[image: image1]Energy evolution mechanism during rockburst development in structures of surrounding rocks of deep rockburst-prone roadways in coal mines

		ORIGINAL RESEARCH
published: 16 November 2023
doi: 10.3389/fenrg.2023.1283079


[image: image2]
Energy evolution mechanism during rockburst development in structures of surrounding rocks of deep rockburst-prone roadways in coal mines
Zhongtang Xuan1,2,3, Zhiheng Cheng4*, Chunyuan Li5*, Chaojun Fan6, Hongyan Qin7, Wenchen Li4, Kai Guo8, Haoyi Chen8, Yifei Xie4 and Likai Yang4
1Chinese Institute of Coal Science, Beijing, China
2China University of Mining and Technology (Beijing), Beijing, China
3China Coal Research Institute, Beijing, China
4School of Mining Safety, North China Institute of Science and Technology, Beijing, China
5Deep Mining and Rockburst Prevention Institute, China Institute of Coal Science, Beijing, China
6College of Mining, Liaoning Technical University, Fuxin, China
7School of Safety Engineering, North China Institute of Science and Technology, Beijing, China
8School of Civil and Resource Engineering, University of Science and Technology Beijing, Beijing, China
Edited by:
Peng Tan, CNPC Engineering Technology R&D Company Limited, China
Reviewed by:
Li Qingmiao, Chengdu University of Technology, China
Shixiang Tian, Guizhou University, China
* Correspondence: Zhiheng Cheng, zh_cheng_2021@126.com; Chunyuan Li, lcy6055@163.com
Received: 25 August 2023
Accepted: 30 October 2023
Published: 16 November 2023
Citation: Xuan Z, Cheng Z, Li C, Fan C, Qin H, Li W, Guo K, Chen H, Xie Y and Yang L (2023) Energy evolution mechanism during rockburst development in structures of surrounding rocks of deep rockburst-prone roadways in coal mines. Front. Energy Res. 11:1283079. doi: 10.3389/fenrg.2023.1283079

Influenced by the deep high-stress environment, geological structures, and mining disturbance in coal mines, the frequency of rockburst disasters in roadways is increasing. This research analyzed energy evolution characteristics during rockburst development in the elastic bearing zone and energy conversion in the plastic failure zone. The critical energy criteria for structural instability of roadway surrounding rocks were deduced. Numerical software was also applied to simulate the energy evolution during rockburst development in surrounding rocks of rockburst-prone roadways under conditions of different mining depths and coal pillar widths. The occurrence mechanism of rockburst deep in coal mines was analyzed from the perspective of energy in structures of deep roadway surrounding rock in coal mines. The research results show that the critical energy criteria are closely related to the elastic strain energy stored in deep roadway surrounding rocks and the energy absorbed by support systems. The impact energy in roadways is directly proportional to the square of the stress concentration factor k. Moreover, as the mining depth increases, the location of the peak point of maximum energy density gradually shifts to coal ahead of the working face. The larger the mining depth is, the more significantly the energy density is influenced by advanced abutment pressure of the working face and the wider the affected area is. With the increment of the coal pillar width, the distance from the peak point of energy density to the roadway boundary enlarges abruptly at first and then slowly, and the critical coal pillar width for gentle change in the distance is 30 m. Changes in the peak elastic energy density in coal pillars with the coal pillar width can be divided into four stages: the slow increase stage, abrupt increase stage, abrupt decrease stage, and slow decrease stage. The elastic energy density is distributed asymmetrically in deep roadway surrounding rocks in coal mines. Under the action of structures of roadway surrounding rocks, energy evolution in these structures differs greatly during rockburst development under conditions of different coal pillar widths. This research provides an important theoretical basis for the support of rockburst-prone roadways during deep coal mining.
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1 INTRODUCTION
Coal is the main energy source that supports the economic development in China (Wu et al., 2022; Sun D. L. et al., 2023; Su et al., 2023). In the recent decade, the raw coal yield in China has always been high (Tan P. et al., 2023; Zhang et al., 2023a; Wu et al., 2023), with huge annual output (Tan et al., 2021; Zhang et al., 2022; Ran et al., 2023a). However, the shallow coal resources are gradually exhausted, and the number of deep coal mines grows by years with the increase in the mining intensity (Zou et al., 2022b; Huang et al., 2023a; Zhao et al., 2023a; Sun X. Y. et al., 2023). Some coal mines that are originally not prone to rockburst have turned into rockburst-prone mines. In such context, rockburst has become and will continue to be one of the main disasters that restrict safe and efficient mining in China (Pan et al., 2013; Jiang et al., 2018; Liang et al., 2023). According to statistics, damage caused by 87% of rockburst is found in roadways, and rockburst disasters in roadways have become increasingly severe and frequent. Hence, rockburst disasters in roadways have become one of the main challenges that hinder safe production of coal mines (Xu et al., 2021; Dai et al., 2022; He and Wang, 2023; Wang et al., 2023). Rockburst in roadways may cause not only serious economic loss and casualties but also extremely negative social impact (Gong et al., 2022; Wang et al., 2022; Liu et al., 2023). In addition, the frequent occurrence of rockburst disasters in roadways in the coal industry is incompatible with the theme for harmonious and stable development of the current society (Zou et al., 2022a; Huang et al., 2023b), which restricts the further development of the coal industry (Tan Y. L. et al., 2023; Zhao et al., 2023b; Zhang C. L. et al., 2023).
