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Editorial on the Research Topic 
Deep rock mass engineering: Excavation, monitoring, and control

With the development of the social economy, the depth of underground excavation has seen a significant increase in the fields of mining, tunnelling, hydropower, nuclear waste deep geological storage, and underground protection engineering. In mining engineering, for instance, nearly 200 metal mines have mining depth of more than 1 km, and the deepest one has reached more than 4 km below the ground surface (Li et al., 2017). The excavation of rocks in deep ground is subjected to the state of complicated circumferential loadings, for example, the high in situ stress, the high ground temperature, the high hydraulic pressure (high gas pressure), in addition to the dynamic disturbance caused by blasting and mechanical excavation (Zhang and Zhao 2014; Huang et al.). Therefore, the excavation process may cause rockburst, coal and gas outburst, sudden fracture of rock mass and other dynamic phenomena, and cause severe engineering disasters. Therefore, in deep rock excavation engineering, the description of dynamic disaster response induced by excavation, the exploration of hidden disaster sources, and disaster forecasting and control have become the key technologies.
Within this context, continuous progress needs to be done to improve the safety performance of deep rock excavation. To meet the demand of engineering and academic communities in this topic, a Research Topic “Deep Rock Mass Engineering: Excavation, Monitoring, and Control” was proposed to the renowned journal Frontiers in Earth Science. The aim of this topic was to call for the state-of-the-art research in deep rock mass excavation, particularly in mining engineering, tunnelling, petroleum (gas) engineering and general rock mechanics, and to pulse the research trend in deep rock engineering.
It was a great honour to be invited to serve as a Guest Editor for this Research Topic. Upon the open of this topic, it was even more privileged to receive so great response from relevant academic communities. In total 21 papers collected and published in this Topic. A wide range of research was presented from novel laboratory testing (e.g., Liu et al.; Zhao and Niu; Liu et al.), robust numerical modelling (e.g., Hu et al.; Zhang et al.; Zhu et al.) and new development of models (e.g., Huang et al., 2022, Bu et al.) to case studies (e.g., Wu et al.; Li et al.; Liu et al.).
It was hoped that this special topic would serve as a small but thought-provoking collection for the community through the state-of-the-art review, introducing the new technologies in the industry practices and techniques used in the research field as well as insight to the future of deep rock mass engineering.
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Elucidating and understanding the dynamic fracture characteristics of rocks play an essential role in the application of rock engineering and geophysics. In this study, based on a self-developed dynamic damage model, a rock notched semi-circle bend test with the Split Hopkinson Pressure Bar technique is numerically simulated. The study focuses on three aspects including damage evolution, energy evolution, and failure mode of rock under different loading velocities. From the simulated results, the following conclusions can be conducted: 1) the damage range increases gradually with the increase of loading velocity; 2) the crack propagates to the loading point along the symmetry axis of the samples under different loading velocities; 3) the loading velocity has an important influence on the failure mode of straight notch semi-circular marble, whose mechanism can be explained by that the local high strain rate leads to the obvious randomness and uncertainty of crack activation in rock; and 4) the energy evolution of notched semi-circle bend is vitally affected by loading velocity, and the deformation and the failure process of straight notch semicircular marble under dynamic loading can be divided into five stages according to the ratio of internal energy to total energy. The beneficial findings may provide some references in practice design from engineering problems.
Keywords: numerical simulation, notched semi-circle bend test, dynamic damage model, stain rate, energy evolution, failure mode
INTRODUCTION
Studying and understanding the dynamic fracture characteristics of rocks under different loading rates are of great significance for the application of rock engineering and geophysics, and there are many researchers to make efforts in the fracture characteristics of rocks (Dai et al., 2016; Du et al., 2020; Du et al., 2021; Wei et al., 2021; Xia and Yao 2015).
At present, there are many methods to measure rock fracture characteristics (Zhang and Zhao 2013 Yao and Xia 2019), including wedge-loaded compact tension (WLCT) (Klepaczko et al., 1984), notched semi-circle bend (NSCB) (Chong and Kuruppu 1984), short rod (SR) (Franklin et al., 1988), single edge notched bending (SENB) (Tang and Xu 1990), cracked straight through Brazilian disc (CSTBD) (Kourkoulis and Markides 2014; Nakano et al., 1994), holed-notched cylinder fracture (HNCF) (Wei et al., 2018a; Wei et al., 2018b), three-point chevron bend (CB) (Zhou et al., 2009), cracked chevron notched Brazilian disc (CCNBD) (Dai et al., 2010), cracked chevron notched semi-circle bend (CCNSCB) (Dai et al., 2011), and double cleavage drilled compression (DCDC) (Wang et al., 2016). Compared with other methods, the NSCB method has incomparable advantages (Yao and Xia 2019): 1) the notch of the specimen is straight, which is convenient for the preparation of specimen; 2) in the placement process of the specimen, only two support points of the specimen need to be aligned on the bar side, which simplifies the specimen alignment; and 3) the size of the specimen is so small that it can expedite the dynamic force balance. Because of its merits, the NSCB method was recommended to determine the dynamic fracture characteristics of rocks by the international society for rock mechanics and rock engineering (ISRM) in 2012 (Zhou et al., 2012), and then determine the static type I fracture characteristics of rocks by ISRM in 2014 (Kuruppu et al., 2014). Therefore, the NSCB method is the only ISRM suggested method to determine the static and dynamic mode I fracture toughness of rocks.
So far, the research on rock dynamic fracture behaviors based on the NSCB method has mostly focused on the following aspects: 1) measurement of rock dynamic fracture toughness and crack propagation velocity, for example, Chen et al. (2009) proposed a method to simultaneously measure dynamic fracture parameters such as fracture propagation toughness and fracture velocity using a semi-circular bend technique, and Zhao et al. (2017) studied the influence of bedding angle and loading rate on the initiation fracture toughness of coal using NSCB method; 2) obtaining rock displacement and strain field using the digital image correlation (DIC) technology (Zhang and Zhao 2013; Zhang and Zhao 2014; Gao et al., 2015a; Gao et al., 2015b; Xing et al., 2017); 3) fracture characteristics of deep rock (Yin et al., 2014; Chen et al., 2016; Yao et al., 2019; Li et al., 2020), and 4) the influence of heat, moisture anisotropy, and other factors on rock dynamic fracture characteristics (Yin et al., 2012; Dai et al., 2013; Dai and Xia 2013; Yao et al., 2017; Xu et al., 2018; Zhou et al., 2018; Cai et al., 2018; Wei, et al., 2018c; Shi et al., 2019; Cai et al., 2020a; Cai, et al., 2020b; Wei et al., 2021). Due to the limitation of the measurement technology, there is still a lack of in-depth understanding of the damage evolution law, energy evolution law, and mechanical mechanism of the failure mode in the deformation and the failure process of NSCB rock specimens. Thus, based on a rock dynamic damage model, this study numerically simulates the rock dynamic NSCB test, in order to study the damage evolution law, mechanical mechanism, and energy evolution law of rock under different loading rates.
EXPERIMENT SETUP
Brief Introduction of Dynamic Notched Semi-Circle Bend Experiment
The NSCB method was originally proposed by Chong and Kuruppu (1984) to determine mode I fracture toughness, which has been widely used all over the world. The dynamic NSCB test combines the notched semicircle bend (NSCB) test and Split Hopkinson Pressure Bar (SHPB) technique, and the schematic diagram of dynamic NSCB test device is shown in Figure 1. The test device is mainly composed of an air gun, strike bar, incident bar, transmission bar, strain gauge, and oscilloscope. The standard rock sample is semicircular, with a radius of 25 mm and a thickness of 20 mm. The length and width of the straight cutting notch are 5 and 0.6 mm, respectively. The span of the support point is 2S = 33.3 mm. Under quasi-static loading, the stress intensity factor of the sample can be expressed as follows (Chong and Kuruppu 1984):
[image: image]
where [image: image] is the stress intensity factor, [image: image] is the geometric factor of mode I fracture, 2S is the span of the supporting point of the sample, R is the radius of the sample, [image: image] is the force applied to the sample, [image: image] is the length of the straight cut notch, and B is the thickness of the sample. When S/R = 0.667 and [image: image], YI(S/R) can be calculated by the following formula (Lim et al., 1993):
[image: image]
[image: Figure 1]FIGURE 1 | Schematic diagram of the dynamic NSCB test device.
Under dynamic loading, the force exerted on the sample turns into a time-dependent force, namely, P(t), then the dynamic stress intensity factor can be expressed as follows (Zhang and Zhao 2013):
[image: image]
Setup of the Finite Element Model
According to the above brief introduction of the NSCB test, the established numerical model is the same as the experiment. The contact between the rock sample and the incident bar and the contact between the rock and the support bar are through the keyword “contact_2D_AUTOMATIC_SURFACE_TO_SURFACE_ID.” The numerical model adopts 2D solid162 element, which is meshed into 15,917 elements in total.
Material Model of Numerical Simulation
The mechanical behaviors of rock are characterized by a self-developed dynamic damage model. The model takes unified strength theory as the strength criterion and considers hardening behaviors, tension-compression damage, and Lode angle effect as well as strain rate effect. The strength criterion of the model can be expressed as
[image: image]
where a is the ratio of tensile strength to compressive strength, b is the selected parameter which can reflect the influence of the intermediate principal stress on the material failure, φ is the internal friction angle, ω is the damage variable, κ is the yield strength, I1 is the first invariant of the stress tensor, J2 is the second invariant of the deviatoric stress tensor, θ is the Lode angle, and J3 is the third invariant of the deviatoric stress tensor.
In the above formula, κ can be expressed as
[image: image]
where DIF is the dynamic increase factor, β0 is the initial yield threshold for plastic hardening, βm is the maximum yield threshold for plastic hardening, b1 is the parameter describing the rate of hardening, and γp is the generalized plastic shear strain.
And [image: image] and DIF can be shown, respectively, as follows:
[image: image]
[image: image]
where P* is the standardized hydrostatic pressure, P* = P/σc, P is the actual hydrostatic pressure, σc is the uniaxial compressive strength of rock materials, T* is the standardized tensile strength, T* = σt/σc, σt is the uniaxial tensile strength of rock materials, D1 and D2 are the damage constants of rock materials, p1 is the hydrostatic pressure, α represents the rock tensile damage parameter, A and B are the strain rate parameters, [image: image] is the effective strain rate, and [image: image] is the reference strain rate, which is used to make DIF dimensionless.
The relationship between P and volumetric strain μ can be divided into three stages: linear elastic stage, transition stage, and compaction stage, as shown in Figure 2.
[image: image]
[image: Figure 2]FIGURE 2 | Relationship between P and μ. In linear elastic stage (0 ≤ μ < μcrush), P can be expressed as.
In the transition stage (μcrush≤μ<μplock), P can be expressed as
[image: image]
In the compaction stage (μ > μplock), P can be expressed as
[image: image]
where K is the volume modulus; Pcrush is the hydrostatic pressure when the rock reaches its elastic limit; μcrush is the volumetric strain corresponding to P=Pcrush; Plock is the hydrostatic pressure when the rock is compacted; μlock is the volumetric strain corresponding to P=Plock; μlock is the plastic deformation that occurs when the rock is compacted; K1, K2, and K3 are rock material parameters; and [image: image] is the corrected volumetric strain.
The mechanical parameters of Fangshan marble are listed in Table 1. The rigid model is used to simulate the incident bar and transmission bar, which are made of 40Cr steel, and the parameters of bars are listed in Table 2.
TABLE 1 | Model parameters of Fangshan marble.
[image: Table 1]TABLE 2 | Mechanical parameters of 40Cr steel.
[image: Table 2]SCHEME DESIGN OF NUMERICAL NOTCHED SEMI-CIRCLE BEND TEST AND VALIDATION
Because this study focuses on the failure mode and energy evolution of rock under different loading rates, the initial velocities of 0.01 m/s, 1.0 m/s, 2.0 m/s, and 3.0 m/s are applied to the incident bar. In order to ensure the validity and correctness of numerical the NSCB test, numerical simulation was carried out with an initial velocity of 2.25 m/s from the experiment conducted by Zhang and Zhao (2013). As the finite element method is based on continuum mechanics and cannot show the process of rock crack propagation, the element deletion technology is adopted in this study; that is, when the element state reaches a threshold, the element is deleted and a failure crack is formed in the visual effect. According to the damage mechanics, when the damage of rock materials accumulates to a certain extent, the rock materials will fail. Therefore, this study uniformly selects the damage variable of the element as the basis for judging the deletion of the element. Based on the comparison between numerical simulation results and experimental results, the damage threshold is set as 0.8; that is, when the damage of rock is greater than or equal to 0.8, the rock will fail and crack.
Figure 3 shows the comparison between numerical simulation results and experimental one of crack tip position. It can be seen that the numerical simulation value of the time when the crack tip reaches the same position is larger than the test value, which is due to the different loading modes of the initial velocity in the numerical simulation and the test. The initial velocity in the numerical simulation is directly applied to the incident bar, while the initial velocity in the test is loaded to the incident bar to improve computational efficiency. There is a pulse shaper between the strike bar and the incident bar, which prolongs the rise time of the incident wave, resulting in a condition where the crack initiation time of the straight notch is later than that of the straight notch in the numerical simulation. Although there are some differences between the numerical results and the experimental value when the crack tip reaches the same position, the time interval of the same length of crack propagation is relatively close; that is, the crack propagation speed is relatively consistent, so the reliability of the numerical simulation results can be determined.
[image: Figure 3]FIGURE 3 | The comparison between numerical simulation results and experimental one of crack tip position.
Figure 4 shows the comparison between the numerical simulation results and the experimental results of the crack propagation process with the initial velocity of 2.25 m/s. From this figure, it can be seen that the crack starts from the notch tip and propagates along the symmetrical pumping direction of the NSCB sample to the loading point. The numerical simulation results of the crack propagation process are consistent with the experimental results.
[image: Figure 4]FIGURE 4 | The comparison between numerical simulation results and experimental results of crack propagation process. (A) Numerical simulation, (B) Experiment Zhang and Zhao (2013).
RESULTS AND DISCUSSIONS
For the purpose of this study, the effects of loading velocities on the damage evolution law, failure characteristics, and energy evolution law of marble are analyzed and discussed below.
Damage Evolution Law of Marble Under Different Loading Rates
Figure 5 shows the final distribution of damage of NSCB rock samples under different loading velocities. From the figure, the damage is distributed along the symmetry axis of the rock samples. The damage distribution of the rocks under dynamic loading is obviously different from that under quasi-static loading. The damage distribution of the rocks under quasi-static loading is in a straight line, while the damage evolves not only to the loading point but also to the direction perpendicular to the symmetrical axis under dynamic loading. With the increase of loading velocity, the damage range of rock samples increases gradually.
[image: Figure 5]FIGURE 5 | Final damage distribution of NSCB rock samples under different loading velocities. Failure characteristics of marble under different loading velocities. (A) v=0.01m/s, (B) v=1.0m/s, (C) v=2.0m/s, (D) v=3.0m/s.
Figure 6 shows the final failure mode of NSCB rock samples under different loading velocities. It can be seen from the figure that the rock samples crack from the notch and expand along their symmetrical axial to loading point under different loading velocities, indicating that the notch plays a leading role in the crack propagation direction, which is in good agreement with the test results conducted by Zhang and Zhao (2013). With the increase of loading velocity, the flatness of crack becomes smaller and smaller, and indicates that with the increase of loading velocity, the stability of crack propagation to the loading point becomes worse and worse. This is because Fangshan marble is a rock material with a strong strain rate effect, and its failure is closely related to its dynamic strength. From the meso point of view, the dynamic strength induced by strain rates of different internal parts of the rocks is different under dynamic loading, resulting in notable randomness and uncertainty in the activation of cracks inside the rock, and this randomness is stronger and stronger with the increase of the strain rate, which activates more cracks inside the rock.
[image: Figure 6]FIGURE 6 | Final failure mode of NSCB rock samples under different loading velocities. Energy evolution law of NSCB rock samples under different loading velocities. (A) v=0.01m/s, (B) v=1.0m/s, (C) v=2.0m/s, (D) v=3.0m/s.
Figure 7 shows the time history curves of rock energy under different loading velocities. The total energy comes from the incident bar. According to the law of energy conservation, the total energy is equal to the sum of internal energy and kinetic energy. Internal energy is mainly used for rock deformation, damage, and failure, and kinetic energy is mainly used for rock movement. It can be obtained from the figure that the total energy of rocks under different loading velocities has the same evolution trend, which first increases gradually and then tends to have a stable value. The change of kinetic energy under different loading velocities has the same trend, which first increases gradually and then tends to be stable. The internal energy of rocks under different loading velocities also has the same trend, which first increases gradually, then decreases gradually after reaching the maximum value, and finally tends to a stable value. The stable value of internal energy increases with the increase of loading velocity. Combined with the previous analysis, it can be found that the stable value of internal energy can reflect the damage range of rocks under different loading velocities. The total energy, kinetic energy, and internal energy of rocks increase with the increase of loading velocities, but at the initial stage, the internal energy is greater than the kinetic energy.
[image: Figure 7]FIGURE 7 | Time history curves of rock energy under different loading velocities.
Figure 8 shows the time history curves of rock energy under quasi-static and dynamic loading. It can be concluded from the figure that the evolution law of rock energy under quasi-static loading is notably different from that of rock energy under dynamic loading. Under quasi-static loading, the kinetic energy of the rock at the initial stage is almost zero, which indicates that the total energy is basically transformed into the internal energy of the rock. The internal energy of the rock at the later stage is zero, indicating that the damage range of the rock is very small after the rock fails along the axis of symmetry. Under dynamic loading, the internal energy and kinetic energy of the rock increase gradually in the initial stage, and tend to be stable in the later stage. This stability value of internal energy is greater than that under quasi-static condition, indicating that the local high strain rate under dynamic loading can cause a wider range of damage.
[image: Figure 8]FIGURE 8 | Time history curves of rock energy under quasi-static and dynamic loading.
Figure 9 shows the time history curve of the ratio of internal energy to total energy of NSCB rock samples under different loading velocities. The ratio of internal energy to total energy can reflect the evolution law of energy in the process of rock deformation, damage, and failure. It can be seen that the ratio of internal energy to total energy has a similar evolution law under different loading velocities. The greater the loading velocity, the smaller the maximum value of the ratio of internal energy to total energy, indicating that a higher proportion of internal energy can be obtained by rocks at a lower loading velocity. According to the energy ratio, the process from rock deformation to failure can be divided into five stages, and it is illustrated by taking the initial loading velocity of 1.0 m/s as an example, that is, OA, AB, BC, CD, and DE. In the OA stage, the energy ratio increases sharply in a very short time, and the internal energy of the rock sample increases sharply. This stage is the collision stage between the incident bar and rock sample. In the AB stage, the energy ratio decreases rapidly. At this stage, the rock sample begins to move, the kinetic energy and internal energy increase, and the increase rate of kinetic energy is greater than that of internal energy. In the BC stage, the energy ratio begins to increase gradually. At this stage, the rock sample begins to crack from B and the crack extends to the loading point, but the crack does not reach the loading point, the kinetic energy and internal energy increase, and the increase rate of internal energy is greater than that of kinetic energy. In the CD stage, the energy ratio decreases gradually. At this stage, due to the increase of crack length, the constraint of the rock sample decreases, the kinetic energy of the rock sample increases rapidly, and the internal energy of rock increases first and then decreases. In the DE stage, the crack tip reaches the loading point, the crack penetrates, the internal energy exists inside the samples in the form of plastic deformation energy remaining unchanged, and the kinetic energy tends to be stable.
[image: Figure 9]FIGURE 9 | Time history curve of the ratio of internal energy to total energy of NSCB rock samples under different loading velocities.
CONCLUSION
Based on a self-developed dynamic damage model for rocks and element deletion technology, the NSCB test is numerically simulated, and the following conclusions are drawn in this study:
1) In the NSCB test, the loading velocity has an important influence on the damage of rock samples. With the increase of loading velocity, the damage range increases gradually.
2) The loading velocity has an important influence on the failure mode of straight notch semi-circular marble. With the increase of loading velocity, the flatness of cracks becomes worse and worse, and the stability of crack propagation becomes worse and worse. This is because the local high strain rate leads to the obvious randomness and uncertainty of crack activation in rocks.
3) Under different loading velocities, the evolution trends of total energy, kinetic energy, and internal energy of straight notch semicircular marble are similar. The damage range of marble can be evaluated by the stable value of internal energy. The larger the stable value is, the larger the damage range of marble is.
4) The energy evolution of marble under dynamic loading is obviously different from that under quasi-static loading. Under quasi-static loading, the total energy of marble in the initial stage is basically transformed into internal energy, and the internal energy of marble in the later stage is almost zero. Under dynamic loading, in addition to some of the total energy of marble in the initial stage being transformed into internal energy, some of it is also transformed into kinetic energy. The stable value of internal energy in the later stage is much greater than 0, indicating that a larger damage range can be caused under dynamic loading.
5) According to the ratio of internal energy to total energy, the deformation and failure process of straight notch semicircular marble under dynamic loading can be divided into five stages, namely, at the first stage, the energy ratio increases rapidly, and the rock sample collides with the incident rod at this stage; at the second stage, the energy ratio decreases rapidly, the rock sample begins to move, the kinetic energy and internal energy increase, and the increase rate of kinetic energy is greater than that of internal energy; at the third stage, the rock sample begins to crack and the crack extends to the loading point, but the crack does not reach the loading point. Both kinetic energy and internal energy increase, and the increase rate of internal energy is greater than that of kinetic energy; at the fourth stage, the energy ratio decreases gradually, the crack propagates further, the constraint of rock samples decreases, the kinetic energy increases, and the internal energy first increases and then decreases; at the final stage, the energy ratio is stable, the crack penetrates at this stage, the internal energy exists in the form of plastic deformation energy, and the kinetic energy tends to be stable (Friedman et al., 1972, Hu 2020, Rossmanith et al., 1997).
