse number of the coal body had been continuously increasing. It can be concluded that there is usually a period of continuous increase in the internal stress of the coal body before a rock burst occurs, and it is the continuous and sharp increase in the internal stress of the coal body that triggers the rock burst event.
[image: Figure 9]FIGURE 9 | Evolution of the electromagnetic radiation signal at an advance of 30 m of the working face (Wang et al., 2014).
Based on the above analysis, it was found that the silent period of micro-seismic events, the continuously increasing period of electromagnetic radiation intensity of the coal body, and the continuously increasing period of the electromagnetic radiation pulse number of the coal body are the precursor information of rock burst. These precursor information are converted into early-warning parameters of rock burst, and a multi-parameter early-warning method of rock burst precursor information needs to be proposed. Therefore, when the working face is judged to be at risk of rock burst, the drilling cutting method is used to identify the localized areas at risk of rock burst. Subsequently, pressure relief measures such as blasting, coal seam water injection, and drilling pressure-relieving holes are used to decompress and mitigate the risk in the coal seam until the danger of rock burst is eliminated.
5 CONCLUSION

(1) With the increase in the advancing step, the abutment pressure and elastic strain energy density in front of the working face increase to the maximum in a positive exponential relationship at first and then decrease due to in situ stress, which presents an upward convex trend. The influence range of the abutment pressure of the working face gradually increases.
(2) With the increase in coal thickness and burial depth, the peak abutment pressure and elastic strain energy density in front of the coal wall gradually increase. The position of occurrence gradually moves away from the coal wall. The concentration coefficient of peak strength gradually increases, indicating that the deeper the coal seam is, the greater the possibility of coal burst.
(3) Based on the quantitative theory and the minimum distance principle, the impact risk assessment model of isolated working faces is established. Compared with the evaluation results of one-dimensional and two-dimensional analyses, the accuracy of the three-dimensional analysis method is relatively higher, indicating that the accuracy of the evaluation effect is higher.
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