The mining disturbance is an important factor that induces rockburst in roadways (Li et al., 2020; Ye et al., 2022). Litwiniszyn (2009) regarded rockburst as a result of an impact wave released by gravity-induced fractures of strata overlying a chamber. Li et al. studied the mechanical properties of hard rocks under dynamic-static loading by carrying out laboratory dynamic-static loading tests and simulated the rockburst induction mechanism by dynamic disturbances under high stress (Lei et al., 2005; Li et al., 2013). Lu et al. (2008) explored the impact failure law of roadway surrounding rocks under stress waves through numerical simulation and described the sudden failure process of spalled thin layers during rockburst in roadways. Afterward, Lu et al. (2008) investigated the formation process of spalling structures in roadway surrounding rocks under influences of disturbing stress waves, spalling failure phenomena in roadways induced by stress waves, and energy criteria for impact failure of roadways. Zhang et al. (2017) divided the coal wall into shallow plastic coal and deep subelastic coal along the vertical direction. The shallow plastic coal confines the subelastic coal. If the coal–rock contact surface is smooth enough, it is favorable for reducing the rockburst risk; if the contact surface is rough, it increases the rockburst risk. Characteristics of two focuses (mining-induced roof fracture and fault slip) and their influences on roadway surrounding rocks were studied (Wei et al., 2010; Hu et al., 2013). Aiming at characteristics of rockburst near faults, Cai et al. (2014) put forward a fault-induced rockburst mechanism characterized by one mining disturbance, two loads, interaction of three objects, and four failure modes. By studying typical rockburst cases, Pan et al. (2012) analyzed the rockburst evolution process, revealed three evolution stages (rockburst start-up, energy transfer, and rockburst occurrence), and obtained the material–structure dynamic failure mechanism for rockburst start-up. Linkov (1996) considered rockburst as the failure caused by softening and flowing deformation of coal–rock mass, and mining causes the coal–coal boundary, spatial structures of coal–rock mass, stress state, and elastic energy distribution to all change with time (Ran et al., 2023b; Zhang et al., 2023b; Chen et al., 2023; Zou et al., 2023). Therefore, the occurrence of rockburst has close temporal and spatial relationships with mining and is a result of the joint action of multiple temporal and spatial parameters. By carrying out microseismic tests, Gao et al. (2007) studied the energy attenuation factor during propagation of shock waves in different media and explored the fracture and failure mechanism of composite roof based on fracture mechanics and elastic–plastic mechanics. On this basis, three conditions related to the bearing capacity, deformation, and energy for impact failure of roadways were deduced, and the evolution process of six cracks (one horizontal and five vertical ones) in the roadway roof during rockburst under dynamic impact loads was expounded (Gao et al., 2017). Zhao et al. (2003) considered that huge elastic energy is accumulated in coal under triaxial stresses. The energy consumed by the failure of coal–rock mass under triaxial stresses is far larger than the energy needed for failure under uniaxial stress (Li et al., 2023; Ye et al., 2023). Once damage initiates in the coal–rock mass under triaxial stresses, the stress state of coal–rock mass is rapidly adjusted from biaxial to uniaxial stress states (Ma et al., 2023). The energy consumed by failure in the uniaxial stress state is the minimum energy needed for the failure of coal–rock mass, and the residual energy is the main energy factor that induces rockburst.
In summary, scholars in China and abroad studied the occurrence mechanism of rockburst mainly based on coal–rock properties, force sources, and mining (Du et al., 2022; He et al., 2022; Huang et al., 2022; Lou et al., 2023). However, there is little research conducted on energy evolution during rockburst development in deep roadway surrounding rocks under high static elastic energy. There is a lack of critical energy criteria for structural instability of surrounding rocks of rockburst-prone roadways, and the existing mechanism for controlling rockburst in roadways is ambiguous. In view of this, energy evolution during rockburst development in the elastic bearing zone and energy conversion characteristics in the plastic failure zone were studied based on the theory of elastic mechanics combining with structural characteristics of deep roadway surrounding rocks in coal mines. Influences of energy dissipation in coal–rock mass and support on the rockburst occurrence were analyzed combined with the state equation of rockburst. Based on the theory of rockburst start-up and the energy theory, critical energy criteria for structural instability of roadway surrounding rocks under static and dynamic loading were deduced. Using the FLAC3D numerical simulation software, influences of the mining depth and coal pillar width on the elastic energy field in surrounding rocks of rockburst-prone roadways were revealed. Changes in the peak elastic energy density of roadway surrounding rocks and its peak point with the width of protective coal pillars in roadways and the asymmetric distribution of the elastic energy field in roadway surrounding rocks were analyzed. In this way, the occurrence mechanism of rockburst deep in coal mines was unveiled from the perspective of energy in structures of deep roadway surrounding rocks in coal mines.
2 THEORETICAL ANALYSIS OF ENERGY EVOLUTION IN STRUCTURES OF DEEP ROADWAY SURROUNDING ROCKS DURING ROCKBURST DEVELOPMENT
To analyze energy evolution in structures of deep roadway surrounding rocks during rockburst development, it is assumed that a roadway is located in a uniform stress field with the stress of σ0 before excavation; after excavation and support of the roadway, the surrounding rock structures are composed of four parts, namely, an anchorage zone, a plastic failure zone, an elastic bearing zone, and an in situ stress zone, as displayed in Figure 1.
[image: Figure 1]FIGURE 1 | Structures and the energy evolution model of roadway surrounding rocks. (A) Structures of surrounding rocks of a deep roadway; (B) Energy variation in roadway surrounding rocks during rockburst development.