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This study aims to investigate the fracturing characteristics of double-hole blasting under the action of coupled static stress and delayed time explosion. A total of thirteen explosive tests were carried out on rectangular concrete blocks with different constraints. The test blocks were wrapped in steel mesh in the test bed to prevent flying away of the cracked blocks after blasting. After blasting, the surface area of the crater was measured, and all pieces of the cracked blocks were collected, screened, and analyzed. The experimental results show that (1) the shape of free-surface craters was affected by static stress. The surface area and overall volume of the craters increased in the direction of loading stress. (2) The crater under simultaneous initiation was larger than that under delayed initiation when the tested block had a single free surface. (3) The fragmentation of blasting is closely related to the static confining pressure and delay initiation applied on the tested specimens. It is believed that this research will contribute to the design of multi-hole blasting in the deep geological body in the respect of the theoretical analysis.
Keywords: in situ stresses, double-hole blasting, borehole expansion, delay initiation, fragmentation of blasting
INTRODUCTION
The depletion of shallow resources and increasing demand for metal sources have led to increasing interest in underground mining, featured by high in situ stress in deep Earth (Fan et al., 2009). Drilling and blasting are always employed for these underground rock excavations due to their economic cost and effectiveness. However, under high in situ stress, the rock breaking produced by underground blasts differs from that generated from open-pit mining and shallow excavation (Yan et al., 2016; Han et al., 2020). To make the fragmentation law clear under the coupling action of high in situ stress and blasting, it is of great significance for determining blasting parameters and safe and efficient production in deep ore bodies. They carried out physical experiment research of double-hole blasting to determine the blasting parameters of deep rock mass that are necessary to realize safe and efficient excavation and mining (Yilmaz and Unlu, 2013; He et al., 2018; Jayasinghe et al., 2019). At present, scholars have carried out a lot of research work on rock breaking by blasting under in situ stress. Some theories and experiments have been carried out on rock blasting under high ground stress (Xiao et al., 1996).
Many research studies have been carried out on the mechanism of blasting fracture (Zhu et al., 2016). Static stress can reduce the fracture length and the area of the blasting damage zone. Moreover, the tensile strength of rock under the coupling action of static and dynamic loads decreases with the increase in the static prestress, indicating that high ground stress can enhance the fragmentation of rock under blasting excavation (Zhao et al., 2017). The aforementioned studies illustrated the influence of static stress on the blasting fracture of rock materials, and in situ stress played a key role in crack initiation and growth. Based on these studies, the influence of in situ stress on blasting rock fracture was analyzed and experimentally studied (Li et al., 2021; Wu et al., 2015; Zhang et al., 2017). The results show that the cracks caused by blasting stress wave and gas pressure grow well in the direction of the maximum principal stress of the superimposed stress field (Kutter and Fairhurst, 1971). It calculated the rock breakage caused by blasting under high stress based on fracture mechanics and rock damage criterion. The results showed that the release of strain energy in high-stress rock mass was beneficial to improve the crushing effect. Based on this, they studied the propagation characteristics of blasting crack in dynamic and static stress fields by the caustic experiment. The results showed that in situ stress had an important influence on the crack growth caused by blasting (Xiao et al., 2019). When the direction of vertical in situ stress was in the direction of crack propagation, the crack growth was restrained. It experimentally simulated the blasting failure characteristics of rock mass under different stress conditions, and the influence of the in situ stress value and direction on presplitting blasting was studied (Yang et al., 2019). The damage of the gypsum block decreased with the increase in uniaxial pressure. The article studied the influence law and the response of the main crack induced by blasting the initial static stress field using dynamic and static loading experimental equipment to simulate static stress field, and a digital laser dynamic caustic system was used to collect data (Yang et al., 2021). The findings revealed that the combined action field of the initial static stress and the dynamic blasting stress field gave priority to the maximum crack propagation along the initial static stress direction (Yang and Ding, 2018). The study simulated the blasting disturbance of the underground tunnel through a physical model test and analyzed the influence of the blasting position on surface deformation and failure characteristics (Qiu et al., 2021). The work studied the crater blasting under different confining pressures through theoretical analysis and physical model tests. Under the condition of the uniaxial load, the shape of the crater in the long axial loading direction was elliptical with the increase in the confining pressure, and the opening angle and pit volume in this direction increased (Peng et al., 2020; Zhang et al., 2021).
Some experiments and numerical simulation studies were carried out on rock blasting under high ground stress (Li et al., 2021; Jayasinghe et al., 2019). The research results show that the existence of high ground stress changed the propagation direction and propagation length of explosion-induced cracks. The cracks first radiated outward from the blast hole wall and then gradually extended outward along the direction of the maximum principal stress (He and Yang, 2019). The article used the RHT model in LS-DYNA to simulate the blasting damage characteristics of the high-stress rock mass. Under uniaxial loading, the crater volume increased with the increase in the confining pressure (Huo et al., 2021). The uniaxial static load could change the optimal load and the critical buried depth of charge. The granitic lithology with a complete deep structure has high energy storage capacity (Wang et al., 2019; Zhang et al., 2020). The influence of the confining pressure and ratio of horizontal pressure to vertical pressure on blasting rock fracture was studied through experiments. The results showed that the direction of crack propagation was mainly controlled by circumferential tensile stress and biaxial preload ratio (He and Yang, 2019).
The combined finite-discrete element method (FDEM) was used to simulate the excavation damage area of rock mass caused by contour blasting. It was found that blasting cracks initially spread along the horizontal direction of ground stress under high level of in situ stresses. The following study was carried out on the double-hole test. Increasing the millisecond initiation time between adjacent holes could form a better crack network between holes and make radial cracks penetrate through (Zhao et al., 2017). The research results showed that through the field test and numerical analysis it was found that the larger the distance between adjacent holes, the closer the main cracks to the connecting direction of holes (LEI and JIANG, 2019). The blasting of high-stress rock mass was studied using the coupled numerical simulation method of smooth particle hydrodynamics and finite element method. The crack propagation length between the blast holes decreased with the increase in the local stress level, and the crack mainly expanded parallel to the direction of maximum principal stress. Arranging the blast holes along the direction of maximum principal stress and shortening the distance between the blast holes were considered to be beneficial to the connection and penetration of cracks between the blast holes. The influence of the confining pressure and ratio of horizontal pressure to vertical pressure on blasting rock fracture was studied through experiments. The results showed that the direction of crack propagation was mainly controlled by circumferential tensile stress and biaxial preload ratio.
The aforementioned studies were mostly conducted in the numerical simulation experiments of single-hole blasting and double-hole blasting. It is thus critically urgent to conduct the physical model test to further explore the influence of static stress on rock breaking by double-hole blasting. In this study, the influence of static stress on the double-hole crater and fragmentation under the condition of a single free surface was studied by laboratory tests, the main contribution of which is to provide the theoretical foundation to the design of multi-hole blasting in the deep geological body.
BLASTING TEST OF A CONCRETE BLOCK UNDER THE STATIC STRESS
Test Block
Cement blocks are widely used to simulate brittle rocks in blasting tests because cement mortar has the characteristics of homogeneity, isotropy, and designable strength. In this study, a series of blasting model tests were conducted using solid cement mortar and block stones. The test block was made of sand with uniform particle size, ordinary Portland cement (PC42.5), small stones, and water. Figures 1, 2 show the geometric dimensions of the model test block. The model test block adopted cuboid specification (Figure 1), and its size was 400 × 400 × 200 mm3. During the preparation of the test block, three groups of 120 × 120 × 120 mm3 cube test blocks were poured with the same mixture, and the physical and mechanical parameters of the test blocks were measured with the cube test blocks. Compressive strength and elastic modulus were measured using the CSS-YAW3000 electrohydraulic servo pressure frame and the KD7016A static strain test and analysis system. A CTS-25 nonmetal ultrasonic detector was used to measure the longitudinal wave velocity of the mortar. The parameters of the cement mortar block were as follows: density 2,451 kg/m3, elastic modulus 32.30 GPa, compressive strength 40.8 MPa, Poisson’s ratio 0.24, longitudinal wave velocity 3,808 m/s, and shear wave velocity 2,219 m/s.
[image: Figure 1]FIGURE 1 | Model manufacture.
[image: Figure 2]FIGURE 2 | Test block hole layout and plug hole.
Blasting Parameters
The blasting hole was located on the central line of the surface of the test block, with a diameter of 7.5 mm and a distance of 4 cm from the bottom of the hole to the free surface and 7.0 cm between holes (Figure 1). The experiment used a No. 8 digital electronic detonator to initiate the simulated charge to reduce the influence of the delay time error. The external dimension of the No. 8 digital electronic detonator was φ7.3 × 73 mm2, and the inner diameter of the electronic detonator shell was 6.1–6.4 cm, the filling length was 15 mm, the density was 1.4–1.6 g/m3, and the mass was 0.65 g RDX. The hole orifice was plugged with stemming to reduce the influence of stemming on blasting (Figure 2), and the plugging was to achieve the ideal rock crushing effect (Zhang et al., 2021).
High-Stress Blasting Test Platform
A new type of blasting test system was set up under high stress in the blasting test chamber of Fankou Lead–Zinc Mine, Guangdong Province, to carry out experimental research, which was used to carry out the biaxial loading test on the square block to achieve the pressurization condition of the model block. Figure 3 shows that the test platform mainly consisted of a rigid frame, two hydraulic jacks, two hydraulic pumps, and two rigid pressure heads. The hydraulic jack pushed the rigid indenter to make contact with the test block, the hydraulic pump controlled the loading pressure, and the universal testing machine combined with the pressure sensor was used to calibrate the hydraulic jack, ensuring the accuracy of loading static stress. The loading system applied compressive stress in two directions perpendicular to the free surface of the sample, simulating the bidirectional in situ stress environment of the deep rock mass. The hydraulic cylinder provided 0–60 MPa pressure in two directions, and the pressure gauge on the hydraulic pump was used to measure the output pressure load. As shown in Figure 4, the boundary of the test block was covered with a 20-mm-thick rubber plate to absorb the stress wave at the boundary. Rubber is a kind of polymer material with high elasticity, low impedance, viscoelasticity, shock energy absorption, earthquake resistance, and other mechanical properties. It is often used in structures to reduce the influence of the dynamic load (Qiu et al., 2021). The loading device had a 30-mm-thick steel plate to induce uniform boundary stress. In addition, the unpressurized direction also uses the press to contact the test block.
[image: Figure 3]FIGURE 3 | High-stress loading test platform.
[image: Figure 4]FIGURE 4 | Platform loading form and layout.
Experimental Scheme of the Double-Hole Crater Under the Stress Condition
In this study, the experimental research on the double-hole crater was carried out under three different confining pressures: (1) the double-hole crater was detonated simultaneously under unidirectional confining pressure; (2) two-hole simultaneous initiation crater under bidirectional confining pressure; and (3) double-hole short-delay initiation crater under confining pressure loading. A total of sixteen groups of blasting tests were conducted, and the detailed parameters of test confining pressure loading conditions and delay time are shown in Table 1. After placing the test block, the boundary was covered with a rubber plate, and the rubber plate, in turn, was covered with a steel plate. The confining pressure was loaded to the design value using a loading device. The electronic detonator was inserted into the designed hole, and the surface of the model was covered with a cover plate to facilitate the collection of the test block broken by blasting. The electronic detonator was detonated according to the experimental scheme. After each blasting experiment, the data of the crater were carefully measured, and the test pieces were collected, weighed, and screened. On this basis, the relationship between the particle (fragment) size of each test block and the cumulative mass pass rate (%) was established.
TABLE 1 | Experimental scheme of the double-hole crater under the stress condition.
[image: Table 1]RESULT ANALYSIS
Double-Hole Simultaneous Initiation Crater Under Unidirectional Confining Pressure

1) Blasting test results and analysis under the condition that the direction of the confining pressure loading was parallel to the direction of the hole-to-heart line.
Figure 5 shows the shape of the double-hole simultaneous initiation crater under unidirectional confining pressure when the direction of the confining pressure loading was parallel to the direction of the hole-to-hole line. When no confining pressure was applied, the crater was smaller, and the length of the crater in the hole-to-heart line direction was slightly longer than that in the other direction. However, applying a unidirectional confining pressure in the direction of the hole-to-heart line caused the crater length to gradually increase in the pressurization direction and reduce in the unpressurized direction, especially when the unidirectional pressure reached 20 MPa, the crater diameter in the pressure direction increased from 23.2 to 27.4 cm. This was because the direction of the hole-to-heart line was consistent with the direction of the confining pressure loading, and a stress blind area appeared between two adjacent holes. The applied confining pressure had little effect on the blasting breakage between two holes, but it could promote the breakage around the holes. The volume of the crater first decreased and then increased with the increase in the unidirectional confining pressure, among which the volume of the crater with 5 MPa loading stress was the smallest. This phenomenon shows that low static stress inhibits blasting breakage in the direction parallel to the hole loading. Similar results were reported by Zhang et al. (Zhang et al., 2021). Under the condition of low static stress, the cracks inside the test block are closed. With the increase of static stress, the reflected tensile failure gradually becomes the main factor affecting the formation of the explosion crater. In Figure 6A, the volume of the crater increased from 338.63 cm3 without pressure to 440.64 cm3 with a pressure of 20 MPa. It indicates that the blasting fragmentation range increases with increasing confining pressure. In Figures 6B,C, the average fragmentation (x50) of blasting decreases gradually, indicating that the fragmentation is more uniform with increasing confining pressure.
2) Blasting test results and analysis under the condition that the direction of the confining pressure loading was perpendicular to the direction of the hole-to-heart line
[image: Figure 5]FIGURE 5 | Shape of the crater under parallel hole confining pressure.
[image: Figure 6]FIGURE 6 | Double-hole simultaneous initiation effect under unidirectional confining pressure. (A) Crater volume. (B) Average block size (x50). (C) Distribution functions fitted to sieving results for the S1 ∼ S4 surface profile of the crater.
Figure 7 shows the shape of the double-hole simultaneous initiation crater under unidirectional confining pressure when the confining pressure loading direction was perpendicular to the direction of the hole-to-hole line. The crater was smaller without the confining pressure, and the length of the crater in the direction of the hole-to-heart line was slightly longer than that in the other direction. However, the application of unidirectional confining pressure in the direction perpendicular to the hole-to-hole line did not cause much change in the crater length in the direction of the hole-to-hole line; however, the crater length increased in the direction perpendicular to the hole-to-hole line, that is, the pressurization direction, especially in the middle of the hole-to-hole line. This was because the stress in the middle of the hole increased due to the confining pressure applied in the direction perpendicular to the line connecting the hole to the heart, which further promoted the blasting rupture in the middle of the hole. In Figure 8, with the increase of unidirectional pressure, the volume of the crater increases, in which the volume of the crater is 628.32 cm3 under 20 MPa loading stress.
3) Comparing the effects of the crater under different pressurization directions
[image: Figure 7]FIGURE 7 | Shape of the crater under vertical hole confining pressure.
[image: Figure 8]FIGURE 8 | Crater volume.
Figures 9, 10 show the comparison of the shapes of double-hole craters under different pressurization directions. The shape of the crater (S4 and S7) was obviously different when the direction of pressurization (S4) was different from that of the hole-to-heart line (S7). When the pressure direction was consistent with the direction of the hole-to-heart line, the crater length in the pressure direction was obviously larger than that in the other pressure scheme. In contrast, the crater length perpendicular to the pressure direction was smaller than that in the other pressure scheme. Figure 11 shows the distribution diagram of blasting fragmentation of two schemes. The distribution of blasting fragmentation was more uniform than that of the other pressurization schemes when the pressurization direction was consistent with the direction of the hole-to-heart line, and its average fragmentation (x50) was also smaller than that of the other scheme. When the pressure direction was parallel to the hole-to-hole line direction, the blasting fragmentation was found to be better than when the pressure direction was perpendicular to the hole-to-hole line direction.
[image: Figure 9]FIGURE 9 | (A) Crater surface outline of S1, S2, S3, and S4. (B) Crater surface outline of S1, S5, S6, and S7. Comparison of crater contour under different pressure directions.
[image: Figure 10]FIGURE 10 | Blasting fragmentation distribution under two loading 20 MPa pressure schemes.
[image: Figure 11]FIGURE 11 | Crater shape of double-hole short-delay initiation blasting under confining pressure loading. (A) 1 ms delay between holes. (B) 2 ms delay between holes.
Test Results and Analysis of Double-Hole Short-Delay Blasting Under Confining Pressure Loading
Figure 11 shows the shape of a double-hole short-delay initiation crater under confining pressure loading. When no confining pressure was applied, in S8 and S11, the crater under double-hole short-delay initiation was found to be similar to V-shape. The first blasting hole formed a larger crater, the second blasting hole took the first crater as the free surface for lateral blasting, and the width of the crater on one side of the second blasting hole was smaller in S8, S10, and S12 indicating the influence of delayed initiation, and two adjacent holes failed to form a common crater. However, after applying the confining pressure, the craters of adjacent holes were obviously more uniform and reasonable than those without confining pressure, and the widths of craters at two holes were closer. In addition, the rupture range of S13 blasting is larger than that of S11 without confining pressure due to the confining pressure applied along the direction of the core line of the hole. This showed that under short-delay initiation, double-hole blasting could make good use of confining pressure to form a suitable crater. Figures 12, 13 show the variation in the crater volume with confining pressure under 1 and 2 ms initiation. It can be concluded that with the increase of unidirectional confining pressure and delay time, the crater volume also increases.
[image: Figure 12]FIGURE 12 | Crater contour comparison of delay blasting. (A) Crater surface outline of S8, S9, and S10. (B) Crater surface outline of S11, S12, and S13.
[image: Figure 13]FIGURE 13 | Crater volume of delayed initiation blasting under confining pressure.
Figure 14 shows the fragmentation distribution of 2 ms initiation under different confining pressures. Figure 14B shows that the average fragmentation x50 after confining pressure loading was smaller than that without confining pressure, and the average fragmentation gradually decreased with an increase in the confining pressure, which was consistent with the research results of Chenhui et al., (2016), indicating that the application of confining pressure under short-delay initiation could effectively improve the fragmentation.
[image: Figure 14]FIGURE 14 | Comparison of blasting fragmentation distribution under 2 ms delay. (A) Blasting fragmentation 274 distribution. (B) Average block size.
DISCUSSION

1) Boundary of the experimental model
The boundary of the test block was covered with a 20-mm-thick rubber plate to absorb the stress wave at the boundary. Because of its energy absorption and buffering characteristics, it is often used to reduce the impact of dynamic loads in tests. The 20-mm-thick steel plate is set outside the rubber plate to induce uniform boundary stress and reduce the influence of blasting effect on the boundary (Henrych and Major, 1979).
2) Formation mechanism and time of new free surface in delayed blasting
Figure 15A shows that when two electronic detonators were detonated at the same time, the stress wave loading time was much shorter than the gas pressure. At the same time, the explosive gas did not leak out from the front crater. Therefore, the explosive gases caused by adjacent blasting were gathered through cracks, thus pushing the fractured rocks to form a common crater. If the delay is longer than the new free surface formation time, as shown in Figure 15B, the post-detonated blast hole would have two free surfaces, the free surface and the free surface generated by the previous blast hole. The rock fracture process of double-hole blasting with delayed initiation would be completely separated, making it unable to form the same crater (Qiu et al., 2018).
[image: Figure 15]FIGURE 15 | (A) Simultaneous initiation of multiple blast holes. (B) Multiple blast holes with delayed initiation (Qiu et al., 2018).
However, there is still no consensus on the determination of the formation time of the new free surface. The formation time of a new free surface includes three different stages: the first stage is the time required for the explosive stress wave to propagate to the free surface and return to the explosive, and the second stage is the time required for the crack to propagate to the free surface (Henrych and Major, 1979). The third stage is the time required for the crack to continue to expand and form a new free surface with a certain crack width. Therefore, the formation time of the new free surface is as follows:
[image: image]
where W is the minimum burden, CP is the p-wave velocity of the sample (m/s), Lf is the crack length (m), Lf ≈ 1.4W, cf is the average speed of crack expansion, S is the crack width, VS is the initial velocity of crushed rock (normally 10 mm), and VS is the fly-out speed of broken rock (normally 15–25 m/s).
In the experiment of double-hole delay blasting, the formation time of new free surface after the first hole blasting is calculated according to Equation 1 as 558–858 us. Similar results were reported by Chi et al. (2019). The crater of double-hole delay blasting is larger than that of delay blasting, which is consistent with the experimental crater.
3) Fragment Loss
Previous studies showed that smaller fragments consume a lot of energy, which was very important for evaluating the crushing results. Each test block was wrapped in a cuboid of 50 × 50 × 40 cm3 by a steel grid embedded with a thick sponge to reduce the fragment loss of blasting test blocks. Under the same charge and boundary test conditions, a collision may occur between the blasting fragments and the collecting steel grid, which may exist in each explosion. Hence, the impact on the crushing results of each explosion was almost the same. Before the experiment, the hole was blocked with stemming, and the detonator fragments were removed when collecting fragments. The stemming and the removed detonator fragments had the same influence on the explosive crushing results.
CONCLUSION

1) Static stress significantly affected the shape of the crater. The experimental results of double-hole blasting with two kinds of lateral stress showed that the shape of the crater was extended along the loading direction, and the loading direction became the dominant direction of crack propagation. The blasting experiments with different initiation delay times showed that the loading direction became the dominant direction of radial crack propagation and was not affected by the initiation delay.
2) With the increase of unidirectional confining pressure, the volume of the double-hole blasting crater in different loading directions generally increases. The blasting surface loaded with static stress in the vertical borehole direction is rounder than that loaded with static stress in the horizontal direction. In addition, the volume of the blasting crater loaded with static stress in the vertical borehole direction is larger than that loaded with static stress in the horizontal direction.
3) Static stress and delay time significantly affected the crushing effect of the blasting test block. The experimental results showed that the greater the loading stress is, the better the crushing effect is. The longer the delay time is, the better the crushing effect is. In deep geological engineering, a blasting scheme matching with the in situ stress could be designed to achieve a better rock blasting and crushing effect.
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This study combined theoretical analysis, physical simulation, and numerical simulation to discuss the influences of the structural evolution and motion characteristics of a hard roof during thickening coal seam mining on working face pressure. Results showed that during the mining of the thickening coal seam with a hard roof, the settlement curve of low-level strata was a stepwise wave slope, and the settlement curve of high-level strata shifted from a “V-shaped” distribution pattern to a parabola under the full mining of the coal seam. When the mining thickness was relatively small, the mining space expanded with the increase in mining thickness due to the “masonry beam” structure formed by the low-level, sub-critical overlying strata. The low-level critical strata formed a “composite cantilever beam” structure with a hard immediate roof after advancing into the caving zone. After complete recovery, the overlying strata were in a steady-movement state, and the plastic failure zone of the overlying strata of the thickening coal seam presented obvious distribution characteristics of longitudinal and transverse partitions. This study provides theoretical reference for coal seam mining under similar geological conditions.