2.1 Energy evolution during rockburst development in the elastic bearing zone
For the elastic bearing zone of the deep roadway, it is supposed that the minimum and maximum horizontal distances from the elastic bearing zone to the roadway boundary are separately Rp and l. The inner energy variation ∆U is solved directly using the elastic mechanics combined with the stress and displacement (Chen and Dou, 2008).
[image: image]
where σR0 and uRp represent the radial stress and displacement at the radius Rp of the plastic failure zone, respectively; μ and E denote the Poisson’s ratio and elastic modulus of the roadway surrounding rocks, respectively.
According to Eq. 1, duRp is a linear function of dRp. When dRp = 0, the inner energy variation is 0 if the stress and support conditions of roadway surrounding rocks and the range of plastic failure zone remain unchanged; if dRp > 0, when changing the stress and support conditions of roadway surrounding rocks and enlarging the range of the plastic failure zone, the energy in the elastic bearing zone of roadway surrounding rocks begins to change. Therefore, energy is absorbed and accumulated in the elastic bearing zone when the coal–rock mass in the zone is affected by the mining disturbance.
Meanwhile, when not influenced by the mining disturbance, the roadway surrounding rocks in the elastic bearing zone are always stable and such state remains unchanged. That is, no energy is dissipated. Whereas, energy release from roadway surrounding rocks is a result of fracture propagation in the elastic bearing zone of surrounding rocks and accumulation of plastic deformation to a certain degree. Therefore, energy in the elastic bearing zone of roadway surrounding rocks can only change unidirectionally under external loads, that is, be absorbed. The following two energy-absorbing modes are mainly involved:
(1) When the roadway surrounding rocks are disturbed by mining, energy is absorbed and accumulated in the coal–rock mass in the elastic bearing zone, which serves as the propagation media of the external disturbance energy to transfer and release energy to shallow roadway sidewalls.
(2) With the enlarging radius of the plastic failure zone, the constraint changes for some coal–rock mass at the interface between the elastic bearing zone and plastic failure zone. The high tangential stress on the boundary is adjusted rapidly, and the energy accumulated in the elastic bearing zone is released instantaneously. This causes the energy released during roadway excavation to transfer to the deep space in the roadway and further induces energy accumulation in the coal–rock mass in the elastic bearing zone.
Similarly, when energy is released by the coal–rock mass in the in situ stress zone under the mining disturbance, coal–rock mass therein and in the elastic bearing zone both serve as the propagation media of external energy toward shallow roadway sidewalls and, thus, play a role in energy transfer.
2.2 Energy conversion characteristics in the plastic failure zone
Supposing that the roadway surrounding rocks are homogeneous, the elastic strain energy Ue accumulated in unit volume of coal–rock mass before excavation is calculated as follows:
[image: image]
After excavation, energy is accumulated in the shallow part of the roadway, where structures of the surrounding rocks are changed. Under the condition, the elastic strain energy UP in unit volume of coal–rock mass in the plastic failure zone is calculated as follows:
[image: image]
where a is the roadway radius; r is the radius of the in situ stress zone of roadway surrounding rocks.
A comparison of Eqs. (2) and (3) shows that UP > Ue. According to the triaxial compression tests, certain strain energy can be stored in coal–rock mass under the confining pressure (Liang et al., 2022). As the confining pressure increases, the ultimate strain energy UP stored in the coal–rock mass ramps up; if the confining pressure is left unchanged, the harder or more intact the coal–rock mass is or the fewer the joints and fractures are in coal–rock mass, the higher the UP. In the meantime, after excavating the roadway, the confining pressure is low in shallow surrounding rocks and is 0 around the roadway, and the ultimate strain energy stored in the fractured zone is low. As a result, the elastic strain energy that should be accumulated around the roadway is transferred to the deep coal–rock mass. With the growing distance from the roadway boundary, the elastic deformation energy stored in the deep coal–rock mass of the roadway gradually recovers to that before excavation again (elastic strain energy Ue). The energy release and transfer characteristics in roadway surrounding rocks during rockburst development are shown in Figure 1B.
In the near field of the roadway, mining induces redistribution of stress and energy in the rocks and causes energy transfer to the deep part, where coal–rock mass is plastically deformed. The stress state changes from triaxial to biaxial and even uniaxial one. According to the minimum energy principle, the energy needed for failure under uniaxial stress is far lower than that needed for failure under triaxial stresses. Therefore, the ultimate strain energy UP declines abruptly. If the energy accumulated in the roadway surrounding rocks exceeds the energy dissipation Uk to overcome the failure, there is residual energy. Part of the residual energy is converted into kinetic energy for ejecting coal–rock mass, which can be further absorbed by the support or form kinetic energy; the other is converted into other dissipated energies such as acoustic energy and thermal energy. Assuming that the total energy input by the work done by external forces is U, its value is the deformation energy accumulated in all rock units in the rock system under triaxial stresses. Because other dissipated energies including acoustic energy are relatively low, if they are ignored, the state equation of rockburst of coal–rock mass is expressed as follows:
[image: image]
where m is the mass of the ejected coal–rock mass, v is the initial impact velocity of coal–rock mass, and Uc is the energy absorbed by the support.
According to Eqs. (3) and (4), the greater the energy accumulated in coal–rock mass after roadway excavation is, the higher the rockburst proneness will be. Enhancing the energy dissipation Uk of roadway surrounding rocks themselves and increasing the absorbed energy Uc of the support to some extent can limit the impact and ejection velocity of coal–rock mass, thus inhibiting the occurrence of rockburst.
Meanwhile, the energy in the elastic bearing zone and plastic failure zone of roadway surrounding rocks does not change in a certain time period after excavation, while it is affected by the disturbance of the external energy field. It is mainly shown as tremors induced by fracture of hard roofs and shear dislocation of faults, which disturb the near-field coal–rock mass in the roadway. The disturbances to structures of roadway surrounding rocks mainly include energy transfer, damage by stress waves, and weakening of support.
(1) Energy transfer: Energy is transferred outward from the focus to the surrounding area of the roadway. Under the effect of the transfer media, the energy is attenuated, and some energy is absorbed by the transfer media. Because the near-field structures of the roadway exert a small attenuation effect on the external disturbance energy, the energy is still high after attenuation. Rockburst may occur if Eq. 4 is satisfied.
(2) Damage by stress waves: Because external energy is applied to roadway surrounding rocks as compressed loading waves, which form reflected unloading waves in the pre-existing and secondary fractures in coal–rock mass and on the surface of roadway surrounding rocks, the reflected unloading waves are interacted with the compressed wave tail and reflected to form tensile stress waves. If the dynamic tensile–shear fracture criterion is met, fracture development is promoted so that the plastic zone of roadway surrounding rocks expands abruptly, thus causing facture and ejection of coal–rock mass on the roadway surface to trigger rockburst.
(3) Weakening of support: Due to the interaction between support and surrounding rocks, disturbances of impact stress waves may result in fracture propagation in the structures of surrounding rocks. If the impact load is too large, the support fails when it absorbs energy that exceeds the allowable energy of deformation, thus failing to play its role in stably supporting the structures of roadway surrounding rocks. This triggers deep energy release and, therefore, rockburst disasters in the roadway.
2.3 Critical energy criteria for structural instability of roadway surrounding rocks
According to characteristics of energy sources that trigger rockburst in roadways, such rockburst can be divided into three types: the static load-type, dynamic load-type, and dynamic load-induced ones (Pan et al., 2012). Energy that causes static load-type rockburst in roadways sources from the static elastic energy stored in the elastic zone of roadway surrounding rocks during or after roadway excavation. For dynamic load-type rockburst in roadways, the elastic energy stored in the elastic zone of roadway surrounding rocks can be ignored, and the main energy source is the mining-induced external disturbance energy, which is non-steady and high. Part of energy causing dynamic load-induced rockburst in roadways sources from the elastic energy in the elastic zone of roadway surrounding rocks, and the other is the external disturbance energy. The two act together to induce rockburst in roadways. Under the condition, the dynamic energy is probably low and only functions as the starting condition for rockburst.
2.3.1 Critical energy characteristics in structures of roadway surrounding rocks under static loading
According to the theory of rockburst start-up, rockburst is composed of three stages, namely, rockburst start-up, energy transfer, and rockburst occurrence. The development of static elastic deformation energy is a necessary condition for the rockburst start-up stage. The energy density at any point in deep roadway surrounding rocks has a square relationship with the stress.
The occurrence of rockburst is a dynamic failure process, in which energy conversion follows the minimum energy principle for dynamic failure of rocks. That is to say, once damage initiates in rocks, the stress state of rocks changes rapidly from the triaxial to biaxial and finally uniaxial stress state. The failure criterion follows the uniaxial compression or shear failure criterion (Zou and Jiang, 2004):
(1) The failure criterion under uniaxial compression is σ > σc, and the energy consumption is u1 > σc2/2E, in which σc is the uniaxial compressive strength of rocks
(2) The failure criterion under uniaxial shear is τ > τc, and the energy consumption is u1 > τc2/2G, in which τc and G are the shear strength and shear modulus of rocks, respectively
After rockburst start-up in the coal–rock mass, if energy release U0 in the rockburst start-up zone is larger than energy consumption U′ in the energy transfer and rockburst occurrence stages, then rockburst occurs, that is,
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The energy consumption in the energy transfer and rockburst occurrence stages mainly includes the energy for damaging coal–rock mass in the energy transfer process, refraction of stress waves, energy consumed by reflection, and energy absorbed by the support, that is,
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where U0 is the energy release in the rockburst start-up zone; U′ is the energy consumption in the energy transfer process; u1 is the energy density consumed in the rockburst start-up zone after start-up; V0 is the volume of coal–rock mass that releases energy in the rockburst start-up zone; uc is the average energy-dissipating capacity of coal–rock mass in the energy transfer process of rockburst; V′ is the volume of coal–rock mass involved in energy dissipation in the energy transfer process of rockburst; U′′ is the energy absorbed by the support system; R0 is the distance from the rockburst start-up zone to the rockburst occurrence zone; and S is the average cross-sectional area of coal–rock mass involved in the energy transfer process of rockburst.
Therefore, under the joint action of the elastic strain energy stored in deep roadway surrounding rocks, energy release in the rockburst start-up zone, and energy in the energy transfer and consumption stages, the critical energy criterion for structural instability of structures of roadway surrounding rocks under static loading is given as follows:
[image: image]
If Eq. 7 is established, static load-type rockburst will occur in roadways.
The criterion was verified by an example. Rockburst occurred at 13 p.m. on 21 August 2008 when mining the lower roadway in the 21141 working face to 660 m in Qianqiu Coal Mine (Henan Province), and the damage range was 560–650 m to the opening of the roadway. The rockburst is a typical example of static load-type rockburst in roadways. When mining the lower roadway to 660 m, the stress concentration factor was large, and the static elastic energy was extremely high in the area due to tectonic influences. As the tunneling head advanced, the distance R0 from the mining space to the elastic zone with high static loads shortens, thus reaching the energy condition for occurrence of rockburst, which verifies the correctness of the criterion in Eq. 7.