Keywords: hard roof, thickening coal seam, overlying strata structure, motion characteristics, physical simulation, numerical simulation
INTRODUCTION
Decades-long production practices have shown that the caving height of overlying strata in a goaf increases, and the sphere of influence of the overlying strata on the working face pressure expands as the disposal mining thickness increases in fully mechanized caving mining of thick coal seams. Meanwhile, a main roof with a hinged balance structure at low-level positions of the fully mechanized mining face might change into an immediate roof. Studying the structural morphology and motion type of overlying strata in the stope is the basis of analyzing the behavior law of working face pressure.
In this regard, a lot of studies have been carried worldwide. Generally, deformation, fracture propagation, and energy release are highly associated with mining-induced stress evolution (Gao et al., 2021). After mining, the state of stress equilibrium is disturbed by an opening formed due to underground extraction of part of the coal seam (Wang et al., 2018a), resulting in the change of overburden structure above the coal seam. Zhang (Zhang and Wang, 1998) pointed out that there is a stable “masonry beam” above the stope and a “semi-arch” structure below the “masonry beam.” The combination of the two forms the basic form of overburden structure of a fully mechanized caving face. The cantilever beam is formed by the rupture of low-level critical strata in a fully mechanized caving face, whereas the masonry beam is formed in high-level critical strata (Huang et al., 2020; Kong et al., 2020; Li et al., 2018). The higher the mining height, the closer the subcritical stratum is to the coal seam, and the easier it is to move as a “cantilever beam” (He et al., 2020; Ju et al., 2011; Li et al., 2017; Liang et al., 2017; Wang et al., 2014; Xu and Ju, 2011; Yan et al., 2011; Yu and Yan, 2015; Yang et al., 2020; Zhang et al., 2021). Li (Li et al., 2014) constructed a strata rupture model of periodic roof weighting on a fully mechanized sub-level caving face with a large mining height and found that the support has to bear only the acting force of the inferior cantilever structure during normal recovery stages. With the decrease of bottom coal thickness, the stress concentration around roadways and coalfaces decreased rapidly and then tended to be stable (Li et al., 2018; Zhu et al., 2016). The failure scopes of the coal seam and top coal on the working face present a nonlinear proportional correlation with mining thickness (Wen et al., 2019; Xie and Wang, 2010). Yan (Yan, 2009) showed that the scope of “deformation pressure strata” expands with the increase in coal seam thickness during the exploitation of super high seams, thus increasing the external loads on the support. Due to the controlling effect of critical overlying strata, the development height of water conductive fissures presents stepwise sudden changes with mining thickness rather than continuous approximate linear variations (Feng et al., 2011; Miao et al., 2011; Wang et al., 2019). Wang (Wang et al., 2018b) established the critical conditions for the loss of stability of coal walls by constructing a vertical mechanical model to analyze the influencing mechanism of mining thickness. Through a physical simulation test, Fan (Fan and Shen, 2019) found that the superior immediate roof in the overlying strata is a “simply supported beam” when the mining thickness is 30 m, and the overburden pressure is shared by the caving gangues in the goaf, resulting in a weaker strata pressure behavior compared with that when the mining thickness is 17 m.
Scholars have focused on mining analysis by using several mining thickness values in the same mining area or the mean coal seam thickness, but they ignored the overlying strata structural difference and mine pressure characteristics caused by continuous variations in coal seam thickness under a specific condition. This disregard leads to a serious judgment error in certain cases. To address this issue, this study analyzed the settlement characteristics of overlying strata and the evolutionary laws of critical strata during the mining of a thickening coal seam with a hard roof by combining similarity and numerical simulations on the basis of critical strata theory of strata control. The research results can provide theoretical reference for coal seam mining under similar geological conditions.
PROJECT OVERVIEW
The 4,321 fully mechanized caving face in Sangshuping Coal Mine in Hancheng City was selected as the research object. The 3# coal seam is undergoing exploitation. On the working face, the 3# coal seam is 6.08–28.41 m away from the 2# coal seam above (14.47 m on the average). The working face has a simple coal seam structure with a rare dirt band. The immediate roof is generally occupied by siltstone and medium sandstone with hard lithology and an average thickness of 9.83 m. It is covered by 2# and 1# coal seams. The roof of 1# coal seam is composed of medium sandstone and fine sandstone and has an average thickness of 10.38 m. According to evaluations of the critical overlying strata on the working face (Xu and Qian, 2000; Qian et al., 2003), the 3# coal seam has two sub-critical overlying strata made of 8.0 m thick fine sandstone and 10.38 m thick medium sandstone. A comprehensive histogram of the strata is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Comprehensive histogram of rock strata.
In Sangshuping Coal Mine, the 3# coal seam is soft and clamped between the upper and lower hard and thick sandstones, thus forming a composite structure of “hard–soft–hard strata.” Functioning as two pieces of “washboards,” the hard sandstone strata exert a strong squeezing effect on the coal seam under the action of tectonic stress. Slip surfaces are formed in the hard–soft interfaces due to differences in coal petrography, mechanical strength, and elastoplasticity, and they further develop to sliding surfaces. In the “hard–soft–hard strata” structure, the coal seam produces plastic flows that “creep” from the high-pressure zone to the low-pressure zone. Macroscopically, coal seam thickness and structure change to release stress and maintain stress balance.
The 3# coal seam is 3.5–14 m thick, with an average of 7.0 m. After advancing from the open–off cut by 500 m, the coal seam thickness increases gradually from 3 m to 14 m. The contour line of the 3# coal seam’s thickness on the working face is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Contour line of coal seam thickness on the 4,321 working face.
PHYSICAL SIMULATION OF THE MINING OF A THICKENING COAL SEAM WITH A HARD ROOF
Mining Thickness Conditions Formed by the “Cantilever Beam” Structure in the Critical Strata
During the mining of a thickening coal seam with a hard roof, the structural morphology and motion characteristics of the hard immediate roof and sub-critical strata change with coal seam thickness. When the sub-critical strata are at a low level, the available gyrating mass of blocks in the sub-critical strata is higher than the ultimate value, and the masonry beam structure loses stability, thus developing into a cantilever or simply supported beam. In this section, the effects of coal seam thickness on the structure of the sub-critical strata are analyzed by combining the judgment results of the critical strata.
The rotary deformation buckling model of critical blocks is shown in Figure 3. ∆max is the ultimate rotary mass that is necessary for rupture blocks in the critical strata to form a stable “masonry beam” structure by hinge joints. ∆max varies in strata that have different thicknesses, strengths, and levels. It is an eigenvalue and attribute value of roof strata under a specific mining condition.
[image: image]
where h is the thickness of the masonry block, q is the uniformly distributed load of the rock beam, l is the length of the masonry block, and σc is the extrusion strength of the block at the corner.
[image: Figure 3]FIGURE 3 | Rotary deformation buckling model of critical blocks.
The spatial displacement between the immediate roof after collapse and the critical strata is ∆j.
[image: image]
where M is the mining thickness of the coal seam (m), KP is the caving crack-expansion coefficient of the immediate roof, and ∑hi is the sum thickness of rock strata below the critical strata (m).
The mining thickness condition for forming the “cantilever beam” structure of the low-level critical strata is
[image: image]
∆j is a value that changes with the mining thickness of the coal seam (M) and the thickness of the immediate roof (∑hi). It increases with the increase in M, thereby increasing the possibility of ∆j>∆max significantly. As a result, the longitudinal and transverse scopes of movement of the surrounding rocks on the working face are increased.
Figure 4 indicates that with the increase in M, ∆j>∆max is proven after entering the shadow when the “masonry beam” structure of the sub-critical strata loses its stability and becomes part of the immediate roof. It is presented as a “cantilever beam” structure.
[image: Figure 4]FIGURE 4 | Discrimination diagram of the structural morphology of the critical strata.
A physical simulation test was designed to compare the structural differences of the critical overlying strata during thickening coal seam mining under the same overlying conditions and to verify the above-mentioned discriminant formula. The results are shown in Figure 5. When the mining thickness was 5.2 m, sub-critical stratum 1 formed a “masonry beam” structure. When the mining thickness was 9.5 m, it formed a “cantilever beam” structure, and the “masonry beam” structure shifted toward the high-level strata.
[image: Figure 5]FIGURE 5 | Morphology test results of critical overlying strata during thickening coal seam mining under different mining thicknesses. (A) Mining thickness of 5.2 m; (B) Mining thickness of 9.5 m.
Displacement and Settlement Laws of Overlying Strata in the Stope
A laboratory 2D physical simulation test was performed to discuss the settlement deformation laws of the overlying strata and the evolutionary features of the structure during thickening coal seam mining. The process wherein the thickening coal seam mining advanced from 3 m to 10 m was simulated. According to the actual situation of the project site, excavate 5 m every 4 h, maintain the simulated mining height of 2.3 m, and the caving height increases with the increase of coal thickness. In the physical simulation test, the geometric similarity ratio, volume–weight similarity ratio, time similarity ratio, and stress similarity ratio were 1:100, 1:1.6, 1:10, and 1:160, respectively. The Poisson’s ratio was equal to that of the prototype. The thickness values of different strata were designed as those in Figure 1. In the test, the aggregate was fine sand, and the cement used was made of lime and gypsum. The ratio is shown in Table 1.
TABLE 1 | Proportion and dosage of similar materials in the test model.
[image: Table 1]The initial state of physical model is shown in Figure 6A and the test model design is shown in Figure 6B. Vertical displacement monitoring lines I, II, III, IV, and V were designed in the test, and they corresponded to hard immediate roof, sub-critical stratum 1 and its subsequent stratum, and sub-critical stratum 2 and its subsequent stratum, respectively.
[image: Figure 6]FIGURE 6 | Model of physical simulation test. (A) The initial state of physical model; (B) Test model design.
The siltstone immediate roof corresponding to Line I developed the primary rupture when the working face advanced by 90 m. At this moment, the maximum settlement of the rock stratum was 5.037 m. As the working face advanced, the rock stratum entered the periodic rupture stage, and the primary periodical rupture distance was 10 m. The relevant settlement curve was a wave slope as the coal seam mining advanced forward. According to the analysis, the settlement curve was determined by the thick and hard characteristics of the immediate roof. Moreover, the settlement curve declined in a stepwise manner as the coal seam mining advanced gradually.
With the advancing of the working face, the settlement volumes of Lines II and III close to the working face became significantly higher than those at other positions in the goaf. Influenced by the hard roof, the settlement curve close to the working face had a large slope. With the increase in mining thickness of the coal seam, the settlement curve after the periodic rupture of rock strata presented a stepwise wave slope.
Lines IV and V presented an approximately symmetric “V-shaped” distribution pattern after the primary rupture of rock strata. The “V-shaped” distribution pattern after periodic weighting was gradually changed into a parabola pattern. As the working face advanced continuously, the parabola pattern of the settlement curve expanded continuously. The displacement at the maximum settlement point increased continuously, but the slope at the coal wall declined gradually.
The maximum settlement volume of Line I was 1.24 times that of Line II, 1.35 times that of Line III, 1.91 times that of Line IV, and 2.1 times that of Line V. The maximum settlement volumes of the five monitoring lines indicate that the sub-critical stratum 1 of Line II and the sub-critical stratum 2 of Line IV could control the settlement deformation of overlying strata locally.
The maximum settlement volumes of the five lines were at 240, 230, 210, 179, and 128 m of the strike positions of the coal seam. These values indicate that the maximum settlement volumes approached the working face from the upper strata to the bottom overlying strata. This result differs significantly from the simulation results on uniform-thickness coal seam mining, that is, the maximum settlement volumes of overlying strata are all located in the center of the goaf.
Structural Evolution of Critical Overlying Strata in the Stope
In accordance with the failure deformation laws of overlying strata in the physical simulation test, a structural evolution model of critical overlying strata during the mining of the thickening coal seam with a hard roof was constructed (Figure 7, Figure 8). In the early mining stage, a cantilever structure was formed due to the collapse of the hard and thick immediate roof. Sub-critical stratum 1 reached the maximum suspension step pitch and ruptured to form a three-hinged arc “masonry beam” balance structure (Figure 8A). As the working face advanced, the strata structure of the cantilever beam below the masonry beam developed periodic sliding buckling at the coal wall. With the subsequent increase in coal seam thickness, the bed-separated fissures between the cantilever beam structure and the masonry beam structure expanded further. The available rotary deformation volume of the masonry beam blocks increased, placing the masonry beam in the critical buckling state (Figure 8B). With the increase in mining thickness, the available rotary volume of the masonry beam blocks formed by sub-critical stratum 1 exceeded the ultimate value, resulting in rotary deformation buckling of the low-level masonry beam structure. The masonry beam structure formed a composite cantilever beam with the immediate roof beneath and the upper supporting stratum (Figure 8C). With the continuous advancement of the working face, the composite cantilever beam structure developed periodic ruptures and slid at the coal wall. Meanwhile, the masonry beam structure was formed at a high level, and the “small structures” at the rear positions of the coal wall were changed. New forms of composite strata structure and motion state were developed (Figure 8D).
[image: Figure 7]FIGURE 7 | Variations in the settlement curves of overlying strata in the recovery process. (A) Line Ⅰ; (B) Line Ⅱ; (C) Line Ⅲ; (D) Line Ⅳ; (E) Line V.
[image: Figure 8]FIGURE 8 | Structural evolution model of the critical strata. (A) Sub-critical stratum 1 presents a “masonry beam”; (B) “Cantilever beam” structure of the hard immediate roof develops sliding buckling; (C) “Masonry beam” structure of sub-critical stratum 1 shows rotary deformation buckling; (D) “Composite cantilever beam” structure develops sliding buckling.
NUMERICAL SIMULATION
Construction of a Numerical Simulation Model
The coal seams, roof, and floor in the model were designed based on the deposition characteristics of coal seams on the 4,321 working face and mining technological conditions. The 3D numerical simulation model is shown in Figure 9. In this model, the lengths in the x and y directions were 900 and 570 m, respectively, and the height in the z direction was 200 m. Normal constraints were applied at the sides and bottom to restrict horizontal and vertical movements. The stress boundary was used at the top. However, equivalent compensation loads of 4.7 MPa on the strata were not simulated. The corresponding physical and mechanical parameters for the numerical simulation are shown in Table 2.
[image: Figure 9]FIGURE 9 | Numerical calculation mesh model. (A) Meshing; (B) A-A profile map along the coal tendency.
TABLE 2 | Physical and mechanical parameters.
[image: Table 2]The advancing length of the thickening coal seam was 300 m, and the width of the working face was 170 m. The 200 m boundary pillars were retained at two ends of the advancing direction (x direction) and surface length direction (y direction) to analyze evolution laws of the plastic zone of the surrounding rocks caused by the mining of thickening coal seams with a hard roof and to eliminate the boundary effects. The coal seam was excavated at 200 m away from the boundaries of the model, and it entered into the thickening coal seam zone (x = 400–700 m) after advancing by 200 m (x = 200–400 m).
Analysis of Numerical Simulation Results
The internal stress in overlying strata is redistributed after the mining of thickening coal seams. Rock strata rupture when the stress over the rock strata is greater than the rock strength, which further influences the transmission, release, and redistribution of stresses and lithological changes. The numerical simulation results during thickening coal seam mining are shown in Figure 10. Influenced by the supports of the coal pillars, areas of strong tensile stress concentration occurred in the open–off cut in the goaf and the upper inclined rock strata at the coal walls. The plastic failure zone developed the most, and a plastic failure distribution pattern of “high at two ends and low in the middle” was formed preliminarily. Influenced by the increasing mining thickness of the thickening coal seam, the tensile failure zone of the roof expanded continuously toward the high places.
[image: Figure 10]FIGURE 10 | Evolutionary laws of plastic zones during thickening coal seam mining.
At the end of recovery, the plastic failure zone of the overlying strata of the thickening coal seam had obvious characteristics of longitudinal and transverse partitions after achieving the steady-movement state. Longitudinally, the low-level strata area of the thickening coal seam developed tensile failure because of the two-way tensile stresses, showed the development of fractures and separation layer, and collapsed. On this basis, this area was determined to be the caving zone. The stresses over the roof strata at middle-level and high-level positions exceeded the yield or shear strength. Shear plastic failure played the dominant role. Hence, the development height of the strata state in this area was defined as the upper limit of the fissure zone. The stress state in these strata areas was still in the elastic deformation stage, and these areas were defined as the bending settlement belt. Transversely, the roof tensile and shear plastic failure zone in the thick coal seams was significantly larger than that in the thin coal seams. Shear failure was the major mode in the coal mass in front of the boundary pillars and above the rock strata. The plastic zones at the two sides of the stope were higher than those above the stope. The plastic zone close to the open–off cut was relatively higher than that at the coal walls of the working face.
Figure 11 is the vertical stress variation curve of the roof in different layers with coal seam excavation, in which roof 1, roof 2, and roof 3 are 5, 19, and 33 m away from the coal seam respectively, and the layers correspond to thick and hard direct roof, sub key layer 1, and sub key layer 2 respectively.
[image: Figure 11]FIGURE 11 | Variation of vertical stress curve during working face advancement. (A) Roof monitoring line 1 (5m above the coal seam); (B) Roof monitoring line 2 (19 m above the coal seam); (C) Roof monitoring line 3 (33 m above the coal seam).
In the area with no change in coal thickness (within the excavation range of 0–200 m), during the simulated coal seam excavation, the peak value of advance bearing pressure of roof 1 is 20.26 MPa and the stress concentration factor is 2.31. The peak value of advance bearing pressure of roof 2 is 13.14 MPa and the stress concentration factor is 1.57. The peak value of advance bearing pressure of roof 3 is 10.53 MPa and the stress concentration factor is 1.31. In the 3–10 m unequal thickness coal seam area (within the excavation range of 200–500 m), during the simulated coal seam excavation, the peak advance bearing pressure of roof 1 is 20.33 MPa and the stress concentration factor is 2.32. The peak value of advance bearing pressure of roof 2 is 13.52 MPa and the stress concentration factor is 1.61. The peak value of advance bearing pressure of roof 3 is 10.82 MPa and the stress concentration factor is 1.35. It shows that different distances from the coal seam have a significant impact on the stress distribution of the roof. The closer to the coal seam, the more significant the stress concentration effect caused by the excavation of the coal seam.
In the mining area of unequal thickness coal seam, the thickness of coal seam increases continuously. Under the action of “cushion” of top coal, the stress distribution in the front arch foot and arch of stress arch evolves, the peak value of advance bearing pressure gradually decreases, and the peak position gradually goes deep into the coal body.
CONCLUSION
Through the analysis of the roof structure of a hard roof during thickening coal seam mining, the physical simulation test and numerical simulation calculation are carried out. The structural evolution and motion characteristics of roof structure are studied, and the following conclusions are drawn:
1) The mining thickness conditions for structural changes in low-level critical strata during the mining of thickening coal seams with a hard roof were deduced and verified through a simulation test.
2) The settlement curve of low-level strata presented a stepwise wave slope. The settlement curve of the high-level strata changed from a “V” pattern into a parabola pattern with the full mining of the coal seam. From top to bottom, the position of the maximum settlement volume of the overlying strata approached the working face. We conclude that sub-critical strata have local control over the settlement of overlying strata.
3) With the increase in mining thickness, the available rotary volume of “masonry beam” blocks in the low-level critical strata increased continuously, and the masonry structure lost its stability gradually, entering into the caving zone. The “masonry beam” structure formed a “composite cantilever beam” structure with the hard immediate roof beneath.
4) A numerical model was established by combining practical geological conditions to simulate thickening coal seam mining. After the overlying strata achieved movement stability, the plastic failure zone presented obvious characteristics of longitudinal and transverse partitions.
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Based on the comprehensive analysis of wellbore characteristics in a deep shale gas field, the in-situ stress state of the shale reservoir was assessed in this study for the Longmaxi formation in the Dingshan area, Southwestern China. The data obtained from hydraulic fracturing, drilling-induced fractures, and in-situ core testing were used to determine the magnitude and direction of the maximum principal horizontal stress in five wells. Besides, hydraulic fracturing and cross-multipole array acoustic logging (XMAC) were employed to determine the vertical variation of the in-situ stress. Based on the logging interpretation and mechanical test results, the spatial distribution of rock mechanical parameters in the Dingshan area was assessed by the amplitude variation versus offset (AVO) seismic inversion. A 3D heterogeneous mechanical inversion model was realized via the ANSYS and CATIA3D finite element software packages, providing the area in-situ stress field simulation. The depth, fault strike, and position change effects on the main stress, horizontal stress difference, and horizontal stress difference coefficient were numerically simulated. The results show that the maximum principal stress azimuth was mainly concentrated in the NE20°-NE80° sector. Moreover, the development zone of natural fractures was related to the area with the highest principal stress differences. The maximum principal stress variation in the study area was mainly in the compressive range from −135 to −45 MPa, gradually increasing from east to west and south to north. The stress type mainly depended on the depth, fault strike, and rock mechanical parameters, while the stress difference and stress difference coefficient near the fault structure were relatively small. This study’s findings are considered instrumental in improving the borehole stability, determining the casing setting point, and optimizing the well location in deep shale reservoirs with similar geological conditions.
Keywords: shale formation, hydraulic fracturing, in-situ stress field, geomechanical model, inversion analysis
INTRODUCTION
The rapid progress of horizontal staged fracturing and similar technologies provided breakthrough solutions for the global commercial development of shale gas. In particular, it became an important field of natural gas exploration and development in China, which self-generation and self-contained shale reservoirs have low porosity, ultra-low permeability, and relatively developed natural fractures (Wang et al., 2019). Since most of them have to be hydraulically fractured before economic development (Jang et al., 2015), shale gas production requires shale fracturing by the most effective methods, thus deriving many fracturing stimulation theories to create a complex fracture network (Kim and Lee, 2015). The development of a fracture system directly affects the exploitation efficiency of the shale gas reservoir and determines its quality and output (Ren and Lau, 2019). The assessments of hydraulic fracture expansion and designs of fracturing and perforation schemes are based on the main parameters of the in-situ stress field in the shale formation. The accuracy of formation rock stress state measurement and the authenticity of the adopted in-situ stress prediction model directly control the hydraulic fracturing efficiency. Therefore, the study of the in-situ stress field of shale reservoirs is crucial for shale gas exploration and development.