According to Eqs. (3) and (7), rockburst in roadways can be prevented from three aspects when the burial depth of roadways and properties of coal–rock mass cannot be changed. The first is to reduce the stress concentration factor k. Because the impact energy is directly proportional to the square of the stress concentration factor k, reducing k can effectively decrease the impact energy. The second is to enlarge the distance from the rockburst start-up zone to the rockburst occurrence zone by taking artificial control measures. The third is to enhance the energy-absorbing capacity of the support, that is, improving [image: image].
2.3.2 Critical energy characteristics of structures of roadway surrounding rocks under dynamic loading
The energy sources for rockburst in roadways under dynamic loading include the elastic energy in the elastic zone of roadway surrounding rocks and the external disturbance energy. The two act together to trigger rockburst in roadways. After excavating a roadway, the stable static elastic deformation energy U0 has been stored in the surrounding rocks, which, however, cannot meet the energy condition for rockburst start-up. With the advance of the working face, the disturbance energy Ud0 released at the moment of fracture of hard roof or fault slip and disturbance energy Ud transferred to the area with relatively stable and high elastic deformation energy density are superimposed with the relatively stable static elastic energy. As a result, the area becomes the rockburst start-up zone in the first stage of rockburst. The energy criterion for rockburst is expressed as follows:
[image: image]
When the disturbance energy [image: image] is transferred to the roadway surrounding rocks, the residual disturbance energy [image: image] is expressed as follows:
[image: image]
Combining with Eqs. (3) and (7), the critical energy criterion for structural instability of roadway surrounding rocks under dynamic loading is given as follows:
[image: image]
where d is the distance from the dynamic focus to the rockburst start-up zone and η is the disturbance energy attenuation factor.
If Eq. 10 is established, the dynamic load-type or dynamic load-induced rockburst will occur. The rockburst that occurred on 8 April 2018 in Menkeqing Coal Mine (the Inner Mongolia Autonomous Region) and on 9 June 2019 in Longjiabao Coal Mine (Jilin Province) both belong to dynamic load-induced rockburst.
3 ENERGY EVOLUTION IN SURROUNDING ROCKS OF ROCKBURST-PRONE ROADWAYS AT DIFFERENT MINING DEPTHS DURING ROCKBURST DEVELOPMENT
In accordance with engineering and geological conditions of Menkeqing Coal Mine, FLAC3D numerical simulation software was adopted to simulate energy evolution in surrounding rocks of rockburst-prone roadways at different mining depths during rockburst development. Considering the calculation accuracy and speed, the model with dimensions of 800 m × 800 m × 240 m (width × length × height) contained 1,394,200 grids and 1,522,018 nodes. The cross-sectional area of the driving roadway was 6.0 m × 5.0 m (width × height). The roadway was located in the center of the model. In static calculation, the displacements of left and right boundaries were fixed; the bottom was a boundary with fixed displacement, while uniform stress was applied onto the upper free boundary, on which loads of overlying strata were applied to simulate the elastic energy evolution at five mining depths, namely, 400, 600, 800, 1,000, and 1,200 m.
The Mohr–Coulomb model was used as the constitutive model. The mechanical parameters of coal–rock mass were converted from laboratory mechanical parameters of rocks. The elastic modulus, cohesion, and tensile strength were one-fifth to one-third of the laboratory test values, while Poisson’s ratio is 1.2–1.4 times of the blocks. The physical and mechanical parameters used in the numerical simulation are listed in Table 1.
TABLE 1 | Physical and mechanical properties used in numerical simulation.
[image: Table 1]According to the aforementioned theoretical analysis and Eq. 12, the built-in FISH language of FLAC3D was adopted to calculate the elastic deformation energy of elements.
If the principal stress is used to represent the principal strain and supposing that the coal–rock mass follows the generalized Hooke law, each principal stress in any element of coal–rock mass has the following relationship with the principal strain:
[image: image]
where σ1, σ2, and σ3 represent three principal stresses in the x-, y-, and z-direction, respectively; ε1, ε1, and ε3 are strains corresponding to the three principal stresses, respectively; then,
[image: image]
To unveil influences of the mining depth on energy evolution in surrounding rocks of rockburst-prone roadways during rockburst development, the 3102 working face in Menkeqing Coal Mine was simulated. One side of the roadway in the working face was gob, and the width of the protective coal pillar was 30 m. The mining layout is displayed in Figure 2.
[image: Figure 2]FIGURE 2 | Schematic diagram of the simulated mining layout.
The post-processing software Tecplot was utilized to extract the strain energy density in roadway surrounding rocks. Combining with surfer software, cloud pictures for energy distribution and 3D cloud pictures for energy were drawn, as shown in Figure 3 and Figure 4, respectively.
[image: Figure 3]FIGURE 3 | Cloud pictures for energy distribution in roadway surrounding rocks at different mining depths. (A) 400 m; (B) 600 m; (C) 800 m; (D) 1,000 m; (E) 1,200 m.
[image: Figure 4]FIGURE 4 | 3D images for energy evolution in roadway surrounding rocks at different depths. (A) 400 m; (B) 600 m; (C) 800 m; (D) 1,000 m; (E) 1,200 m.