The rock stress in the formation is mainly formed by gravity and tectonic stresses induced by drilling, slotting, and coring (Li et al., 2019). The geomechanical model is established in the early stage of the oil and gas field development, which can address various problems encountered in the life cycle of oil and gas reservoir development. These problems may occur in the following stages: 1) in the exploration and evaluation stages of the reservoir to be developed, such as the evaluation of fault sealing (or leakage) potential (Ciftci et al., 2013), wellbore stability (He et al., 2015; Liu et al., 2019), and the potential location of oil-gas migration and accumulation (Zeng et al., 2010); 2) in the formal development stage of the reservoir, such as the determination of the best well trajectory (Zhang et al., 2015), casing set point and mud specific gravity, as well as prediction of anisotropic permeability of the fractured reservoir (Dubey et al., 2020); 3) in the whole subsequent production stage of the reservoir, which requires to select the best completion method, such as hydraulic fracturing or repetitive hydraulic fracturing (Chen et al., 2018), and stress sensitivity evaluation of the reservoir and fracture (Han et al., 2021); 4) in the secondary and tertiary oil recovery stages of reservoir development and process optimization, including water injection and steam injection (Sun et al., 2018).
After nearly a century of development, the reservoir stress state can be determined by various means. At present, the research techniques for determining in-situ stress of oil and gas reservoirs and mines are mainly divided into five categories (Ljunggren et al., 2003): 1) well trajectory analysis methods (Zhao et al., 2015), 2) core test methods (Nian et al., 2016), 3) calculation methods based on logging data (Han et al., 2018), 4) methods of actual measurement of underground in-situ stresses (Fu et al., 2021) and 5) simulation methods, including physical and numerical ones (Bai et al., 2018). In the study (Hashimoto and Matsu’Ura, 2006; Lü et al., 2017), the stress field simulation was performed using a simple three-dimensional geological model, whereas the geological unit was regarded as homogeneous and had constant mechanical parameters. However, such an assumption was often inconsistent with actual geological conditions, which deteriorates the accuracy of such stress field simulations.
In this paper, the geological conditions of the study area are assessed, and the rock mechanics parameters are experimentally determined. The single-well in-situ stress data of the study area are measured using the acoustic emission, drilling-induced fractures, and well deviation statistics. They are monitored, adjusted, and analyzed to obtain the in-situ stress distribution characteristics and their variation with depth. Based on the logging interpretation and rock mechanics test results, the spatial distribution of mechanical parameters is obtained by the amplitude variation versus offset (AVO) inversion. The maximum and minimum principal stress distribution characteristics, horizontal stress difference, and horizontal stress difference coefficient are predicted via the numerical simulation using a commercial finite element CATIA software package.
GEOLOGICAL BACKGROUND
Location and Structure
The case study is the shale formation in the Dingshan area, located in the Qijiang District of Chongqing, Southwest China, about 150 km away from Jiaoshiba Block of Fuling shale gas field. Figure 1 shows the location of the Dingshan area and the cross-section through Dingshan wells (Liu et al., 2017a; Hu et al., 2019). The NE-trending structural belt of the Lintanchang-Dingshan in Southeast Sichuan belongs to the complex basin margin structure. The structural characteristics of this area are as follows. It straddles four structural units: East Sichuan high and steep fault-fold area, South Sichuan low and steep fold area, North Guizhou thrust belt, and South Sichuan cover coat detachment zone. The sedimentary cap has experienced multi-stage tectonic movements. Like other blocks in the Sichuan Basin, it underwent six major tectonic cycles in geological history, including Yangtze, Caledonian Hercynian, Indosinian, Yanshan, and Himalayan (Liu et al., 2021). Most of the above structural units have fold and fault structures, i.e., trough-like folds composed of high and steep anticline belts and the fault belt in NE and NNE directions. The structural style is anticline wide and gentle, syncline compact, parallel arrangement in rows and belts. Most faults are reverse ones with large dip angles ranging from 60 to 85°.
[image: Figure 1]FIGURE 1 | [(A), 1,2] Location of the Dingshan area and (B) Cross-section through the Dingshan area (Liu et al., 2017b; Hu et al., 2019) (The crustal stress data were provided by the China Earthquake Data Center).
Stratigraphy
The main strata developed from bottom to top in the Dingshan area are Sinian of Proterozoic, Permian of Early Paleozoic, and Late Paleozoic and Mesozoic (Liu et al., 2013). The strata in the study area are well developed, and the sedimentary basement is an epimetamorphic rock of the Banxi group of pre-Sinian. Triassic strata are exposed on the area surface, while Devonian, Carboniferous, and Cenozoic strata are absent. Carbonaceous and sandy shales dominate the lower part of the Longmaxi formation, and the upper part is interbedded with calcareous shale and thin argillaceous limestone. According to the field thickness measurement, the high-quality shale section of the Longmaxi formation is stably developed, with a thickness of 28.9–35 m, as shown in Figure 2.
[image: Figure 2]FIGURE 2 | Distribution of shale gas intervals in the Longmaxi formation of Dingshan area.
Natural Fractures
The development orientation of fractures is closely related to in-situ stress, which is an important factor in controlling the distribution of natural and hydraulic-induced fractures in reservoirs. The paleotectonic stress field controls natural fractures’ formation, distribution, and development. The modern stress field controls the current occurrence state and effectiveness (opening and connectivity) of underground natural fractures, fracture forms, and extension directions of artificial fractures.
Core observation shows that the Longmaxi formation in the Dingshan area mainly features shear fractures, followed by tensile fractures, torsional fractures, interlayer fractures, and a small number of artificially induced fractures, as shown in Figure 3. High-angle shear fractures (Figures 3A–E) and vertical fractures (Figure 3B) are mainly developed, characterized by large extension length and straight fracture surface, and are mostly filled with calcite. The shale is rich in brittle index minerals; it undergoes the ductile shear fracture under local or regional tectonic stresses, forming high-angle tensile or Mode I fractures (also referred to as an opening mode, with tensile stresses normal to the crack plane) and shear or Mode II fractures (i.e., a sliding mode, with shear stresses acting parallel to the crack plane and perpendicular to the crack front), which are related to faults and folds, respectively. Tensile fractures are frequently referred to as joints, where no appreciable slip or shear is observed. The tensile fractures generally have small extension length and uneven fracture surface, being mostly filled with calcite (Figure 3D). Besides, a small number of tearing mode or Mode III fractures (i.e., a tearing mode with shear stresses acting parallel to the crack plane and parallel to the crack front) are observed. In organic-rich shale, the interlayer fractures (Figure 3F) are usually filled with calcite, pyrite, and organic matter. The occurrence of slip fractures is the same as that of rock stratum, with small dip angles, large trend variations, uneven fracture surfaces, and visible scratches. The induced fractures are artificial fractures caused by an imbalance between heavy mud and in-situ stresses, drilling tool loads, and torsion during drilling.
[image: Figure 3]FIGURE 3 | Characteristics of shale core fracture in the Longmaxi formation of Dingshan area. (A) DY3 2235.11 m. (B) DY1 2030.14 m. (D) DY1 3013.82 m. (E) DY1 2003.91 m. (F) DY3 2265.25 m.
The filling of fractures after their formation is a long-term process. According to the filling degree of minerals in fractures, they can be subdivided into full-filled, half-filled, and unfilled fractures. The filling degree of fractures becomes gradually weak, and so does the sealing of fractures. Core observation shows that about 60% of the fractures in the whole area are full-filled, 20% are half-filled, and 20% are unfilled. The core data analysis of five deep wells (namely Dingye 1–5, hereinafter abbreviated as DY1, DY2, DY3, DY4, and DY5) shows that the fracture filling materials include calcite, pyrite, organic matter, etc. The half-filled and filled fractures are mainly filled with calcite, accounting for about 68%, followed by the mixed filling of calcite and pyrite, accounting for 20%. The ratios of pyrite and organic matter filling are relatively small. Organic matter filling allows the respective fractures to play an important role in oil-gas migration and transportation in the reservoir space.
The core observation results combined with imaging logging interpretation data show that (Figure 4) there are mainly four groups of structural fracture development orientations, among which the NEE (80 ± 10) fractures are the most developed, followed by the NWW (305° ± 5°). The NNE (30° ± 5°) and NNW (350° ± 5°) fractures are relatively poorly developed. According to the intersecting relationship of core fractures and the analysis of the characteristics of fillings, NWW (305° ± 5°) and NNW (350° ± 5°) fractures are of the same stage, which can be matched as plane “X” type conjugate shear fractures. The fractures of NNE (30° ± 5°) and NEE (80° ± 10°) can be matched as another stage of plane “X” type conjugate shear fractures.
[image: Figure 4]FIGURE 4 | Rose diagram of fracture trend in shale gas well in the Dingshan area. (A) Rose diagram of shear fracture strike. (B) Rose diagram of tensile fracture strike.
SAMPLES AND TESTING
The engineering rock mechanics was used to study the mechanical characteristics and failure types of rock, which was also essential for the stress field distribution analysis. It was necessary to prepare test specimens meeting the respective standards to determine their mechanical parameters adequately. The rock samples were acquired from DY1, DY2, DY3, DY4, and DY5 wells in the Longmaxi formation of the Dingshan area (three samples per well) and processed into cylindrical specimens with a diameter of 25 mm and a height of 50 mm. Their end face’s parallelism was controlled within 0.01 mm. The testing procedure complied with the GB/T 23561.7-2009 Part 7 and GB/T 23561.8-2009 Part 8: Methods for Determining the Uniaxial Compressive Strength and Deformation Parameters of Coal and Rock, which implied the stress loading rate of 0.5–1.0 MPa/s and the displacement-measuring device accuracy of 0.001 mm. A WDW-100E microcomputer-controlled electronic universal testing machine loading system was employed in the tests. The maximum axial load range of the WDW–100E testing machine was 100 kN, and the accuracy was ±0.5%. A computer-aided high-precision test control was performed, with online monitoring and recording of the loads and displacements. The uniaxial compression tests were carried out on specimens with different bedding angles. The displacement-controlled loading mode was adopted, with a 0.12 mm/min loading rate.
The uniaxial compression test results are listed in Table 1. As observed, the average uniaxial compressive strength values of DY1, DY2, DY3, DY4, and DY5 specimens were 69.4, 90.12, 75.3, 80.6, and 82.3 MPa, respectively.
TABLE 1 | The uniaxial compression test results for the Longmaxi formation shale of the Dingshan area, China.
[image: Table 1]Herein, R, E, and μ are rock’s compressive strength, the Young (elastic) modulus, and Poisson’s ratio, respectively.
TEST RESULTS ON THE IN-SITU STRESS IN THE HORIZONTAL DIRECTION
When an object is subjected to an external force, a force opposing the external force is produced in its interior to keep balance, which is called the internal force. The in-situ stress is the internal stress existing in the crust rock mass, which is the force per unit area inside the medium caused by the vertical and horizontal movements of the crust and other factors. The in-situ stress state is described by the stress tensor, which includes three orthogonal principal stresses, and each principal stress has a direction and size (Rajabi et al., 2016). Only four components usually describe the in-situ stress tensor: the minimum horizontal stress magnitude, the maximum horizontal stress magnitude, the vertical stress magnitude, and the maximum horizontal stress direction (Bell, 1996; Yin et al., 2020). This paper mainly focuses on shale formation (namely the Longmaxi formation in China). Compared with the length and width in the horizontal direction of the study area, the distance changes little in the vertical direction. Therefore, we did not focus on the change of vertical stress of each well.
Longitudinal Profile of Horizontal Stress and Stress Difference
The In-Situ Stress Profile Based on the Logging Analysis
The stress difference distribution in five wells (DY1–DY5) of the Dingshan Block was obtained and analyzed in detail based on the logging interpretation results. The results show that the stress difference in the DY3 sidetracking horizontal well was 5 MPa. Those in DY1, DY2, DY4, and DY5 were 9, 8, 8, and 10 MPa, respectively, while the stress difference in the general bedding of deep wells was usually higher. As shown in Figure 5, the fracture pressure gradient significantly exceeded the maximum horizontal stress gradient and the minimum principal horizontal stress (PHS) gradient.
[image: Figure 5]FIGURE 5 | Stress profile of shale gas well of the Longmaxi formation in Dingshan area (based on logging interpretation results). (A) DY1 Well. (B) DY2 Well. (C) DY3 Well. (D) DY4 Well. (E) DY5 Well.
Vertical Variation Characteristics of In-Situ Stress Based on Fracturing Curve Reading
According to the fracture closure pressure data of each well (borehole) in the study area, the relationship between fracture closure pressure and depth was obtained and plotted, as shown in Figure 6. As observed, there is a certain correlation between the fracture closure pressure and depth. The fracture closure pressure in DY2 and DY3 specimens increased with depth. However, fracture closure pressure in DY2 fluctuated with a poor correlation with depth. The DY4 and DY5 fracture closure pressures decreased with depth, exhibiting a pronounced downward trend.
[image: Figure 6]FIGURE 6 | Relationship between fracture closure pressure and depth in Dingshan area. (A) DY1 Well. (B) DY2 Well. (C) DY3 Well. (D) DY4 Well. (E) DY5 Well.
According to the above results on fracture closure pressure, the maximum and minimum principal horizontal stress (PHS) values and the logging interpretation data were fitted to re-compile the vertical profile of the in-situ stress, as shown in Figure 7. It can be seen in Figure 7 that the fracture closure pressure obtained by logging interpretation differed from the horizontal minimum stress. The principal stress obtained from logging interpretation exceeded the corrected principal stress of well testing. However, the principal stresses obtained by different acquisition techniques increased with depth.
[image: Figure 7]FIGURE 7 | Stress vertical section of Dingshan area. (A) DY1 Well. (B) DY2 Well. (C) DY3 Well. (D) DY4 Well. (E) DY5 Well.
The Magnitude and Direction Distributions of the Horizontal In-Situ Stress
The Magnitude Distribution Characteristics of the In-Situ Stress
The magnitude and direction on the horizontal in-situ stress in the Dingshan area were based on fracturing curve data, minimum PHS data, and operation data obtained from well testing. The data on maximum and minimum PHS values in the study area were imported into AutoCAD. The preliminary contour maps of the maximum and minimum PHS values in the study area of the Longmaxi formation were drawn, as shown in Figure 8. As observed, the maximum PHS distribution in the Dingshan area decreased from the northwest (NW) direction to the southeast (SE) one. The maximum and minimum PHS values around DY4, DY5, and DY2 wells were relatively high, forming high-stress areas, while those near DY1 and DY3 wells were relatively low, corresponding to low-stress areas. The above maximum and minimum parameters decreased gradually from northwest to southeast, and the in-situ stress magnitudes dramatically dropped between DY3 and DY4 wells.
[image: Figure 8]FIGURE 8 | Magnitude and direction distribution of horizontal principal stress in the Longmaxi formation. (A) Magnitude and direction characteristics of maximum horizontal principal stress. (B) Magnitude and direction characteristics of minimum horizontal principal stress.
Among the five deep shale gas wells under study, the largest principal stress was observed in the DY2 well, and its minimum PHS was 107.61 MPa. The minimum PHS values were lower in relatively developed fractures. The fractures did not develop at higher compressive stresses, and the minimum PHS gradient was higher.
Azimuth Plane Distribution Characteristics of the In-Situ Stress
The preliminary orientation diagrams of maximum and minimum PHS in the Dingshan-Dongxi area were constructed, as shown in Figure 8. According to Figure 8A, the maximum PHS directions of DY2 well fell into the (NE-SW, NE40°) sector. The above directions changed from DY5 to DY4 wells from NW-SW to approximately E-W. DY3 and DY1 wells exhibited similar orientation changes. The maximum PHS direction of the DY1 well coincided with NEE-SW (∼NE40°). As shown in Figure 8B, the minimum PHS directions of DY2 and DY5 wells fell into the NW-SW sector, while those of DY3, DY2, and DY1 fluctuated from north to west. The minimum PHS direction of DY4 was approximately from south to north, slightly fluctuating between NW and NE directions.
MODEL AND NUMERICAL SIMULATION
The stress field of the Longmaxi formation in the Dingshan area was simulated via the finite element method (FEM) and the ANSYS software. The stress field simulation required the following steps: 1) determining the structural elements (such as faults, anticlines, and synclines) and strata geometry (e.g., elevation, thickness, etc.); 2) determining the spatial distribution of mechanical parameters (such as Poisson’s ratio and the Young modulus) of the rocks at different positions; 3) determining the load state and related boundary conditions of the geological body.
Geomechanical Model
Mechanical Parameters
Nuclear magnetic resonance and XMAC logging techniques were used to determine the mechanical parameters (the Young modulus, Poisson’s ratio, etc.), brittleness index, and rock element weight fraction in the profile. For various lithologies, the rock mechanical parameters may vary with formations. The AVO synchronous inversion of prestack seismic data can yield multiple-reservoir elastic parameters, making it possible to calculate the brittleness index via dynamic elastic parameters. Therefore, the AVO synchronous inversion can directly obtain dynamic elastic parameters (Liu et al., 2018). Compression and shear wave velocity and density logging data are the basic data for calculating dynamic elastic parameters. These logging data are vital for establishing the initial inversion model and constraining inversion results. Using the low-frequency components of logging curves in the Dingshan area, the initial 3D inversion model of the study area was constructed. Using the wide-azimuth angle gathers extraction to get the input data, the horizon mean slices of dynamic Young moduli and Poisson’s ratios of the Longmaxi formation in the Dingshan area were obtained by the AVO inversion, as shown in Figure 9.
[image: Figure 9]FIGURE 9 | Slicing of dynamic Young’s modulus and Poisson’s ratio along strata of the Longmaxi formation in Dingshan area. (A) Dynamic Young’s modulus (Pa). (B) Dynamic Poisson’s ratio.
The Young moduli of the fault zone were usually smaller by 15–35% than those of the normal strata in the Dingshan area (Liu et al., 2017a; Yong et al., 2018; Zhong et al., 2019). Such mechanical parameters as the Young moduli and Poisson’s ratios vary with fault size: the larger the fault length, the greater the fault drop; the larger the Young modulus of the rock, the smaller is its Poisson’s ratio and vice versa.
Geological Model and Finite Element Mesh
The steps to establish the geological model of the Dingshan area were as follows:
(1) The CAD software was used to extract the position information on the contour lines of each layer in the geological structure map to obtain the structural features at different positions.
(2) According to the geological information on several layers in the study area, the surfer software was used for surface fitting to obtain the surface related to the actual stratum distribution characteristics.
(3) The Catia 3D modeling software is used to simulate the closure and filling of the research object, and then the initial geological model of the Dingshan area was established.
(4) The initial geological model of the Dingshan area was imported into the ANSYS finite element simulation software.
As shown in Figure 10, to reduce the computational complexity and improve the computational accuracy, the geological model was meshed by quadrilateral elements and then subdivided into a series of nodes and elements. According to the characteristics of element types in the finite element software, the Solid 45 elements were used for meshing the shale reservoir as the most suitable for layered structure element division. More precise element division could produce more accurate results, but the computational complexity would also be increased. Therefore, the target strata and fault zones were subdivided into several quadrilateral grid elements with side lengths of 3–10 m. The surrounding rock was simulated with a coarse grid with a side length of 10–300 m. The study area around the borehole was split into fine grids, and the area far away from the study area was subdivided into coarse grids. The FEM model contained 1,124,643 elements and 188,632 nodes. Each of these nodes was assigned different mechanical properties, according to the results depicted in Figure 10, which turned the initially homogeneous model into a heterogeneous one. In the computations, tensile and compressive stresses had positive and negative values, respectively.
[image: Figure 10]FIGURE 10 | Modeling process of numerical simulation. (A) Construction information extraction point distribution map. (B) Fitting surface of each layer interface. (C) Development map of rock geological body. (D) 3D geological model of Longmaxi formation shale in Dingshan area.
RESULTS AND DISCUSSION
In the fractured reservoir, the propagation direction of hydraulic fractures was closely related to the stress state, fracture extension, and the development of natural fractures. Various stress parameters, horizontal stress difference ∆σ, and horizontal stress difference coefficient (Kh) were the main factors controlling the propagation of hydraulic fractures along the maximum principal stress direction (Liu et al., 2017b).
As seen in Figures 11A,B, the maximum and minimum principal stresses had similar distribution patterns. In contrast, gravity and plate boundary stress played a major part in the Dingshan area. Figure 11A shows the distribution diagram of the maximum PHS and azimuth contour of shale gas reservoirs in the Longmaxi formation of the Dingshan area. As observed, the variation range of the maximum principal stress in the study area ranged from −135 to −45 MPa, which implied the prevailing compressive stress state. The increasing trends from east to west and south to north were observed, strongly correlated with the strata buried depth of strata but could not be described by simple linear relationships. Due to the large fault structure segmentation of the near NEE trending, the stress field in the study area was characterized by obvious zoning. The existence of fault structures greatly affected the maximum principal stress: its variation gradient was the highest near the fault zone, especially in the areas with fault structure turns or intersection of multiple faults. Meanwhile, since the internal rocks of the fractured structure were partially broken, the relevant mechanical parameters were slightly lower, the maximum principal stress value in the fracture structure was reduced correspondingly. The larger fracture structure scales corresponded to the larger decline of the maximum principal stress.
[image: Figure 11]FIGURE 11 | Stress field of shale gas reservoir of the Longmaxi formation in Dingshan area. (A) Maximum horizontal principal stress and its azimuth distribution in the Longmaxi formation. (B) Minimum horizontal principal stress and its azimuth distribution in the Longmaxi formation. (C) Distribution of stress difference in the Longmaxi formation. (D) Distribution of stress difference coefficient in the Longmaxi formation.
As shown in Figure 11A, the azimuth of the maximum PHS of the Longmaxi formation in the Dingshan area mainly ranged between NE20° and NE80° directions, which was consistent with the stress azimuth of the far-field area on the whole. However, there were also some differences: the orientation of the maximum principal stress in the study area was approximately parallel to the strike of the main fault zone, while that in the local area was normal to the fault structure. The fault zone significantly affected the maximum principal stress distribution. The principal stress orientation exhibited refraction and deflection near the fault structure, especially at large fault scales and in multiple fault structures’ intersections.