Analysis of Figure 3 shows that as the mining depth increases, the energy density grows in the same zone of surrounding rocks. When the protective coal pillar is 30 m wide, the zone with large energy density is located in the roadway, and energy density is high in the retained coal pillar in the gob within a region 100 m behind the working face. The maximum energy density in entity coal in the working face is found at the end of the gob side near the 3101 working face. When the burial depth is 400 m, the maximum energy density is 280 kJ/m3 in retained coal pillar in the gob within the region 100 m behind the gob, while it increases to 700, 1,500, 2,600, and 4,200 kJ/m3 when the mining depths are 600, 800, 1,000, and 1,200 m, respectively. This indicates that as the burial depth of the roadway increases, the maximum energy density increases significantly and shows larger difference. Meanwhile, the energy density is only 190 kJ/m3 in the region with the maximum energy density in surrounding rocks in the entity coal side of the working face at the burial depth of 400 m, while it grows to 500, 1,050, 1,900, and 2,800 kJ/m3 when the mining depths are 600, 800, 1,000, and 1,200 m, respectively. Likewise, the deeper the burial depth of the roadway is, the greater the difference in the maximum energy density will be. However, compared with energy density in the coal pillar, that in roadway surrounding rocks in the entity coal side of the working face is relatively small. Therefore, rockburst is likely to be triggered in the coal pillar in the deep gob-side roadway behind the stope, so retaining of coal pillars should be avoided during mining of the working face or pressure-relief measures should be taken to control energy accumulation in the coal pillar.
According to Figure 4, when retaining a protective coal pillar with the width of 30 m, the energy density is maximum in the coal pillar, and the larger the burial depth is, the more concentrated the energy accumulation will be. Figure 3 shows that the elastic energy density in the coal pillar is larger than that in the entity coal side of working face, and the elastic energy density in the coal pillar behind the working face is greater than that in the coal pillar ahead of the working face. The energy density is high in the retained coal pillar in the gob in the region 100 m behind the working face. The maximum elastic energy density in entity coal in the working face is found at the lower end of the working face, while it is lower than that in the coal pillar in the same region. Ahead of the working face, the elastic energy density gradually recovers to that in the in situ state beyond the range of advanced abutment pressure.
The energy density is high in the retained coal pillar in the region 100 m behind the stope, so rockburst is likely to occur in the region. However, even if rockburst occurs, it only slightly influences the safe production, so rockburst in the region is not discussed. When retaining a coal pillar of 30 m width, the energy density is high in the protective coal pillar in the range 50 m behind and 50 m ahead of the working face, so the region is most likely to experience rockburst according to the aforementioned analysis. For the protective coal pillar behind the working face, it can be damaged artificially to lose its bearing capacity so that elastic deformation energy cannot be stored therein. As a result, the energy cannot reach the condition for the occurrence of rockburst, which prevents the occurrence of rockburst. For the protective coal pillar ahead of the working face, its energy density is higher than that in the entity coal. The energy is distributed asymmetrically in roadway surrounding rocks, and the energy density is high in roadway surrounding rocks within the affected area of advanced abutment pressure, which gradually reduces to the value under conditions not being affected by the advanced abutment pressure. Therefore, the support technologies controlling structural stability of roadway surrounding rocks can be adopted according to energy characteristics in structures of surrounding rocks.
Additionally, the energy density in coal–rock mass ahead of the working face at different burial depths was extracted, and the changes are shown in Figure 5.
[image: Figure 5]FIGURE 5 | Inner elastic energy and density change curves of coal–rock mass ahead of the working face at different depths.
Analysis of Figure 5 shows that as the mining depth grows, the peak point of maximum energy density tends to shift to the coal ahead of the working face. As the mining depth varies from 400 m to 1,200 m, the peak point of maximum energy density gradually shifts inward from a position 5 m from the edge of the working face to a position 14 m from the working face. With the increase in burial depth, the energy density is more greatly influenced by the advanced abutment pressure of the working face, and the affected area is wider. With the increment in the mining depth, the maximum energy density in the affected area of advanced abutment pressure of the working face grows significantly. According to the critical energy criteria for structural instability of roadway surrounding rocks, the larger the mining depth is, the higher the proneness of coal–rock mass ahead of the working face to rockburst will be. This explains why the rockburst occurs more frequently with the increase in mining depth from the perspective of energy.
4 ENERGY EVOLUTION IN SURROUNDING ROCKS OF ROCKBURST-PRONE ROADWAYS DURING ROCKBURST DEVELOPMENT UNDER DIFFERENT COAL PILLAR WIDTHS
To further study influences of the coal pillar width on energy evolution in surrounding rocks of rockburst-prone roadways during rockburst development, a roadway prototype with the gob in one side and the burial depth of 600 m in Menkeqing Coal Mine was taken as the background. Eight conditions with different widths of the protective coal pillar (4, 6, 8, 10, 15, 20, 30, and 60 m) were simulated, and the elastic energy density in roadway surrounding rocks was extracted and analyzed. According to Section 3, the rockburst is most likely to occur within and behind the affected area of advanced abutment pressure of the working face in the gob side. At the burial depth of 600 m, the peak point of elastic energy density in the entity coal in the working face is found at the position 10 m ahead of the working face. Therefore, the section mainly explores the distribution of elastic energy density in roadway surrounding rocks in the region 10 m ahead of the working face near the coal pillar side under different coal pillar widths.
The elastic energy density fields in roadway surrounding rocks under conditions of different widths of the protective coal pillar were extracted, as displayed in Figure 6. In the figure, positive values on the abscissa indicate the distance from the mining side of the roadway to a point inside entity coal in the working face, and the absolute values of negative values represent the distance from the coal pillar side to a point inside the coal pillar. This description is applied to similar cases below and not repeated.
[image: Figure 6]FIGURE 6 | Variation law of elastic energy density fields in roadway surrounding rocks with different widths of protective coal pillar.
Analysis of Figure 6 unveils that at the burial depth of 600 m, the peak elastic deformation energy density increases at first and then decreases with the increase in the width of the protective coal pillar. The energy density in the coal pillar gradually changes from one peak point to two, and the peak elastic energy density in the entity coal declines with the increase in coal pillar width.
To further clearly show changes in the elastic energy density field in roadway surrounding rocks under different widths of the protective coal pillar, change curves of energy under various coal pillar widths were obtained through pairwise comparison, as illustrated in Figure 7.
[image: Figure 7]FIGURE 7 | Variation law of elastic energy density fields in roadway surrounding rocks with different widths of protective coal pillar. (A) Coal pillar widths of 4 and 6 m; (B) Coal pillar widths of 8 and 10 m; (C) Coal pillar widths of 15 and 20 m; (D) Coal pillar widths of 30 and 60 m.
It is clearly seen from Figure 7A that when the protective coal pillar is 4 m wide, the peak elastic energy density in the coal pillar is very small (0.15 × 105 J/m3), while that in the entity coal is 6.7 × 105 J/m3. The peak point of elastic energy density in the entity coal is 9.5 m from the mining side of the roadway. When the width of the protective coal pillar is 6 m, the peak elastic energy densities in the coal pillar and entity coal are 0.32 × 105 and 6.3 × 105 J/m3, respectively. Additionally, the peak point of elastic energy density in the entity coal is 10 m from the mining side of the roadway.
As displayed in Figure 7B, when the protective coal pillar is 8 m wide, the peak elastic energy densities in the coal pillar and entity coal are, respectively, 1.8 × 105 and 5.9 × 105 J/m3, and the peak point is 10.5 m from the mining side of the roadway. If the protective coal pillar is 10 m wide, the peak elastic energy densities in the coal pillar and entity coal are, respectively, 5.76 × 105 and 5.3 × 105 J/m3, and the peak point of elastic energy density in the entity coal is 11 m from the mining side of the roadway.
According to Figure 7C, the peak elastic energy densities in the coal pillar and entity coal are, respectively, 7.1 × 105 and 5.14 × 105 J/m3, and the peak point of elastic energy density in the entity coal is 12 m from the mining side of the roadway, when the protective coal pillar is 15 m wide. If the protective coal pillar is 20 m wide, the peak elastic energy densities in the coal pillar and entity coal are 6.0 × 105 and 4.7 × 105 J/m3, respectively, and the peak point of elastic energy density in the entity coal is 12.5 m from the mining side.
It can be seen from Figure 7D that when the width of the protective coal pillar is 30 m, the peak elastic energy densities in the coal pillar and entity coal are 5.1 × 105 and 4.3 × 105 J/m3, respectively, with the peak point of elastic energy density in the entity coal found at a position 13.5 m from the mining side of the roadway. When the protective coal pillar is 60 m wide, the elastic energy density in the coal pillar has two peaks: the one near the roadway side is small (3.77 × 105 J/m3), while that near the gob side is large (4.40 × 105 J/m3). The peak elastic energy density in the entity coal is 3.9 × 105 J/m3, and its peak point is 15.5 m from the mining side.
As shown in Figure 6 and Figure 7, the energy field is asymmetrically distributed in roadway surrounding rocks, and its value and location of peak point are strongly correlated with the coal pillar width. On the whole, the wider the protective coal pillar, the lower the peak energy in the entity coal and the deeper the peak point shifts to the coal, which is more conducive to preventing rockburst. However, retaining a wide coal pillar may waste coal resources; if retaining a protective coal pillar narrower than 8 m, the elastic energy density is low in the coal pillar, while that is high in the entity coal. The peak energy density in the entity coal side of the roadway can be reduced by taking artificial control measures including drilling large-diameter boreholes for pressure relief and softening coal by water injection.
The peak points of elastic energy density and peak energy characteristics in the entity coal under different coal pillar widths are summarized in Figure 8.
[image: Figure 8]FIGURE 8 | Peak point of inner elastic energy density in entity coal and the changes in peak energy.
As shown in Figure 8A, as the width of the protective coal pillar enlarges, the distance from the peak point of energy density to the roadway boundary enlarges abruptly at first and then slowly, with the critical coal pillar width for gentle change in the distance being 30 m. When the coal pillar width is 4 m, the peak point of elastic energy density in the entity coal is 9.5 m from the mining side of the roadway. As the width gradually enlarges to 60 m, the peak point gradually shifts to the position 15.5 m from the mining side. The change trend indicates that when the coal pillar width is smaller than 15 m, changes in the width significantly affect the location of peak point of elastic energy density in the entity coal, while the influence becomes gentle when the width is larger than 15 m.
Figure 8B depicts that when the width of the protective coal pillar is 4 m, the peak elastic energy density in the entity coal is 6.6 × 105 J/m3, while it gradually declines to 3.90 × 105 J/m3 when the width is 60 m. The change trend can be roughly divided into two stages: when the coal pillar width is smaller than 20 m, the peak energy density declines abruptly with the widening of the protective coal pillar; when the width is in the range of 20–60 m, reduction of the peak energy density flattens. It is predictable that the peak elastic energy density in the coal pillar will approximate to a value when the width of the protective coal pillar reaches a certain value.