The minimum PHS and its orientation distribution in the shale gas reservoir of the Longmaxi formation in the Dingshan area are shown in Figure 11B. As observed, the minimum PHS mainly ranged between −95 and −35 MPa, featuring the prevailing compressive stress state. The minimum PHS in the study area increased from south to north and from east to west, with an obvious depth correlation. However, in terms of the specific values, the minimum PHS value variation pattern strongly differed from the maximum principal stress. In the area under study, due to the high degree of rock breaking near the fault structure and the low ability to bear the shear load, the difference between the maximum and minimum principal stresses and the coefficient of stress difference were relatively small, as shown in Figures 11C,D. The fractured structure had a stronger effect on the distribution of the minimum principal stress than on the maximum one, showing a higher variation gradient and local zoning characteristics.
As shown in Figure 11B, the orientation distribution of the minimum PHS of the shale gas reservoir in the Dingshan area was more complex. The variation range was wider than that of the maximum principal stress. In particular, the orientation of the minimum principal stress near several main faults in the north and northeast directions of the study area changed greatly, indicating that the orientation of the minimum PHS was also affected by faults.
The reliability of the simulation results was verified by comparing the calculation results on the in-situ stresses of DY1, DY2, DY3, DY4, and DY5. As shown in Figure 12, the maximum relative error between the maximum and minimum PHS values did not exceed 15%, while the relative error of the local position did not exceed 10%. Therefore, the method of heterogeneous geomechanical modeling proposed in this paper accurately predicted the 3D in-situ stress field.
[image: Figure 12]FIGURE 12 | Comparison of horizontal principal stress results based on simulation and calculation. (A) Error of maximum horizontal principal stress results. (B) Error of minimum horizontal principal stress results.
CONCLUSION
1) The fracture extension directions of the Longmaxi formation in the Dingshan structure were mainly NWW, NE, approx. SN, and NNW, and the fracture development was relatively poor. The seismic interpretation results show that the structural pattern of the Longmaxi formation was high in the east and low in the west, mainly developing NE-SW, NNW-SSE fault systems and a small number of near-SN fault systems, mainly reverse faults. The implies that the area was mainly affected by tectonic compression and consistent with the in-situ stress distribution.
2) The maximum PHS in the study area varied within the range from 63.0 to 127.0 MPa, and the minimum PHS ranged from 48.0 to 109.0 MPa. The maximum and minimum PHS directions coincided with NE-SW and NW-SE lines, respectively. The northwest part of the study area was higher than the southeast one, and the PHS magnitude variation was directional. The maximum PHS and minimum PHS exhibited a certain correlation with the strata depth. The maximum PHS direction in the study area slightly deviated from the NE-SW direction to the near-EW direction. The minimum PHS direction coincided with the NW-SE line. The respective directions of DY3, DY2, and DY1 wells exhibited a systematic deviation from the north to the west, while that of the DY4 well deflected from the north to the east.
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The hard roof of coal mines has the characteristics of high hardness, good integrity, and large layer thickness, which leads to many ground control problems. To reveal the influence of a hard roof structure on the stress performance and coal pillar stability during mining operations, the 8,104 and 8,105 working faces in the Tongxin coal mine were considered as the research object to analyze the stress behavior during the working face advance. Numerical simulation software FLAC3D was used to establish the numerical model of the longwall face under hard roof conditions. The stress distribution laws and coal pillar stability under different roof strengths were analyzed so as to explain the impacts of the hard roof on the stress distribution at the working face. The results show that during the second face proceeding, the influence zone of the front abutment pressure under hard roof conditions is 6 m wider than that under soft roof conditions, and the bearing stress at the working face is 10.4 MPa higher. At the mining position, the plastic zone of the pillar under hard roof conditions is 11 m wider than that under soft roof conditions, and the peak vertical stress is 5.13 MPa higher than that under soft roof conditions. At 25 m ahead of the working face, the plastic zone of the pillar under hard roof conditions is 6 m wider than that under soft roof conditions, and the peak vertical stress is 24.84 MPa higher than that under soft roof conditions. Additional overburden pressure produced by the uncaved hard roof increased pillar stress and plastic zones. Therefore, the hard roof is the main cause of strong ground pressure behavior in the Tongxin coal mine. Aiming at the strong mine pressure behavior, it is suggested to adopt the pre-splitting technology to reduce the influence of the hard roof on mine pressure.
Keywords: hard roof, longwall face, coal pillar stability, mining stress, pillar stress
1 INTRODUCTION
In coal mining, hard and difficult-to-collapse roofs refer to thick, stable, and hard rock layers such as sandstone, conglomerate, or limestone that occur above the coal seam or directly on the thin layer and have the characteristics of high strength, undeveloped joints and fissures, and large thickness. The hard roof structure is frequently encountered in many mining areas. In China, the quantity of coal seams with hard overlying strata accounts for about one third of the total reserves and are distributed in over than 50% of the mining districts (Yang et al., 2019). Datong coalfield is a most typical area characterized by hard roof strata in China (Liu et al., 2021). During mining of the coal seam with hard roofs, it is difficult to effectively predict and overcome the accompanied problems such as roadway serious deformation, abnormal mine pressure, and engineering disasters. Existing theories of mine pressure and ground control cannot provide scientific guidance on dealing with these problems (Rajwa et al., 2020; Yang 2010; Zhang et al., 2021). Therefore, it is necessary to intensively study the instability mechanism when mining the coal seam with hard roofs and deeply understand the rules of ground pressure performance in hard-roof coal mining.
Wang et al., (2020) pointed out that the overlying strata will break and subside when mining the coal face in hard roof circumstances and believed the interaction among the broken rocks in the roof will produce a dynamic balance structure. Zonglong et al., (2006) presented the evolution model of hard roof breaking and elaborated the breaking mechanism of the hard roof. Mahini et al., (2013) developed a model of hard roof failure and learned the energy change during hard roof fracturing. Qin et al., (2019) calculated the collapse span of hard overlying rocks and explored the mechanism of hard roof caving. Taking the 8,939 working faces of the Xinzhouyao mine as the research site, Zhang et al., (2018) uncovered that when a hard roof breaks, a large amount of energy that is not beyond the critical value will be released by the broken rocks, leading to the coal and rock masses in an unstable state. Ardehjani et al., (2020) investigated the behavior of steep layers during the roof caving process in the gob space using numerical modeling. Bai and Tu (2016) used field observations and numerical simulation methods to investigate failure of a large span longwall drift under water-rich roofs. Das (2000) studied the splitting and caving characteristics of the strata’s rocks and established the development of a roof–rock classification system to calculate the powered support capacity. Hosseini et al., (2014) calculated the periodic roof weighting interval in longwall mining using the finite element method. Ju et al., (2021) investigated the bedding adhesion strength on the stratified rock–roof fracture at the longwall coal mining face using physical and numerical methods. Juárez-Ferreras et al., (2008) proposed a new empirical formula to determine the roof pressure that the props must support, which fits longwall workings in Castile–Leon coalfields. Kang et al., (2018) created a large-scale physical model and a numerical model to study the roof failure mechanism, abutment pressure distribution, and collapsed roof pattern during longwall face retreat mining. Liu et al., (2017) studied the influence of the varying immediate roof thickness on the lower strong roof strata movement and failure pattern in longwall coal mining with a large mining height by field tests. Mohammadi et al., (2021) and Murmu and Budi (2021) presented a hybrid probabilistically qualitative–quantitative model to evaluate cavability of the immediate roof and to estimate the main caving span in longwall mining. Ning et al., (2017) investigated the mining-induced fracturing and the roof movement under the double-layer hard and thick roof via microseismic (MS) monitoring. Xu et al., (2015) investigated the fracturing and caving process of key strata in overburden strata and the distribution law of abutment stress over key strata and immediate roof and analyzed the effect of the rupture of key strata on abutment stress in the coal rib. Most researchers mainly focused on the structure of hard overburden, the length of roof caving, and the characteristics of overburden movement when studying the stress distribution and evolution in hard roof mines. Few efforts are made on the influence of hard roof strata on the stress behavior at the working face.
A total of 8,104 and 8,105 working faces in the Tongxin coal mine were selected as the study site in this work. The FLAC3D numerical model is established to simulate the progression of the working face under different roof conditions. The influence of the stratified hard roof on the mining stress at the working face is analyzed. The influence of hard overlying rocks on the coal pillar stability was also surveyed by investigating the elastic–plastic zone and stress distribution in the coal pillar.
2 MINING CONDITIONS
The coal seam with a thickness of 15.3 m and a dip angle of 1–3° is buried at 448 m at Tongxin coal mine underground. The thickness changes a little on the whole. The roof is mainly sandstone with a steady occurrence. The roof is considered as a hard roof from the perspective of mechanical properties. The 8,104 working face is 207 m along the dip and 1932 m along the strike. A 45-m-wide pillar is reserved between the 8,104 and 8,105 working faces. The layout of the two working faces is shown in Figure 1. The working face adopts the comprehensive mechanized top coal caving mining methods. The mining height is 3.9 m, and the coal caving thickness is 11.59 m. Roof and floor strata distributions of three to five coal seams are shown in Table 1. There are three hard roofs above three to five coal seams. The section of the return air tunnel is a rectangular section, and the section size is width × height = 5,000 mm × 3,700 mm. The section of the transport roadway is a rectangular section, and the section size is width × height = 5,600 mm × 3,400 mm. The roadway adopts the joint support method of the anchor bolt, anchor cable, steel belt, and metal mesh. The spacing and row spacing of anchor bolts are 0.8 × 0.8 m, while cables are 1.6 × 1.6 m. The length of the anchor bolt and cable are 2.5 and 8.3 m.
[image: Figure 1]FIGURE 1 | Location map of working faces.
TABLE 1 | Roof and floor strata distribution of 3-5 coal seams.
[image: Table 1]The ground pressure behavior of fully mechanized caving face mining with the hard roof has the following characteristics:
1) The main roof first caving interval was about 130.8 m, and the periodic caving interval was about 18.3 m. Due to the large inclination length of the working face and the thickness of the top coal, the pressure of the working face was relatively large, which can reach more than 14,000 kN, and the pressure in the middle of the working face was bigger.
2) Strong ground pressure behavior occurred during the main roof weighting. The strength of weighting is high with long duration time. The safety valve is opened frequently, and the maximum retraction speed of the movable column of the support is 300 mm/h. The depth of the coal wall of the working face can reach more than 1,000 mm.
3) Under the combined action of the advance pressure of the working face and the roof pressure of the adjacent goaf, the pressure of the gob roadway is relatively large. The roof of the roadway is sinking, the floor is heaving, and the two sides are seriously deformed. The concrete spray layer on the roadway surface cracks and falls (Figure 2). The maximum vertical and horizontal convergences were 1.1 and 0.8 m, especially the pillar side is more serious. The steel strip of the roof is deformed in some areas, and the anchor rod is pulled off.
[image: Figure 2]FIGURE 2 | Support damage and roadway floor heave.
3 ESTABLISHMENT OF THE NUMERICAL MODEL
3.1 Selection of Constitutive Models

1) Strain-softening model for coal and rock simulation
After the stress peaks, the strength of the rock drops rapidly to a lower level as the deformation continues to increase, a phenomenon known as “strain softening”. The strain-softening model believes that the properties of rock materials change with the plasticity. After plastic yielding begins, the cohesion, internal friction angle, and dilatancy angle of the rock will all attenuate with the plastic strain constantly. In the numerical simulation calculation, the strain-softening model can truly reflect the failure of the surrounding rock. Thus, this model is extensively applied in the fields of rock mechanics, geotechnical, and mining engineering. The softening parameters are shown in Table 2, and the internal friction angle and the cohesion of the coal and rock change with shear strain.
2) Double-yield model for goaf simulation
TABLE 2 | Mechanical parameters of the strain-softening model.
[image: Table 2]The gangue collapsed in the goaf is in a loose state at first and is gradually compacted under the action of its own gravity and overlying rock pressure as the working face advances. The strength and modulus of the rock mass in the caving zone increase gradually during the gradual compaction process, but it is impossible to reach its original state. This progressively compacted property can be simulated using the double-yield model in FLAC3D. The double-yield constitutive model proposed by Salamon (Salamon 1990) is widely used to analyze the mechanical properties of goaf materials. The formulae are shown below:
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In the equations, [image: image] is the maximum strain, E0 is the initial modulus, b is the bulking factor, hm is the height of the caving zone, hcav is the mining height, and σc is the virgin vertical stress. According to the field data of the working face with a mining height of 15.3 m collected by the EH4 magnetotelluric imaging system, it is estimated that the caving height of the goaf is 80 m (Wu et al. 2019). Therefore, the maximum strain and bulking factor of the collapsed rock are calculated to be 0.15 and 1.16 by Eqs 2, 3, respectively. Eq. 1 is utilized to quantify the goaf displacement for making a comparison with the simulation results. Table 3 tabulates the stress and strain of goaf materials calculated by Salamon’s equations.
TABLE 3 | Estimated stress and strain of goaf materials according to Salamon’s theoretical calculation.
[image: Table 3]In order to obtain the relevant parameters of the double-yield model of the goaf in the Tongxin coal mine, a single cubic model of 1 × 1 m×1 m is established. The parameters of the model are assigned by trial and error until the stress–strain curves match each other, as shown in Figure 3. The two curves are in good agreement, confirming the applicability of the double-yield constitutive model in FLAC3D for goaf simulation. The mechanical parameters of the double-yield model determined that the bulk modulus was 8.6 GPa, shear modulus was 6.3 GPa, density was 2000 kg/m3, cohesion was 0.1 MPa, internal friction angle was 5°, and dilation angle was 6°.
[image: Figure 3]FIGURE 3 | Stress–strain curve comparison between Salamon theoretical analysis and numerical simulation.
3.2 Model Setup and Mining Process
By taking the 8,104 and 8,105 working faces in the Tongxin coal mine as the engineering background, numerical simulation software FLAC3D is used to establish a model with a size of 400 × 645 × 324.3 m (length × width × height), and the number of the model elements is 758,400 (Figure 4). Physical and mechanical parameters are described in Table 4. The four sides and the bottom of the model are constrained by displacement. A gradient stress of 15–24.73 MPa is applied in the advancing direction of the working face, and a gradient stress of 12.5–20.6 MPa is applied in the vertical direction of the model.
[image: Figure 4]FIGURE 4 | Model stereogram.
TABLE 4 | Mechanical parameters of rock mass in each layer of the model.
[image: Table 4]To accurately investigate the stress distribution in the coal pillar, a 65 × 65 × 65 m grid densification area is established in the middle of the model. Based on the research of Galvin (Galvin 2016), the caving angle of the hard and soft roof is set at 50° and 80°, respectively. In the numerical model of the weak roof, the strength is reduced to 25% of the hard roof. The 8,105 working face is first excavated. After it is completed, mining the 8,104 working face begins. According to the onsite situations in the mine, the 8,104 and 8,105 working faces advance 20 m every step in the numerical model.
4 NUMERICAL SIMULATION RESULTS
4.1 Influence of the Roof Strength on Mining Stress Distribution

1) Mining stress distribution at the working face during the first face advance.
The overhanging state of the roof above the working face varies with different overlying rock strengths. In hard roof conditions, as the working face proceeds, the overhanging area of the roof increases. The working face will bear more abutment pressure, and the roof is not easy to collapse, resulting in strong mining stress. In view of this, the mining stress distribution at the working face is analyzed based on numerical simulation and comparison with the mining process with soft roofs.
Figure 5 shows the mining stress distributions during mining the 8,105 working face in hard and soft roof conditions, respectively. The stress concentration area in front of the working face presents a symmetrical stripe-shape distribution. In hard roof conditions, the influence zone of the front abutment pressure is up to 80 m, the peak stress reaches 26.4 MPa, and the stress concentration factor is 1.84. In soft roof conditions, the influence zone of front abutment pressure is 74 m, the peak stress is 22 MPa, and the stress concentration factor is 1.53.
[image: Figure 5]FIGURE 5 | Vertical stress distribution after primary mining under different roof strength conditions.
It can be seen that the roof strength has an obvious influence on the stress concentration area and stress peak value at the mining face. The influence zone of the front abutment pressure is 6 m wider, and the stress peak value is 4.4 MPa higher in hard roof conditions than that in soft roof conditions. The hard overlying strata are more difficult to collapse in the mining process than soft ones and can generate a larger area affected by the higher abutment pressure. Hence, more intense mining stress is produced at the working face during mining the coal seam with a hard roof.
2) Mining stress distribution at the working face during the second face advance.
The stress distributions during mining the 8,104 working face with different roof strengths are compared. In the second mining process, the zone ahead of the working face is affected by two driving disturbances, that is, the influences of the lateral abutment pressure of the adjacent goaf and the front abutment pressure of the working face. The stress will be concentrated in the area close to the goaf, forming a triangular stress concentration zone.
Figure 6 shows the stress distributions in the second excavation under different roof conditions. For hard roof circumstances, the influence range of front abutment stress reaches 97 m, the peak stress increases to 55.4 MPa, and the stress concentration factor gets to 3.85. In the other condition, the influence range of front abutment stress is 91 m, the peak stress is 45 MPa, and the stress concentration factor is 3.13.
[image: Figure 6]FIGURE 6 | Vertical stress distribution after secondary mining under different roof strength conditions.
It can be seen that the roof strength has a significant impact on the stress concentration zone and stress peak value at the working face. The influence zone of the front abutment pressure is 6 m wider, and the stress peak value is 10.4 MPa higher than a soft overburden. The data indicate that there is greater abutment pressure in front of the working face because the overhanging length of the roof is larger under hard roof conditions. In terms of mining stress, the mining stress at the working face is higher under the condition of a hard overburden, which is more harmful to the safety of the working face.
4.2 Influence of a Hard Roof on Coal Pillar Stability

1) Influence of the roof strength on coal pillar stability in the first face advance
Figure 7 shows the coal pillar after one mining under different roof strengths. It can be seen that the 45-m-wide coal pillar is not completely yielded after the first panel extracted despite different roof conditions. The stability of the coal pillar with different roof strengths has little difference at this time. The width of the plastic zone in the coal pillar under hard roof conditions is the same as that under soft roof conditions. The elastic zone width (14 m) occupies 31.1% of the pillar width (45 m). Due to the influence of the mined-out space, the area of the coal pillar approaching the goaf is destroyed, but the yield zone fails to penetrate through the pillar which is still in a stable state.
[image: Figure 7]FIGURE 7 | Coal pillar stress and damage after first mining under different roof strength conditions.
The peak stress in the coal pillar with a hard roof is 30.83 MPa which is 4.92 MPa higher than that with a soft roof (25.91 MPa). It is clearly seen from Figure 8 that the stress exhibits a unimodal-shape distribution due to the effect of the lateral abutment pressure in the goaf. The stress is concentrated in the area close to the solid coal. The lower stress area nearby the goaf indicates that the coal pillar at this region has yielded. The positions bearing the largest stress are basically the same under different roof strengths, but the peak stressed place is much closer to the solid coal under hard roof conditions, and the stress in the coal pillar is also greater.
2) Influence of the roof strength on coal pillar stability in the second face advance
[image: Figure 8]FIGURE 8 | Vertical stress curves in the pillar after the first face was excavated.
Figure 9 shows the coal pillar after secondary mining under different roof strengths. The plastic zone in the coal pillar is enlarged due to the effects of the two goafs. It can be seen that
[image: Figure 9]FIGURE 9 | Coal pillar stress and damage after secondary mining under different roof strength conditions.
Elastoplastic Regional Correlation of the Coal Pillar:
① At 80 m behind the working face, despite different roof strengths, the 45-m-wide coal pillar is yielded in the whole width, and the coal pillar is completely destabilized owing to the influence of the two goafs.
② At the working face, the elastic zone in the pillar is 5 m, accounting for 11.1% of the total pillar width in hard roof circumstances, while the elastic zone width is 16 m, which is 35.5% of the pillar width in soft roof circumstances. Thereby, hard overlying rocks are unfavorable to the stability of working faces and mining roadways.
③ At 25 m ahead of the working face, the elastic zone width is 11 m, accounting for 24.4% of the pillar width. Regarding the soft roof, the elastic zone is 15 m, that is, 33.3% of the pillar width. The failure zone under hard roof conditions is 4 m wider than that under soft roof conditions. By comparison, the plastic failure zone in the hard roof coal pillar is bigger; the coal pillar is easier to lose stability, the roof is more prone to collapse, and the roadway is easily deformed.
④ At 80 m in front of the working face, for mining with a hard roof structure, the elastic zone width (12 m) is 26.6% of the pillar width. Considering mining the coal seam beneath the soft rock strata, the elastic zone width is 15 m and accounts for 33.3% of the pillar width. The plastic zone width in the first mining situation is 3 m larger than that in the second situation. The comparison shows that the stability of the coal pillar with a hard roof is worse than that with a soft roof, and the roadway is easier to fail.
Comparison of the Stress Distribution Diagram of the Coal Pillar (Figures 9, 10):
[image: Figure 10]FIGURE 10 | Vertical stress distribution curve of the coal pillar at different positions.
① In spite of different roof conditions, the stress has little difference at two monitoring points, namely, 80 m behind the working face and the working face position. The peak stress in the coal pillar under hard roof conditions is 21.9 MPa and that under the other situation is 21.67 MPa. The stress values are quite similar and relatively small, implying that the coal pillar is in a complete yield state.
② At the face position, the peak stress in the coal pillar with hard overlying strata is 35.27 MPa, which is 5.13 MPa higher than that with soft overlying strata (30.14 MPa). This suggests that the coal pillar is in a relatively low stress state but still in a yield condition, and the coal pillar has a poor load-bearing capacity. The overburden load will impose on the face supports. As a result, the face supports bear more loads, and the working face encounters more mining stress when extracting a coal seam with a hard roof, leading to face support damage and further influencing the stability and safety of the mining roadway and working face.
③ At 25 m in front of the working face, the maximum stress is loaded on the coal pillar. At this position, the difference in peak stress in the coal pillar under different roof strengths is the largest. The peak stress under hard roof conditions (55.76 MPa) is 24.84 MPa higher than that under soft roof circumstances (30.92 MPa). The stress state here manifests that in hard-rock coal mining, the peak stress in front of the working face acts upon the coal pillar, leading to the pillar bearing a greater stress. Hence, the coal pillar is more prone to lose stability, making the working face bear more front abutment pressure.