In the meantime, changes in the elastic energy density in the coal pillar under conditions of different coal pillar widths were extracted, as displayed in Figure 9. It is evident that changes in the peak elastic energy density in the coal pillar with the coal pillar width can be roughly divided into four stages. The first is the slow increase stage of energy density: when the protective coal pillar is 4–6 m wide, the peak elastic energy density in the coal pillar increases slowly from the minimum (0.15 × 105 J/m3) to 0.32 × 105 J/m3. The second is the abrupt increase stage of energy density: when the width of the protective coal pillar is in the range of 6–13 m, the peak elastic energy density in the coal pillar grows abruptly from 0.32 × 105 to 7.70 × 105 J/m3. The third is the abrupt decrease stage of energy density: when the coal pillar width is in the range of 13–20 m, the peak elastic energy density in the coal pillar reduces abruptly to 6.0 × 105 J/m3. The fourth is the slow decrease stage of energy density: when the coal pillar width is larger than 20 m, the peak elastic energy density in the coal pillar declines slowly with the increase in width. It is predictable that the peak elastic energy density in the coal pillar may approximate to a value when the width of the protective coal pillar reaches a certain value.
[image: Figure 9]FIGURE 9 | Variation law of the peak elastic energy density in coal pillars with the coal pillar width.
Meanwhile, changes in the peak energy density in deep roadway surrounding rocks with the coal pillar width are summarized in Table 2.
TABLE 2 | Peak energy density of deeply impacted roadway surrounding rocks with the coal pillar width.
[image: Table 2]As displayed in Table 2, the peak energy density in the entity coal gradually reduces from 6.6 × 105 to 3.9 × 105 J/m3, and the distance from the peak point to the roadway boundary increases from 9.5 to 15.5 m with the increase in coal pillar width. On the contrary to changes in the peak energy density in the entity coal, the wider the coal pillar is, the higher the peak energy density in the coal pillar will be, which grows from 0.15 × 105 J/m3 under the coal pillar width of 4 m to 3.77 × 105 J/m3 when the width is 60 m.
Therefore, the elastic energy density is notably asymmetrically distributed in deep roadway surrounding rocks in the coal mine. Under action of structures of roadway surrounding rocks, the energy evolution during rockburst development in these structures differs remarkably under different coal pillar widths. To prevent rockburst in roadways, the support patterns suitable for deep rockburst-prone roadways should be proposed according to structural characteristics of deep roadway surrounding rocks and energy evolution characteristics during rockburst development in the coal mine.
5 CONCLUSION
The energy evolution characteristics during rockburst development in structures of deep roadway surrounding rocks were studied according to structural characteristics of deep roadway surrounding rocks in coal mines. FLAC3D numerical simulation software was utilized to analyze influences of the mining depth and coal pillar width on energy evolution in rockburst-prone roadways during rockburst development. The main conclusions include the following:
(1) Based on the theory of elastic mechanics, energy evolution during rockburst development in the elastic bearing zone and energy conversion characteristics in the plastic failure zone of roadway surrounding rocks were analyzed. According to the state equation of rockburst, influences of energy dissipation in coal–rock mass and support on rockburst were analyzed, and disturbance characteristics of external energy on structures of roadway surrounding rocks were discussed. The research pointed out that with the enlargement of the affected area of the plastic failure zone, coal–rock mass in the elastic bearing zone only changes unidirectionally into energy absorption. Two energy-absorbing modes are involved, namely, energy absorption of propagation media of disturbance energy toward the roadway and energy transfer and accumulation for rockburst development. The coal–rock mass and stress state in the plastic failure zone change from the triaxial to biaxial and even uniaxial state, and the elastic strain energy reduces abruptly.
(2) Based on the theory of rockburst start-up and the energy theory, critical energy criteria for structural instability of roadway surrounding rocks under static and dynamic loading were deduced, taking energy release in the rockburst start-up zone larger than energy consumption during energy transfer and rockburst occurrence as the criterion. They are closely related to the elastic strain energy stored in deep roadway surrounding rocks and the energy absorbed by support systems. The impact energy in roadways is found to be directly proportional to the square of the stress concentration factor k. The occurrence of rockburst can be prevented by reducing the stress concentration factor, enlarging the distance from the rockburst start-up zone to the rockburst occurrence zone using artificial control measures, and enhancing the energy-absorbing capacity of the support.
(3) As the mining depth increases, the energy density in surrounding rocks grows in the same region. When the protective coal pillar is 30 m wide, the region with high energy density in the coal–rock mass is found in the roadway, and the energy density is high in the retained coal pillar in the gob in the region 100 m behind the working face. The maximum energy density in the entity coal in the working face is found at the end in the gob side near the previous working face. As the mining depth increases, the peak point of maximum energy density gradually shifts to the coal ahead of the working face. With increase in burial depth, the energy density is more remarkably affected by the advanced abutment pressure of the working face, and the larger the burial depth is, the wider the affected area will be. The maximum energy density in the coal–rock mass ahead of the working face exhibits an obvious increment with the increase in mining depth.
(4) At the same burial depth, the peak elastic energy density in the coal pillar increases at first and then decreases with the increase in coal pillar width. The energy density in the coal pillar changes from one peak point to two as the coal pillar width enlarges, and the peak elastic energy density in the entity coal decreases with the increase in width. As the coal pillar width enlarges, the distance from the peak point of energy density to the roadway boundary increases abruptly at first and then slowly, and the critical coal pillar width for the gentle change is 30 m. Changes in the peak elastic energy density in the coal pillar with the coal pillar width can be roughly divided into four stages: the slow increase stage, abrupt increase stage, abrupt decrease stage, and slow decrease stage of energy density. The elastic energy density in deep roadway surrounding rocks in the coal mine is obviously asymmetrically distributed. Under the action of structures of roadway surrounding rocks, the energy evolution during rockburst development differs greatly in these structures under different coal pillar widths.
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