④ At 80 m ahead of the working face, the peak stress in the coal pillar having a hard roof is 41.77 MPa. It is 13.19 MPa higher than the peak stress in the coal pillar having a soft roof (i.e., 28.58 MPa). This shows that under hard roof conditions, the loads in the coal pillar are larger, and the pillar is easier to fail, and the roadway is more likely to deform.
3) The action mechanism of the hard roof on the working face and pillar system
With the mining of the working face, the roof strata gradually collapsed, and the pressure of the overlying strata was transferred to the coal pillars and the coal body at the goaf boundary. For the mining of extra-thick coal seams, the cantilever beam structure with a height of 80 m is formed because the range of the caving zone is as high as 80 m. For the hard roof, because it is not easy to collapse, the gangue in the goaf cannot support the cantilever beam structure. Moreover, the high-strength roof creates a larger cantilever structure on the horizontal scale. Therefore, most of the overburden pressure acts on the coal walls around the working face and pillars. If the coal pillar does not have sufficient strength, the damage of the cantilever beam structure will occur on the coal body or the coal pillar, further increasing the deformation and damage of the coal pillar. If the coal pillar has high strength, the damage of the cantilever beam structure will occur at the edge of the gob and will not increase the stress of the coal pillar.
5 DISCUSSION

1) Hard roof treatments.
In view of the influence of the hard roof on the working face and coal pillar, the roof pre-split blasting technology can be used to weaken the hard roof. The pre-splitting technology of the hard roof of the working face can destroy the complete overburden structure so that the hard roof can collapse in time and release the stress and energy and reduce damage to the working face due to dynamic load effects. At the same time, in view of the cantilever beam structure formed above the coal pillar, the goaf roof cutting technology is adopted to improve the stress state of the coal pillar and reduce the mine pressure behavior in the adjacent gob roadway. The layout parameters of presplit blasting are shown in Figure 11.
[image: Figure 11]FIGURE 11 | Layout parameters of roof pre-split blasting technology.

2) Limitations of the numerical model.
After the working face is mined, the roof stratum and surrounding rock have plastic failure, and the continuous medium is transformed into a discontinuous medium. The roof of the coal seam forms caving blocks as mining. This article simplifies the roof strata and simulates the gangue in the caving zone with a double-yield constitutive model, which is simplified according to the rock characteristics of the goaf. The surrounding rock of the working face and roadway forms a discontinuous fracture structure. The analysis in this article is based on the continuous medium, and there is a certain error with the actual situation. In the future, the continuous–discontinuous method will be used to study the stability of the coal pillar.
6 CONCLUSION
1) Mining stress evolution rules under different roof strengths are analyzed. It is found that the difference in the mining stress distribution is bigger in the second face mining. The area affected by the front abutment pressure under hard roof conditions is 6 m wider than that under soft roof conditions, and the bearing stress at the working face is 10.4 MPa higher as well.
2) At the mining position, the plastic zone of the pillar under hard roof conditions is 11 m wider than that under soft roof conditions, and the peak vertical stress is 5.13 MPa higher than that under soft roof conditions. At 25 m ahead of the working face, the plastic zone of the pillar under hard roof conditions is 6 m wider than that under soft roof conditions, and the peak vertical stress is 24.84 MPa higher than that under soft roof conditions. The working face beneath the hard overburden is disturbed by greater mining stress, and the roadway is more likely to deform and fail.
3) Concerning strong mine pressure during the working face advance, in view of hard overlying rocks, it is recommended to adopt pre-cracking techniques to reduce the influence of the roof on the appearance of strong mine pressure.
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Some industrial activities in mines, such as underground coal mining, destress blasting for preventing rockburst, and ground blasting for mining, can cause microseismic occurrence. The microseismic waveform contains abundant information on the hypocenter and propagation path, which is valuable to study the microseismic mechanism and propagation. Therefore, this study adopts the multifractal detrended fluctuation analysis (MF-DFA) and the Hilbert–Huang transform (HHT) method to study the nonlinear and time–frequency–energy characteristics of different types of microseismic waveforms. The microseismic waveform induced by mining and destress blasting has a higher dominant frequency (above 100 Hz) and shorter duration (less than 0.5 s) than ground blasting-induced microseismic waveforms (dominant frequency below 25 Hz and duration more than 3 s). Furthermore, for destress blasting-induced microseismic waveforms, the waveform is characterized by rich spectrum, complex energy attenuation, developed coda wave, and clear multifractal characteristics, which indicate that the waveform is more complex and variable. The complex underground geological environment and the superposition effect of blasting stress and mining stress are the main reasons. Moreover, the propagation distance and source energy of microseismic waveforms also greatly affect waveform characteristics. The results show that the waveform information of destress blasting-induced microseismic waveforms can describe the release process of blasting stress and mining stress. Based on this, a blasting efficiency index Be was proposed to evaluate the effect of pressure relief, and the classification system was developed. Then, the evaluation index was successfully applied to 63 rounds of destress blasting in the Yutian coal mine. The research results can provide a certain reference for some work such as the identification of different microseismic, rock dynamic failure process analysis, and evaluation of the destress blasting effect.
Keywords: induced microseismic, microseismic waveform, multifractal characteristics, time–frequency–energy characteristics, blasting efficiency index
INTRODUCTION
Microseismic emission during the rock failure process is a common phenomenon in mines around the world. The elastic vibration wave will be produced in the failure process of rocks under external disturbance (such as blasting, drilling, hydraulic fracturing, and mining), which will propagate in the rock and be recorded by microseismic sensors. In general, most induced microseismic events with small magnitude are unfelt and nondestructive. However, more and more engineering practices have shown that microseismic events with large magnitude occur in mines due to coal mining, fracture of the hard roof, or destress blasting. These large-magnitude microseismic events may cause the destruction of underground structures or even induce the dynamic disaster of rockburst and casualties (Li et al., 2007; Dou et al., 2018; Yin et al., 2020; Cai et al., 2021). For example, in August 2007, a magnitude 3.9 seismic event induced by the coal pillar burst occurred in the Utah coal mine, resulting in casualties (Dreger et al., 2008; Pechmann et al., 2008). Microseismic events induced by hydraulic fracturing for the development of gas and geothermal resources or the massive rupture of underground rock strata are also pervasive in mining countries around the world (Bao and David, 2016; Brudzinski and Kozłowska, 2019; Tan et al., 2020). Destress blasting for preventing rockburst in coal mines also induces large-magnitude microseismic events, which may cause damage to roadway and equipment (Konicek and Waclawik, 2018; Drover and Villaescusa, 2019). Research studies on induced microseismic events have been carried out fruitfully in recent decades. For example, Zhu et al. (2016), He et al. (2017), Cai et al. (2019), and Wojtecki et al. (2021) predicted rockburst based on mining-induced microseismic event parameters (source energy, frequency, and location) in coal mines. They found that the occurrence of a microseismic event is highly correlated with the coal and rock failure processes, and microseismic data can provide valuable information for the prediction of rockburst. Moreover, the microseismic waveform induced by destress blasting was also used to evaluate pressure-relief effects, which can guide the parameter design of destress blasting (Wojtecki and Konicek, 2016; Wen et al., 2020). Therefore, it is essential to study induced microseismic waveforms deeply, which can improve the understanding of the destruction process of large-magnitude microseismic events or the utilization of microseismic data for some useful work.
Microseismic signals can be regarded as the response of rock medium to the dynamic disturbance at the microseismic source, which means it contains rich information of the hypocenter and propagation medium property. Different types of induced microseismic waveforms have different focal mechanisms and propagation characteristics due to different induced factors and propagation medium properties. Amplitude, frequency, and duration are the three basic parameters of microseismic waveforms, which have been concerned by many researchers. In the past few decades, the fast Fourier transform (FFT), short-time Fourier transform (STFT), and wavelet analysis theory have been successively used to study the time–frequency characteristics of natural earthquakes or induced microseismic waveforms (Stockwell et al., 1996; Chen et al., 2002; Mucciarelli et al., 2004; Salajegheh and Heidari 2005; Yin et al., 2018). However, the aforementioned methods have limitations in the analysis of nonlinear and non-stationary waveforms. To overcome this weakness, some new analysis methods, such as the Wigner–Ville distribution, Hilbert–Huang transform, and machine learning, have been developed for analyzing the microseismic waveforms and obtained many encouraging results (Huang et al., 1998; Li and Zheng, 2007; Reynen and Audet, 2017; Shang et al., 2017; Dong et al., 2020). Fan et al. (2017) and Danqing Song et al. (2020) investigated the time–frequency characteristics of the earthquake waveforms and the seismic failure mechanism using the HHT method. Liu and Gao (2020) and Ma et al. (2021) used the HHT method to study tunnel blasting vibration signals. Guangdong Song et al. (2020) used convolutional neural networks and the Stockwell transform to identify microseismic and blasting signals. Dong et al. (2015, 2016) established discriminators for mine seismic events and blasts using the Fisher classifier, naive Bayesian classifier, and logistic regression. In addition, as a powerful tool to describe nonlinear and unstable signals, multifractal analysis has been widely used to study microseismic signals generated during rock fracture. Qiu et al. (2020) and Li et al. (2020b) obtained rock failure signals at different loading stages in the laboratory and analyzed the nonlinear characteristics of signals by multifractal theory. Li et al. (2017, 2021) analyzed the multifractal characteristics of mining and blasting signals and then proposed a discriminant model to distinguish the microseismic events induced by coal mining and blasting. Li et al. (2020a) combined HHT and multifractal methods to analyze the waveform characteristics of three types of induced microseismic waveforms (natural earthquakes, microseismic induced by hydraulic fracturing, and mining activities). Based on the results mentioned before, a foundation for the understanding of the focal mechanism, assessment of seismic damage effects, and identification of different microseismic events was constructed.
Compared to natural earthquakes, due to the diversity of production operations (coal mining, destress measures, and ground blasting) and complex underground geological conditions in coal mines (roadway, gob, geological structure, joint, etc.), the induced microseismic in coal mines is more complex in the focal mechanism and propagation process. However, research on induced microseismic events in coal mines has just been unfolding. At present, there is little literature that makes systematic research on waveform characteristics of induced microseismic and analysis of the influencing factors. Therefore, by taking the Yutian coal mine, Xinjiang province, China, as an example, this study investigated waveform characteristics (time–frequency, attenuation, and nonlinear characteristics) of some typical induced microseismic in coal mines (microseismic induced by coal mining, ground blasting, and destress blasting) through multifractal and HHT methods. Furthermore, the internal relations among waveform characteristics with focal mechanisms, microseismic source energy, and propagation distance were also discussed. Finally, a blasting efficiency index Be was proposed to evaluate the effect of pressure relief, and the classification system was developed. This research is meaningful for further revealing the failure mechanism of microseismic waveforms, distinguishing different types of microseismic events, and evaluating pressure-relief effects of destress blasting.
DATA PREPARATION AND PREPROCESSING
Data Acquisition and Selection
The induced microseismic waveforms were collected in the Yutian coal mine, which locates in the middle west of the Kerjian mining area of Xinjiang province, China. In this coal mine, the coal seam 3-3# with 400–600 m depth and 4.5 m height was mainly mined. By October 2019, longwall panel (LW) 1103 is being mined, LW 1101 and 1102 have been mined, and LW 1104 and 1105 are planned to be mined later (see Figure 1A). There are multiple thick and hard sandstone above the 3-3# coal seam (see Figure 1B). In coal mines, the microseismic signal can be divided into two types according to the source; the first is generated by human production operations, such as blasting for mining and destress measures. The second is induced by mining activities, such as coal-rock failure, strata caving, and fault slip. However, influenced by the propagation medium and environment, the microseismic signal with the same type of source may also show great differences. At this time, the microseismic signals need to be further divided. In this research, three types of induced microseismic waveforms were divided as follows. First, coal and rock mass are destroyed accompanied by the release of accumulated elastic energy during coal mining. At this time, microseismic events are generated and propagated. This type of microseismic event can be named as the mining-induced microseismic event (see Figure 1C). Moreover, LW 1103 suffers from a severe rockburst risk under the thick and hard conglomerate roof during mining, and underground destress blasting was implemented to prevent rockburst. Blasting in rocks will cause elastic vibration of rock around the blasting location, which propagates outward in the form of elastic waves. This type of microseismic event belongs to destress blasting-induced microseismic (see Figure 1D). In addition, there are multiple layers of the shallow coal seam in the Kerjian mining area, and coal seam outcrops are distributed in the Yutian coal mine. It is easy to cause spontaneous combustion in coal seam outcrops, resulting in environmental pollution, resource waste, and threats to personnel safety. Therefore, blasting in coal mine outcrops areas was carried out to remove the coal and avoid its spontaneous combustion (see Figure 1E). Similarly, ground blasting will also produce seismic waves, which are received by underground microseismic sensors and can be recorded as ground blasting-induced microseismic waveforms.
[image: Figure 1]FIGURE 1 | Related information of 3-3# coal seam in the Yutian coal mine. (A) 3–3# coal mine floor and layout of longwall panel; (B) roof structure; (C) coal mining and roof breakage; (D) destress blasting in the roof; (E) ground blasting in coal outcrop; and (F) microseismic monitoring system.
Since July 2015, a microseismic monitoring system “ARAMIS M/E” has been installed in the Yutian coal mine. This system includes underground microseismic sensors (G-series geophone and SPI-70 seismometer) and the ground analysis system (power supply and data receiving system, recording system, and data processing system). The underground hardware allows for automatic triggering and recording of various induced microseismic events. The piece of software enables data processing to obtain source location and energy calculation information of microseismic events (see Figure 1F). For destress blasting or ground blasting, the blasting operator will inform the technicians who operated the monitoring system information about the blasting position, time, and type in advance. Then, the corresponding microseismic event will be marked and saved. The waveform received by each microseismic sensor can be recorded and exported. The following study focuses on the microseismic waveform characteristics of different types of induced microseismic waveforms (microseismic induced by coal mining, ground blasting, and destress blasting). Two ground blasting-induced microseismic events (GB-M-1 and GB-M-1), two mining-induced microseismic events (M-M-1 and M-M-2), and four destress blasting-induced microseismic events (DB-M-1, DB-M-2, DB-M-3, and DB-M-4) were selected as research objects. The information of eight induced microseismic events is shown in Table 1.
TABLE 1 | Information of induced microseismic events.
[image: Table 1]Figure 2 shows the waveforms of some typical induced microseismic events in Table 1. For all the induced microseismic waveforms, the arrival time of the P wave can be accurately picked. However, limited by the coal mine conditions, both the source rupture scale and the distance between the microseismic sensors and the source are relatively small, resulting in a small-time difference in the arrival of P and S waves to microseismic sensors. Therefore, the exact arrival time pickup of the S wave is a challenging task. The duration of the ground blasting-induced microseismic waveform is generally 3–4 s, which is far longer than that of mining and destress blasting-induced microseismic waveforms (less than 0.5 s). The waveform appearance of the ground blasting-induced microseismic is more clear, simple, and regular. Existing research studies show that microseismic waveforms are related to the magnitude, propagation distance, propagation medium, and sensor property. Due to the existence of underground roadway, gob, and fault structures, the propagation path of microseismic in the underground is more complicated. Moreover, the distance between the source of microseismic induced by mining and destress blasting and the sensor is relatively small (generally 30–500 m), which leads to the microseismic wave being greatly affected by the propagation medium and path. However, the distance between the source of ground blasting-induced microseismic and the sensor is relatively far (more than 1000 m), and the rock structure and properties along the propagation path are more stable and uniform. Therefore, in terms of the propagation medium and path, the microseismic waveforms induced by mining and destress blasting are usually more complicated.
[image: Figure 2]FIGURE 2 | Waveforms of different types of induced microseismic waveforms. (A) Ground blasting-induced microseismic (GB-M-1); (B) mining-induced microseismic (M-M-1); and (C) destress blasting-induced microseismic (DB-M-1).
Data Preprocessing
In general, there are lots of machines used for production activities in underground roadways, including the shearer, transport machine, drilling machine, and microseismic monitoring system. These machines are usually powered by alternating current or AC/DC transformers. During the operation of the microseismic monitoring system, it is inevitable to be interfered by the power frequency of the aforementioned machines, which leads to the distortion of microseismic signals. For instance, a waveform recorded by one of the sensors in the microseismic induced by underground destress blasting is shown in Figure 3A. There are noise signals with fixed amplitude in the original waveform. FFT was performed on the original signal. The result shows that there is an interference signal with a frequency of 50 Hz (Figure 3B). Therefore, the noise signals in the microseismic waveforms need to be filtered out before the formal analysis. This study used the complete EEMD with adaptive noise (CEEMDAN) and the wavelet packet threshold de-noising method to de-noise. The signal de-noising steps are as follows (Wang et al., 2021; Zhao et al., 2021). The method first uses the CEEMDAN method to decompose the original signal and obtain the finite number of modal components. Then, the correlation coefficient between the modal component and the original signal is calculated. Next, the modal components with high correlation are retained, and the modal components with low correlation are removed. The retained modal components are reconstructed to obtain a new signal. Finally, the wavelet packet threshold method was used to perform noise reduction on the reconstructed signal. The waveform and frequency spectrum of the de-noised signal by the aforementioned method are shown in Figures 3C,D, respectively. The results show the interference signals have been removed, and the main characteristics of the original signal are retained.
[image: Figure 3]FIGURE 3 | Waveform and frequency spectrum of original and de-noising waveform. (A) Original waveform; (B) frequency spectrum of the original waveform; (C) de-noising waveform; and (D) frequency spectrum of the de-noising waveform.
TIME–FREQUENCY–ENERGY AND MULTIFRACTAL CHARACTERISTICS OF WAVEFORMS
Hilbert–Huang Transform Theory
The microseismic signals are typically nonlinear and non-stationary random signals, which have the characteristics of instantaneousness and fast mutation, so it is particularly important to analyze the local characteristics of the microseismic signal. HHT is a time–frequency local analytical method suitable for nonlinear and unstable signals. The HHT method first uses EMD to decompose a complex signal into finite inherent mode functions (IMF), and then performs the Hilbert transform on the decomposed IMF components to obtain the time–frequency distribution. The calculation steps of the EMD and Hilbert transform algorithm are as follows (Huang et al., 1998; Peng et al., 2005; Li et al., 2016).
All the maximum and minimum points of signal time–velocity curve X(t) are found first, and then, the upper and lower envelopments of the original sequence are fitted using the cubic spline function. Second, a new sequence h1(t) can be created by subtracting the mean of the upper and lower envelopments m1(t) from X(t):
[image: image]
The IMF must meet the following two conditions: first, the extreme point of the signal is equal to the number of zero-crossing points or at most one difference, and second, the average value between the upper and lower envelopes defined by the local extreme points is zero. If h1(t) satisfies the aforementioned two conditions, then h1(t) is an IMF. Otherwise, repeat the screening process k times until the h1k(t) becomes a certain IMF:
[image: image]
The first eigenmode function component c1 is obtained, which represents the highest frequency of the data sequence X(t).
A new data sequence r1(t) can be constructed by subtracting c1 from X(t):
[image: image]
r1(t) has performed the aforementioned decomposition to obtain the second eigenmode function component c2, and this process is repeated until the last data sequence rn cannot be decomposed. At this time, rn represents the trend of the data sequence X(t).
Multiple IMF components are obtained by EMD decomposition of signal X(t), and each IMF component is subjected to the Hilbert transform:
[image: image]
where PV denotes the Cauchy principal value and then constructs the analytical signal Z(t):
[image: image]
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The instantaneous frequency is defined as follows:
[image: image]
The Hilbert spectrum can be calculated as follows:
[image: image]
The Hilbert marginal energy spectrum E(ω) and Hilbert instantaneous energy spectrum IE(t) can be obtained by integrating the square of H (ω, t) in the time and frequency domain, respectively.
[image: image]
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Multifractal Detrended Fluctuation Analysis Method
Fractal theory, first proposed by Mandelbrot, is an effective tool to describe unstable and complex signals. Fractal establishes the relationship between the local-scale characteristics and global characteristics of signals. Multifractal analysis has been applied to study the nonlinear characteristics of natural earthquakes and induced microseismic signals. However, the current multifractal analysis based on the partition function method is not enough to highlight the local singularity feature of non-stationary signals. Kantelhardt et al. (2002) proposed the MF-DFA method, which can effectively analyze the multifractal property of non-stationary signals. Xu et al. (2011) and Fu et al. (2020) introduced the MF-DFA method into the analysis of blasting signal and rock failure signals. This research used the MF-DFA method to analyze the nonlinear characteristics of different types of induced microseismic signals.
The induced microseismic signals are one-dimensional time series. For a nonlinear and non-stationary microseismic signal xk with length N, the steps of the MF-DFA method are as follows (Telesca et al., 2004):
1) Removing the mean value of xk and constructing a sum sequence.
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2) Dividing y(i) into Ns non-overlapping segments with length s. Because the signal data length N is usually not a multiple of s, the remainder segment of data is unusable. Therefore, the same division is performed for the reverse sequence of the signal, and the 2Ns segment is obtained.
3) Using the least square method to local trends on each subinterval v (v = 1, ..., 2Ns). Then, the variance of each segment is calculated after removing the fluctuation trend.
[image: image]
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4) Calculating the average value of fluctuation function with q-order.
[image: image]
5) If the microseismic signal xk has self-similar characteristics, there is an exponential relationship between F (q, s) and s.
[image: image]
where h(q) is the generalized Hurst exponent. If the microseismic signal xk is a multifractal time series, h(q) will change with q.
6) The multifractal scaling exponent τ(q) can be calculated based on h(q).
[image: image]
Two parameters describing multifractals can be obtained by the Legendre transformation.
[image: image]
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Multifractal spectral width ∆α (∆α = αmax − αmin) can describe the unevenness degree of microseismic waveforms. The greater the value, the more severe is the fluctuation of the microseismic waveform. Otherwise, the microseismic waveform fluctuates stably. ∆f(α) = f(αmax) − f(αmin) represents the ratio of large and small peaks in the microseismic waveform. When Δf(α) < 0, the large amplitude occupies a higher proportion, and when Δf(α) > 0, the proportion of small amplitude is higher.
To prove microseismic waveforms can be studied using the MF-DFA method, one of the waveforms in the GB-M-1 microseismic event was analyzed. The MF-DFA results of the microseismic waveform are shown in Figure 4. The q-order fluctuation function F(q, s) has a power-law relationship with time scale s, which indicates that the time series of the microseismic waveform has scale invariance in a certain scale or has fractal characteristics. Moreover, the q-order Hurst exponent is a decreasing function, that is, h(q) varies with q. The curve of the q-order mass exponent shows a concave shape, and the relationship between τ(q) and q is nonlinear. Therefore, the time series of the microseismic waveform not only has scale invariance but also has multifractal characteristics. In the multifractal spectrum, the opening width of the curve represents the degree of inhomogeneity of the microseismic waveform, and the curve shape (left hook and right hook) can reflect the proportion of small and large amplitude.
[image: Figure 4]FIGURE 4 | MF-DFA results of the microseismic waveform. (A) Relationship between ln s and ln Fq; (B) q-order Hurst exponent; (C) q-order mass exponent; and (D) multifractal spectrum.
Time–Frequency–Energy and Multifractal Characteristics of Microseismic Waveforms
For any induced microseismic, the vibration intensity decreases with the increase of the propagation distance, and its effect on the near-field area is the objective for researchers. In addition, the influence of the underground complex environment (roadway, gob, geological structure, and joint) on vibration propagation should be avoided as far as possible. Therefore, the waveforms received from microseismic sensors close to the source in each induced microseismic event are selected in Table 1. The Hilbert spectrum and multifractal spectrum of the selected waveforms were obtained using HHT and MF-DFA methods. Figure 5 shows the original waveform 1), Hilbert spectrum 2), marginal energy spectrum 3), instantaneous energy spectrum 4), and multifractal spectrum 5) of different induced microseismic waveforms.
[image: Figure 5]FIGURE 5 | Hilbert spectrum and multifractal spectra f(α)-α of different induced microseismic waveforms (A) GB-M-1; (B) GB-M-2; (C) M-M-1; (D) M-M-2; (E) DB-M-1; (F) DB-M-2; (G) DB-M-3; and (H) DB-M-4.
First, the frequency characteristic of different types of the induced microseismic waveforms was analyzed. The frequency distribution range of the ground blasting-induced microseismic waveform is 0–25 Hz, and the dominant frequency of the GB-M-1 and GB-M-2 waveform is 3 Hz. However, the dominant frequency of mining-induced microseismic waveform (M-M-1 and M-M-2) is 131 and 131.5 Hz, respectively, while those of destress blast-induced microseismic waveform (DB-M-1, DB-M-2, DB-M-3, and DB-M-4) is 126.5 Hz, 121 Hz, 128 Hz, and 43 Hz, respectively. For the DB-M-4 waveform, the first dominant frequency is 43 Hz, but the high-frequency components account for a large proportion, and the second dominant frequency is 133 Hz. Therefore, the dominant frequency of mining and destress blasting-induced microseismic waveform is much higher than that of the ground blasting-induced microseismic waveform. Moreover, the dominant frequency difference between the mining and destress blasting- induced microseismic waveform is small, but there are great differences in the marginal energy spectrum. The frequency band of the mining-induced microseismic waveform is narrow, ranging from 120 to 160 Hz, which accounts for almost all the signal energy. The marginal energy spectrum is relatively concentrated and follows the unimodal distribution. However, the frequency band of destress blasting-induced microseismic waveforms is relatively wide, ranging from 1 to 160 Hz. Compared with mining-induced microseismic waveform, the proportion of low-frequency components increases significantly, and multiple peaks appear in the marginal energy spectrum. There is even no absolute dominant frequency in the DB-M-2 waveform. The aforementioned results indicate that the three types of induced microseismic waveforms are significantly different in frequency characteristics. Generally speaking, the frequency characteristic of the destress blasting-induced microseismic waveform is more complex than the other two types of induced microseismic waveforms.
From the instantaneous energy spectrum of the ground blasting-induced microseismic waveform, it can be seen that there is a relatively small energy peak before the energy reaches the maximum. The instantaneous energy gradually attenuates and stabilizes after reaching the maximum, and the coda is not developed. The results suggest that the rise and fall process of the instantaneous energy of ground blasting-induced microseismic waveforms is relatively regular. However, for the instantaneous energy spectrum of mining and destress blasting-induced microseismic waveforms, the energy generally rises to the maximum instantly without large fluctuation. The instantaneous energy attenuation is complicated after the peak, and there are multiple energy peaks and relatively developed coda. In particular, the microseismic waveform induced by underground destress blasting is more prominent in the complexity of the instantaneous energy spectrum.
As can be seen from Figure 5V, the multifractal spectrum of ground blasting-induced microseismic waveform is in approximately symmetrical distribution, while that of mining and destress blasting-induced microseismic waveform shows a slightly left hook shape and a significant left hook shape, respectively. The multifractal parameters of ∆α and ∆f(α) of all the selected waveforms are calculated and listed in Table 2. We can see that the parameter ∆α of destress blasting-induced microseismic waveforms is higher than that of ground blasting and mining-induced microseismic waveforms. In particular, the waveform amplitude of some microseismic induced by mining is very close to that induced by underground destress blasting, but there is a large difference in parameter ∆α. For example, the amplitude of M-M-1, M-M-2, DB-M-3, and DB-M-4 waveform is close to 30 mm/s, but the parameters ∆α of M-M-1 and M-M-2 waveforms is only about 1.0, while the parameter ∆α of DB-M-3 and DB-M-4 waveforms is 1.8863 and 2.1846, respectively. According to the physical meaning of ∆α discussed before, the relative fluctuation of microseismic waveform induced by underground destress blasting is more violent, and the multifractal characteristic is more prominent. However, for the waveform of mining-induced microseismic, because the waveform fluctuation is not violent, the multifractal feature is not evident even though its amplitude is large, which indicated the waveform amplitude attenuation is relatively regular. Moreover, the parameters ∆f(α) of the ground blasting-induced microseismic waveforms are close to 0, indicating that the proportion of small and large peaks in the waveform is approximately equal, that is, the waveform is relatively stable. For the waveform of microseismic induced by mining and destress blasting, the parameter ∆f(α) of the waveform is less than 0, indicating the large peak accounts for a larger proportion. The ∆f(α) of microseismic waveforms induced by underground destress blasting is much smaller than that induced by mining, which further proves that its relative fluctuation is more violent.
TABLE 2 | Multifractal parameters of ∆α and ∆f(α).
[image: Table 2]By comparing and analyzing the Hilbert spectrum and multifractal spectrum of three types of induced microseismic waveforms, there is a large difference in frequency, energy attenuation, and multifractal characteristics. In particular, the magnitude, propagation distance, and medium of microseismic induced by mining and destress blasting are very close, but both the Hilbert spectrum and multifractal spectrum are quite different. Generally speaking, the microseismic waveforms induced by underground destress blasting are more complex and variable. All induced microseismic events in the coal mine are elastic waves caused by rock deformation and fracture under external disturbance. Therefore, the external disturbance characteristics are the decisive factors affecting the waveform characteristics. For ground blasting, most explosion energy is consumed to destroy the coal and rock, and small partial energy is released in the form of seismic waves and received by underground microseismic sensors, that is, ground blasting-induced microseismic. During coal mining, rock deformation and failure under the mining stress will induce microseismic. As shown in Figure 6, ground blasting-induced microseismic is caused by the blasting stress, while mining-induced microseismic is caused by the mining stress, and both of them are caused by the single external stress. However, for destress blasting-induced microseismic, the cavity and crack are formed near the blasting hole in the rock under the blasting stress. Then, the elastic energy accumulated in the rock will be released on the free surface of the cavity and crack. Therefore, the microseismic is caused by the coupling action of blasting stress and mining stress. Different types of external disturbances have different action mechanisms on the rock, which leads to different microseismic source rupture types. The superposition of the elastic waves induced by the blasting stress and mining stress lead to a complex source rupture type, which means that the destress blasting-induced microseismic waveforms are complex and variable. The complexity of waveform features is mainly manifested by rich frequency spectrum, violent energy fluctuation, and clear multifractal features. The Hilbert spectrum of microseismic waveforms induced by underground destress blasting is further analyzed; we can see that the low-frequency components are concentrated in the early stage of the vibration and significantly decrease in the post-stage. According to the action process of destress blasting on the rock, the blasting stress is first released to destroy the rock and attenuation rapidly, and then, the mining stress begins to be released. Combined with the frequency distribution of the other two types of induced microseismic waveforms, it can be concluded that the low-frequency components are mainly induced by the blasting stress, while the high-frequency components are mainly induced by the instantaneous release of mining stress.
[image: Figure 6]FIGURE 6 | External disturbance characteristics of different types of induced microseismic waveforms. (A) Ground blasting-induced microseismic; (B) mining-induced microseismic; and (C) destress blasting-induced microseismic.
Effects of Propagation Distance and Magnitude on Waveform Characteristics
Existing research studies show that waveform characteristics are not only related to the source rupture type and mechanism but also the magnitude and propagation distance, so it is necessary to study the effects of propagation distance and magnitude on waveform characteristics.
Two mining-induced microseismic events (M-M-1 and M-M-2) and two destress blasting-induced microseismic events (DB-M-2 and DB-M-4) were selected to discuss the variation in maximum instantaneous energy and dominant frequency of waveforms with the propagation distance, as shown in Figure 7. We can see that the maximum instantaneous energy of all induced microseismic events decreases nonlinearly with the increase of propagation distance. However, the relationship between the dominant frequency and propagation distance of the two types of induced microseismic waveforms shows an opposite law. With the increase in the propagation distance, the dominant frequency of mining-induced microseismic waveforms decreases, while that of destress blasting-induced microseismic waveforms increases. Moreover, according to the previous analysis, the frequency spectrum of destress blasting-induced microseismic waveforms is rich and complex, and there is even no absolute dominant frequency. Therefore, it is not enough to study the waveform spectrum only by discussing the variation of the dominant frequency. To further study the energy distribution of each frequency band in the waveform, frequency is relatively divided into the low-frequency band (0–100 Hz) and high-frequency band (101–200 Hz). The relationship between the energy ratio of the two frequency bands with the propagation distance is shown in Figures 7C,D. The proportion of the low-frequency band of waveforms decreases gradually, while that of the high-frequency band increases. Actually, for the waveforms recorded by microseismic sensors near the source, the blasting stress is much higher than the mining stress. At this time, the vibration caused by blasting is also stronger than that induced by the mining stress. Therefore, blasting vibration characteristics are dominant in the waveform, resulting in the higher energy proportion of the low-frequency band in the waveform. However, with the increase of the distance between the microseismic senor and the blast source, the blasting stress first attenuates, and blasting vibration weakens. When the mining stress release effect is greater than the blasting stress, the vibration induced by the mining stress will play a dominant role in the waveform, resulting in a decrease in the energy proportion of the low-frequency band, while a relative increase in that of the high-frequency band.
[image: Figure 7]FIGURE 7 | Maximum instantaneous energy, frequency, and propagation distance. (A) M-M-1; (B) M-M-2; (C) DB-M-2; and (D) DB-M-4.
To study the influence of source energy on waveform frequency distribution, the dominant frequency and low-frequency components of the two destress blasting-induced microseismic waveforms are compared and analyzed, as shown in Figure 8. According to Table 1, the source energy of the DB-M-4 microseismic event is higher than that of DB-M-2. Generally speaking, the dominant frequencies of DB-M-4 microseismic waveforms are lower than those of DB-M-2, while the proportion of low-frequency components in DB-M-4 microseismic waveform is higher. The results show that with the increase of source energy, the dominant frequency of waveform decreases, and the proportion of low-frequency components increases, which means that the frequency components of waveforms become more abundant. Due to the increase of source energy, the rock damage degree and scope are larger, resulting in more energy in the rock being released. The superposition effect of vibration induced by blasting stress and mining stress is more complex, and the frequency distribution of the waveform is more complex. The aforementioned results show that the waveform characteristics are correlated with the release process of mining stress. For example, the low-frequency components of waveforms can reflect the blasting stress strength, while the high-frequency components can reflect the mining stress release effect, which can provide a reference for the evaluation of the destress blasting effect for preventing rockburst.
[image: Figure 8]FIGURE 8 | Comparison of frequency distribution of DB-M-2 and DB-M-4 microseismic. (A) Dominant frequency; (B) low-frequency components.
DISCUSSION
The underground destress blasting technology is an important method to prevent rockburst. The evaluation of the pressure relief effect is necessary for mine safety production and destress blasting parameter design. The aforementioned results verify that the waveform information of destress blasting-induced microseismic can reflect the release process of blasting stress and mining stress. Therefore, the microseismic source energy consists of explosion energy and rock strain energy, and the amount of energy released by the mining stress can be used to evaluate the effect of pressure relief. Based on the aforementioned analysis, a blasting efficiency index Be was proposed to evaluate the effect of pressure relief, and the classification system was developed. The calculation formula of the Be index is as follows:
[image: image]
where Es is the destress blasting-induced microseismic source energy calculated using the microseismic system, Ep is the seismic energy converted from the explosive chemical energy, and Pe is the explosive charge.
The parameter of Ep can be calculated by Eq. 22.
[image: image]
where Epi is the theoretical chemical energy per kilogram of explosive, and the value of emulsified explosive is 3,200 kJ/kg in this research; ks is blasting seismic energy conversion coefficient.
For the blasting seismic energy conversion coefficient ks, many researchers have studied its value by theoretical analysis, blasting experiments, and empirical methods. However, their results are not unanimous because there are great differences in the properties of explosives and propagation media, the types of microseismic sensor, and energy calculation methods. For example, Sanchidrián et al. (2007) collected 10 production blasts in two ground quarries and analyzed that the seismic energy was 1–3% of the total energy of explosives. Zhang and Guo (1984) found that the blasting seismic energy conversion coefficient of underground mine blasting ranges from 0.00183% to 0.203% using statistical analysis methods. For blasting-induced microseismic events received using the ARAMIS A/E microseismic monitoring system in coal mines, the empirical value of this coefficient is generally 0.01%. In this study, the seismic energy conversion coefficient of blasting was determined using the statistical analysis of 63 destress blasting-induced microseismic data of the Yutian coal mine, which includes the correlation analysis of independent variables, dispersion analysis, and error elimination. As shown in Figure 9, the logarithmic transformation was performed for microseismic source energy and explosive charge, and a linear dependence between the transformed microseismic source energy (log Es) and transformed explosive charge (log Pe) was obtained. The standard deviation of the transformed microseismic source energy (log Es) is 0.70. Data located under the straight line parallel to the regression line and shifted by the standard deviation were then selected. It is assumed that the microseismic source energy of the selected data is only converted from the explosive energy; in other words, the accumulated strain energy in the rock mass is not released in destress blasting. The average ks of the selected dataset was calculated to be 0.015%. Therefore, the blasting seismic energy conversion coefficient ks in this research is 0.015%.
[image: Figure 9]FIGURE 9 | Relationship between microseismic source energy and explosive charge.
According to Eqs 21, 22, the blasting efficiency index Be for 63 rounds of destress blasting was calculated. The normal probability distribution of the blasting efficiency index (Be) is shown in Figure 10, and a classification system was developed to evaluate Be based on the distribution probabilities of Be, as shown in Table 3. In this classification system, the critical values of blasting efficiency indexes are 0, 0.25, and 0.50, respectively, and the four classification systems are ineffective (Be ≤ 0), general (0 < Be ≤ 0.25), good (0.25 < Be ≤ 0.50), and excellent (Be > 0.50), respectively. Among the 63 rounds of destress blasting, the effect of pressure relief varied from ineffective to excellent, with 51% being excellent and approximately 30% good, while both the ineffective and general are 9.5%. The results show that destress blasting in the Yutian coal mine has achieved good results, which can play a beneficial role in the control of rockburst disasters. Moreover, the relationship between the blasting efficiency index (Be) and explosive charge (Pe) is shown in Figure 11. With the increase of explosive charge, the blasting efficiency index presents an upward trend, indicating that destress blasting with a large explosive charge is more likely to obtain a better pressure relief effect.
[image: Figure 10]FIGURE 10 | Normal probability distribution of the blasting efficiency index Be.
TABLE 3 | Classification system for the evaluation of Be.
[image: Table 3][image: Figure 11]FIGURE 11 | Relationship between the blasting efficiency index and explosive charge.
CONCLUSION
By analyzing time–frequency, energy attenuation, and the multifractal spectrum of different types of induced microseismic waveforms, the main conclusions are as follows.
1) Generally, the ground blasting-induced microseismic waveforms have a longer duration (more than 3 s) than the other two types of induced microseismic waveforms (both less than 0.5 s). Both the dominant frequency and band range of microseismic waveforms induced by mining and destress blasting are much higher than those of ground blasting-induced microseismic waveforms. Moreover, there is a large number of low-frequency components distributed in the microseismic waveform induced by destress blasting, which is more abundant in the frequency spectrum than mining-induced microseismic waveforms. The ground blasting-induced microseismic waveforms have regular energy attenuation and undeveloped coda waves. However, for mining and destress blasting-induced microseismic, there are multiple energy peaks in the energy attenuation process and relatively developed coda waves in waveforms. With the increase in the propagation distance, both the dominant frequency and the proportion of high-frequency components of destress blasting-induced microseismic waveforms show a nonlinear upward trend, while those of the mining-induced microseismic waveform are opposite. For destress blasting-induced microseismic waveforms, with the increase of source energy, the dominant frequency decreases, and the proportion of low-frequency components increases.
2) All the induced microseismic waveforms show clear multifractal characteristics. The multifractal parameters ∆α and ∆f(α) of three types of induced microseismic waveforms indicate that ground blasting-induced microseismic waveform fluctuations are relatively stable; the mining-induced microseismic waveforms have a moderate fluctuation, while the destress blasting-induced microseismic waveforms are more violent. The results further prove that destress blasting-induced microseismic waveforms are more complex and changeable.
3) The destress blasting-induced microseismic is induced by the coupling effect of blasting stress and mining stress. The superposition of the elastic waves leads to complex source rupture types. Moreover, the complex underground geological environment also greatly affects the propagation of microseismic waveforms. Therefore, destress blasting-induced microseismic waveforms are clearly different from the other two kinds of microseismic waveforms, which are manifested as rich frequency, complex energy attenuation, and clear multifractal characteristics.
4) A blasting efficiency index Be was proposed to evaluate the effect of pressure relief, and the classification system was developed. For 63 rounds of destress blasting in the Yutian coal mine, the effect of pressure relief varied from ineffective to excellent, with 51% being excellent and approximately 30% good, while both the ineffective and general are 9.5%. Moreover, a large explosive charge is more likely to obtain a better pressure relief effect.
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In deep mining and high-concentration nuclear waste storage engineering, the surrounding rocks may be subjected to the combined action of high-temperature fire and impact load. In this study, the fracture morphology and the energy dissipation of granite following high-temperature treatment at 25–800°C were analyzed using the split Hopkinson pressure bar (SHPB) device. The fracture characteristics and the dynamic mechanical properties of granite were determined. The energy dissipation of granite specimens affected by high temperatures in the SHPB experiment was also analyzed. When the temperature of the impact rate was less than 200°C, the fragmentation degree, transmitted energy, and dissipated energy of granite increased with an increase in temperature. When the temperature was higher than 200°C, the change law was opposite. A strong linear correlation existed among the fragmentation, fractal dimension, and energy consumption density of granite at different impact rates after high-temperature treatment. Moreover, a strong quadratic correlation existed between the damage factors and temperature. When the temperature was less than 200°C, the damage factor decreased with the increase in temperature. When the temperature was higher than 200°C, the change law was opposite, which corresponded with the influence law of temperature on dynamic compressive strength. Scanning electron microscopy and X-ray diffraction analyses were conducted to study the fracture modes and mineral composition changes in the granites. A quantitative relationship existed between macro- and meso-properties. The results could provide theoretical basis for the design of underground engineering structures, post-disaster assessment, and rehabilitation activities.
Keywords: high temperature, granite, energy dissipation, fractal dimension, SHPB
INTRODUCTION
During deep mining and deep underground engineering constructions, deep surrounding rocks inevitably encounter “three high and one disturbance” environments (Xie, 2019). Moreover, drilling and blasting, large-scale mechanical vibration, and other engineering activities produce dynamic impact loads. High temperatures and dynamic disturbances affect the stability of deep surrounding rocks (Sasmito et al., 2015; Yuan et al., 2011), thereby posing huge threat to the safety of deep resource exploration and deep underground engineering construction personnel (Qi et al., 2021). By studying the internal energy variation characteristics of the rock material affected by high temperature under impact load, the dynamic mechanical properties of rock materials affected by high temperature can be comprehensively analyzed. This provides a theoretical basis for the structural design and safety evaluation of the surrounding rock during deep resource exploration and deep underground engineering construction (Li et al., 2021).
In terms of statics, the change rule of rock properties after high-temperature treatment was studied using conventional uniaxial compression tests and non-destructive monitoring (Bandini and Berry, 2012; Brotóns et al., 2013; Liu and Xu, 2015; Wang et al., 2013). With the increase in temperature, the strength, elastic modulus, and p-wave velocity of the rock all exhibited a decreasing trend. In engineering practice, the stability of the surrounding rock is typically associated with the dynamic impact load. With the development and application of split Hopkinson pressure bar (SHPB) technology, researchers have conducted relevant studies on the mechanical properties of rocks at normal and high temperatures (Yin et al., 2016b; Imani et al., 2017; Malik et al., 2018; Yin et al., 2019). Mishra et al. (2018) studied the dynamic mechanical responses of three types of magmatic rocks using a small-diameter SHPB device. They revealed that the strain rate effect was evident and proposed a correlation equation for the granite dynamic growth factor. Liu and Xu (2014) studied the mechanical properties of granite at high temperatures using an SHPB test system and found that there is a critical temperature that causes structural changes and mechanical deterioration in the granite. Through dynamic compression experiments, Yin et al. (2011) found that temperature promoted the evaporation of water inside the rock, decomposition of mineral particles, and reduction of internal bonding force, resulting in sandstone fragments tending to be fine-grained after dynamic impact with an increase in temperature. Rock damage always accompanies energy conversion and consumption. The dynamic impact failure of rocks is a process of energy input, absorption, and release (Xu and Shi, 2013). Yin et al. (2016a) studied the energy consumption law of the dynamic impact compression tests of coal and rock under high temperatures. They found that the reflected energy increased with increasing temperature, whereas the transmitted energy and absorbed energy exhibited opposite trends. Zhang and Jing (2018) analyzed the energy dissipation of sandstone after dynamic impact under high and low temperatures and found that the change in incident energy and absorbed energy was divided at −5 and 400°C. It increased with increasing temperature before the cutoff point and, thereafter, decreased with increasing temperature. Some researchers have linked the dissipated energy to the degree of breakage. They found that the specific energy absorption increased linearly with the incident energy and exhibited an exponential relationship with average fragmentation (Hong et al., 2009). Wu et al. (2019, 2020) analyzed the dynamic failure modes and the impact fragmentation of phyllites with different bedding angles considering the incident energy, energy absorption, and wave propagation characteristics. Ji et al. (2020) explored the fractal characteristics of the dynamic impact breakage of granite and sandstone using an SHPB test system. They found that the fractal dimension could quantitatively analyze crushing energy consumption and fragmentation.
In recent years, comparative studies on the energy absorption value, fractal dimension, and fracture morphology have been sufficient. However, there are few reports on the energy evolution law of rock materials affected by temperature during dynamic impact compression and considering the fractal dimension from the perspective of fracture conditions. The formation of granite iron, copper, gold, and tin ores is closely related (He, 1994). Therefore, granite was selected as the research object in this study. Dynamic impact compression tests were conducted on granite specimens treated at room temperature (25°C) and high temperatures (200°C, 400 °C, 600°C, and 800°C). A standard circular hole screen was used to screen and count the granite broken test blocks after the dynamic impact compression. The variations in the peak stress, fracture morphology, and energy dissipation of granite specimens with temperature grade were studied.
EXPERIMENTS
Preparation and High-Temperature Treatment of Granite Samples
Granite samples were obtained from the Kafang tin mine in Honghe Hani and Yi Autonomous Prefecture, Yunnan Province, China. According to the International Society for Rock Mechanics (ISRM) standard (Zhou et al., 2012), granite was processed into a cylindrical sample with a diameter of 50 mm and an aspect ratio of 0.5. A KRX-17B box-type resistance furnace was used to treat granite samples at high temperatures. The heating rate was set at 2°C/min. After heating to the target temperature, the temperature was maintained constant for 2 h. After heating, the sample was cooled to room temperature (25°C) in a furnace chamber before removal. To prevent the reaction between the rock samples and water vapor in the air following the high-temperature treatment, the samples were stored in a Tester WGLL-230BE electric blast-drying oven. The granite specimen after high-temperature treatment is shown in Figure 1. Evidently, with an increase in the heating temperature, the surface color of the granite specimens gradually deepened. When the heating temperature exceeded 400°C, thermal cracks appeared on the surface of granite specimens.
[image: Figure 1]FIGURE 1 | Granite specimen after high-temperature treatment.
SHPB Testing System
Figure 2 shows the schematic of a 50 mm diameter SHPB test system used in this study. The system includes a dynamic loading part (nitrogen tank, gas gun, and spindle punch), rod part (incident bar and transmission bar), and data acquisition part (infrared speed measuring, single recording device, and data-processing device). The incident, transmission, and impact bars were all 40Cr high-strength alloy steels. The density was 7.81 g/cm3. The lengths of the incident rod and transmission rod were 2 m. The longitudinal wave velocity was 5,100 m/s. The elastic modulus was 210 GPa. The strain gauge was pasted on 1/2 of the rod.
[image: Figure 2]FIGURE 2 | Schematic of the split Hopkinson pressure bar device.
During the SHPB experiment, the sample was placed between the incident and transmission bars, and the bullet was discharged at a certain speed. A stress wave was thus formed in the incident bar after impacting the incident bar. The incident waves were then propagated forward in the incident bar. When transmitted to the interface between the incident rod and the sample, a part of the incident wave was reflected back to the incident rod as a reflected wave, owing to the wave impedance difference between the rod and the sample. The other part was transmitted through the sample into the transmission rod as a transmission wave. Based on the one-dimensional stress assumption and stress uniformity assumption (Hu et al., 2015), the following method was described by Wang (2005). By substituting the signal collected by the strain gauge in Eq. 1, the stress [image: image], strain [image: image], and strain rate [image: image] of the specimen can be obtained as follows:
[image: image]
where [image: image], [image: image], and [image: image] are the incident, reflected, and transmitted strains on the bar, respectively; A, E, and C represent the cross-sectional area, elastic modulus, and longitudinal wave velocity of the pressure rod, respectively.
Experimental Scheme
In this experiment, the granite specimens were heated and naturally cooled at room temperature (25°C) and high temperatures at different temperature levels (200°C, 400°C, 600°C, and 800°C). The specimens were then subjected to the dynamic impact compression experiments at different impact velocities (8.5 m/s, 11.5 m/s, and 13.5 m/s). The standard circular hole screens with different diameters (0.3, 0.5, 1, 2.5, 5, 10, 15, 20, and 25 mm) were used to screen the granite fragments following the experiment. A total of three-independent experiments were conducted for each working condition. Statistically significant data were selected for statistical analysis.
To ensure the validity of the experimental data, the stress balance must be ensured at both ends of the rock sample before the dynamic impact compression test. Typical waveforms at both ends of the sample are shown in Figure 3A. Figure 3B shows that the overlapping waveforms of the incident and reflection stresses have a high degree of coincidence with those of the transmission stress, which can guarantee the stress balance state in the dynamic impact process and the validity of the test data results.
[image: Figure 3]FIGURE 3 | Typical waveforms at both ends of the sample.
SHPB Dynamic Stress–Strain Curve
The dynamic stress–strain curves of the granite specimens affected by different temperatures at different impact rates are shown in Figure 4.
[image: Figure 4]FIGURE 4 | Dynamic stress–strain curves of granite specimens affected by different temperatures at different impact velocities of (A) 8.5 m/s, (B) 11.5 m/s, and (C) 13.5 m/s.
As shown in Figure 4, the dynamic stress–strain curves of granite can be roughly divided into three stages: elasticity, yield, and failure. The initial stage of the curve was approximately a straight line, indicating that granite had a strong linear elastic relationship during the initial stage of dynamic impact compression. The slope of the curve at this stage can be approximated as the initial elastic modulus of rock. The stress–strain curve at the same impact rate initially moved up slightly and then moved sharply to the lower right along with the position of the ascending curve of the temperature grade. The initial elastic modulus and peak stress of the rock first increased and then decreased. They reached the maximum at 200°C. The curve moved down significantly at 400°C than at normal temperature and 200°C, indicating that there is a threshold temperature for the deterioration of rock mechanical properties between 200 and 400°C. At 25–800°C, the curve gradually moved to the lower right. Thus, the continuous increase in rock failure strain indicates that the ductility of the rock was enhanced by high temperature, and it transitioned from brittleness to plasticity. With an increase in the strain rate at the same temperature level, the peak stress and elastic modulus of the rock have different degrees of buoyancy, which is an evident strain rate effect.
RESULTS AND DISCUSSION
Energy Dissipation
The development of fractures in rocks is the result of energy absorption (Xia et al., 2006; Zhao et al., 2019). Eq. 2 was used to calculate the incident, reflected, transmitted, and dissipated energies during the dynamic impact compression tests of granite, as presented in Table 1.
[image: image]
where [image: image] represents the incident energy; [image: image] represents the reflected energy; and [image: image] represents the transmitted energy; [image: image], [image: image], and [image: image] are the incident, reflected, and transmitted strains on the bar, respectively; and A, E, and C represent the cross-sectional area, elastic modulus, and longitudinal wave velocity of the pressure rod, respectively.
TABLE 1 | Energy dissipation of granite under different working conditions.
[image: Table 1]The relationship among the incident, reflected, and transmitted energies under different working conditions is shown in Figure 5. At the same temperature, the energy levels of the incident, reflected, and transmitted energies increased with an increase in the impact rate. The growth rate was also positively correlated with the impact rate, exhibiting an evident strain rate effect. This conforms to the relevant laws of kinetic energy theorem (Shu et al., 2019). The influence of temperature was primarily reflected in the evolution of reflected and transmitted energies. With an increase in temperature, the transmission energy first increased and reached a maximum value at 200°C. When the temperature level exceeded 400°C, the transmitted energy gradually decreased with an increase in temperature; however, the effect on reflected energy was the opposite.
[image: Figure 5]FIGURE 5 | Relationship curves of reflected and transmitted energies with incident energy at impact velocities of (A) 8.5 m/s, (B) 11.5 m/s, and (C) 13.5 m/s.
The influence of reflected or transmitted energy on granite specimens cannot be directly characterized by the influence of temperature on granite specimens during the crushing process. Xia et al. (2006) introduced the concept of crushing energy (Eq. 3) to characterize the energy dissipation during granite destruction.
[image: image]
where [image: image] represents the dissipated energy, [image: image] represents the incident energy, [image: image] represents the reflected energy, and [image: image] represents the transmitted energy.
Compared with other dissipated energies (such as heat energy), previous studies (Zhang and Jing, 2018; Shu et al., 2019) have considered dissipated energy as the main energy causing the propagation of crack and breakage of rock materials during the dynamic impact. In this case, the dissipated energy can be approximated as broken energy. The statistics of crushing energy under different working conditions are shown in Figure 6. Figure 6 shows that the dissipated energy has an evident strain rate effect and temperature effect on the failure process of the granite specimen. Dissipated energy increases with an increase in the strain rate and becomes a quadratic parabola with an increase in temperature. The overall evolution law of the crushing energy of granite during the dynamic impact was consistent compared to the dynamic compressive strength under different working conditions. This can also explain the strain rate and temperature effects on the dynamic compressive strength of granite from the perspective of energy dissipation.
[image: Figure 6]FIGURE 6 | Variations in dissipated energy under different working conditions.
Shape Features
The fracture morphology of the granite after high-temperature treatment is shown in Figure 7. The failure modes of the granite specimens exhibit obvious temperature and strain rate effects (Figure 7). With an increase in temperature and impact rate grades, both showed a trend of deepening crushing degree, increasing granular fragments, and gradually decreasing particles after crushing. Thus, it was concluded that the temperature and the impact rate influence the final failure mode of the granite specimen by affecting the energy dissipation during the impact. Under the same impact rate, the granite specimen gradually developed from splitting failure mode with a less fracture surface to compression failure mode, with an increase in temperature and strain rate grade.
[image: Figure 7]FIGURE 7 | Failure modes of granite under different temperatures and impact velocities.
The distribution of rock fragmentation reflects the overall effect on it under the combined influence of temperature and impact load (Xu and Liu, 2012). A standard circular hole screen was used to screen-crushed granite specimens. Statistical analysis was conducted to obtain the distribution of broken lumpiness in granite specimens at different impact rates and temperature levels. The method introduced by Xu and Liu (2012) was implemented to calculate the average fragmentation, dm, of the granite specimens using thefollowing equation (Figure 8):
[image: image]
where [image: image] is the average size of residual screen fragments (0.15, 0.4, 0.75, 1.75, 3.75, 7.5, 12.5, 17.5, 22.5, and 37.5 mm) and [image: image] is the percentage of residual screen fragments in the total mass of fragments.
[image: Figure 8]FIGURE 8 | Average fragment size distribution of granite.
It can be seen from Figure 8 that the average fragmentation of granite ranges from 7.22 to 34.27 mm. At the same impact velocity, and an increasing temperature grade, the average fragmentation degree of granite increases gradually and reaches a maximum value between 200 and 400°C. When the heating temperature exceeded 400°C, the average fragmentation of granite began to decrease, reaching a minimum value at 800°C. This indicates that there exists a threshold temperature that affects the variation in the average fragmentation size of granite. In our experiments for the present study, the threshold temperature ranged between 200 and 400°C. Under the same heating temperature grade, the average fragmentation of granite showed a gradually increasing trend with an increase in the impact rate grade.
According to the fractal dimension, [image: image] of the mass–frequency relationship of the screening test, and the calculation formula can be expressed as follows (Xu and Liu, 2012):
[image: image]
where [image: image] and [image: image] are the cumulative mass of the material under the sieve and the total mass of fragments, respectively; [image: image] and [image: image] represent the size of the broken fragments and maximum size of the fragments, respectively.
The fractal dimension [image: image] of granite fragmentary lumpiness can be obtained by linearly fitting [image: image], [image: image] on the data points in the lgY–lgX-type logarithmic coordinate system. The logarithmic coordinate curve for the calculation of the dynamic impact fractal dimension of granite after high-temperature treatment is shown in Figure 9. The statistical results for the fractal dimension are listed in Table 2.
[image: Figure 9]FIGURE 9 | lgY–lgX curves: (A) 25°C, (B) 200°C, (C) 400°C, (D) 600°C, and (E) 800°C.
TABLE 2 | Fractal dimensions and fitting degrees at different temperatures.
[image: Table 2]It can be observed from Table 2 that the fitting line has a good correlation. With an improvement in the impact rate grade, the correlation of the fitting increases continuously. In the dynamic compression test, the fractal dimension of the granite fluctuated between 2.0138 and 2.3640. The fractal dimension is not only related to the strain rate but also to the properties of the rock itself (Ji et al., 2020). Under the condition of a constant impact load, the change in fractal dimension with temperature is opposite to the peak stress change in the dynamic impact of granite. The smaller the peak stress of granite, the more severe the degree of breakage, and the larger the fractal dimension. The change in the fractal dimension indirectly reflects the influence of temperature and impact load coupling on the mechanical properties of granite (Xu and Liu, 2012).
Relationship Between Fractal Characteristics and Energy Dissipation
To explore the quantitative relationship between the macro- and micro-characteristics of granite after high-temperature treatment, this study established the relationship between the fractal dimension theory and the associated characterization indexes in the energy dissipation theory. Figure 10 shows the relationship among average fragmentation, fractal dimension, and energy consumption density.
[image: Figure 10]FIGURE 10 | Relationship of (A) average fragmentation and (B) fractal dimensions with energy consumption density.
As shown in Figure 10, under the same temperature grade, the average fragmentation of granite decreases linearly with an increase in the energy consumption density. The fractal dimension increased linearly with energy consumption density. The smaller the mean fragmentation, the larger is the fractal dimension. This indicates that the crushing degree of granite was higher during the dynamic impact process. Rock failure is the process of the development, expansion, and coalescence of microfractures in the rock, which is the result of internal damage due to macroscopic failure. The development and propagation of microfractures require energy absorption. As energy consumption density increased, so did the energy absorbed by granite per unit volume during dynamic impact compression and the energy used for rock damage and fracture; this led to the development and expansion of microcracks in the rock. Consequently, the degree of breakage became more intense, the number of new cracks and fracture surfaces, output of small particle size fragments, and the fractal dimension increased, while the average fragmentation size decreased.
Degree of Damage Analysis
The failure process of the rock under a given impact load and temperature is caused by the damage to breakage (Yu et al., 2020). The calculation of the degree of rock damage in this process forms the basis for constructing a dynamic constitutive equation of rock materials under different working conditions. So far, some studies have discussed the measurement and calculation methods for the rock damage degree from the perspective of non-destructive testing and damage testing. Non-destructive testing is mainly carried out through CT scanning of the damaged rock specimens (Wang et al., 2018), measurement of longitudinal wave velocity (Zuo et al., 2017), and other tests in a manner such that the test objects are not damaged. In contrast, the damage testing method mainly involves destructive mechanical experiments on the tested specimen; this method characterizes the damage degree of rock materials using data obtained from experiments involving dynamic elastic modulus (Xu et al., 2020), dynamic compressive strength (Guo et al., 2017), energy dissipation (Zhao et al., 2019), breakage of the test specimen (Zhai, 2015), and development and expansion mode of cracks in the failure process (Li et al., 2020). Owing to the limitation of the experimental conditions, this study only considered the degree of damage from the perspective of the energy absorption value.
Based on the strain equivalence principle (He et al., 2018), Eq. 6 was used to characterize the temperature damage from the perspective of energy dissipation:
[image: image]
where [image: image] represents the damage factor, [image: image] represents the dissipated energy at 25°C, and [image: image] represents the corresponding temperature dissipated energy.
It can be observed from Figure 11 that [image: image] of different temperature grades presents a quadratic non-linear correlation under the same impact velocity. When the heating temperature ranges from 25 to 200°C, [image: image]. This reflects the strengthening effect of temperature on the dynamic mechanical properties of granite. When the heating temperature level exceeds 200°C, [image: image] shows an increasing trend with an increase in the heating temperature level. The results indicate that temperature degrades the dynamic mechanical properties of granite over time, which is consistent with the effect of temperature on the dynamic compressive strength. However, with the increase in impact velocity in the test, the energy used for crushing the rock increased, and the coupled effect of impact velocity and temperature aggravated the internal damage of the rock.
[image: Figure 11]FIGURE 11 | Temperature damage degrees in different working conditions.
Analysis of Granite Facies Characteristics
X-ray diffraction (XRD) experiments were performed on granite at room temperature and high temperature to analyze the changes in the physical phase characteristics of granite before and after high-temperature treatment. The XRD patterns of granite at various temperatures are shown in Figure 12.
[image: Figure 12]FIGURE 12 | X-ray diffraction phase analysis of granite at different temperatures: (A) 25°C, (B) 200°C, (C) 400°C, (D) 600°C, and (E) 800°C.
As shown in Figure 12, the mineral composition and primary components of granite tend to change at different temperature grades. The variation in the diffraction intensities of the main components is shown in Figure 13. As shown in Figure 13, the primary mineral components of granite at normal temperatures are mica, quartz, feldspar, and small amounts of silicate minerals. When the heating temperature was 200°C, the diffraction intensity of mica increased to 6,354 counts, which continued to decrease with an increase in the heating temperature. When the heating temperature was 800°C, the diffraction intensity was 432 counts. With an increase in the heating temperature, the diffraction intensity of feldspar first decreased and then increased. When the heating temperature was 400°C, the diffraction intensity reached a minimum of 2,958 counts. Overall, the diffraction intensity of quartz was correlated with the change in mineral compositions, and the minimum diffraction intensity was observed at 800°C.
[image: Figure 13]FIGURE 13 | Diffraction intensity of main mineral components of granite at different temperatures.
When the heating temperature was 200°C, the main mineral components in granite at normal temperature were the same. However, the effect of temperature on the diffraction intensity varied significantly; that is, the diffraction intensity of mica was greater than that of the other main mineral components, which exhibited similar diffraction intensities. Meanwhile, the grain was not structurally damaged, and the rock compressive strength improved significantly. When the temperature rose to 400°C, the diffraction intensity of quartz increased due to the effect of high temperature on the main mineral composition and decomposition reaction of silicate minerals. Between 400 and 600°C, α-quartz becomes β-modification. Subsequently, the crystal expanded and led to the formation of small cracks inside the rock, thereby weakening the cementation force between grains and decreasing the compressive strength of granite; this result is consistent with the apparent morphology of the granite specimen after the high-temperature treatment (Figure 1). When the temperature reaches 800°C, feldspar changes from a crystalline state to an amorphous state (Jia et al., 2021). Thus, after the high-temperature treatment, the granite strength decreases, failure strain increases, and the diffraction intensity fluctuates significantly compared to that in the normal temperature state. A change in the crystal structures of feldspar and quartz deteriorated the mechanical properties of the granite specimens. Meanwhile, decreasing the diffraction intensity of mica promotes the brittle–plastic transformation of granite specimens to a certain extent, which is consistent with the results of macroscopic mechanical experiments.
Analysis of Fracture Morphology After Dynamic Impact
A tungsten wire scanning electron microscope (SEM) was used to observe the fracture morphology of granite specimens after impact compression failure at 25–800°C, and study the influence of the impact rate and temperature on the fracture failure form of granite. The fracture morphologies are shown in Figure 14.
[image: Figure 14]FIGURE 14 | Scanning electron microscopy image of granite at different conditions: (A) impact velocity of 11.5 m/s and (B) impact velocity of 13.5 m/s.
Figure 14 shows that under dynamic impact compression conditions, the fracture morphology of granite presents different failure forms under different working conditions (temperature grade and impact rate). At a constant temperature, intergranular fractures tend to be dominant when the impact rate is 11.5 m/s. With an increase in the impact rate, transgranular fractures increase to 200°C, as shown in Figure 14. When the temperature is 400°C, fine cracks appear on the rock. When the temperature rises to 600–800°C, plastic failure characteristics are observed (Liang et al., 2015; Tao et al., 2019).
A low shock rate, low incident energy, and the formation of a crack that extends along the crystal boundary lead to an intergranular fracture. Meanwhile, the impact velocity increases, leading to a rise in the incident energy and dynamic impact load time; in a short period of time, the internal atomic bonds in the crystal with low energy consumption cannot be damaged to produce a transgranular fracture. Although the internal mineral composition and granite microstructure are significantly correlated at high temperatures (such as between 25 and 400°C), the fracture morphology of the rock gives priority to brittle fracture, does not exhibit ductile fracture characteristics, and demonstrates a neat rock fracture morphology; meanwhile, the irregular fracture of quartz and feldspar led to a line shaped transgranular (conchoidal) fracture morphology, with a step cleavage plane fracture. During 600–800°C, the fracture morphology changed from a strip structure to a coarse block structure. The high temperature changed the rock’s internal structure, the sliding and separation phenomenon indicates the brittle-to-plastic transformation of granite, which was consistent with the macro mechanical characteristics.
CONCLUSION
In this study, the granite subjected to high-temperature treatment was taken as the research object. The fragmentation morphology and the energy dissipation of the rock after normal (25°C) and high-temperature treatments (200°C, 400°C, 600°C, and 800°C) were studied using the SHPB device, while the fragmentation characteristics and dynamic mechanical properties of granite were elucidated. The crushing characteristics and the energy dissipation law of granite specimens affected by high temperatures in the SHPB experiment were also studied, while the temperature damage under different impact velocities was discussed with regard to energy dissipation. The main conclusions of this study are as follows:
1) Temperature and the strain rate affect the dynamic mechanical properties of granite and the energy dissipation during the failure process, which are closely related to the threshold value of the heating temperature grade. In the experiments conducted in this study, the threshold temperature is 200°C. Below 200°C, the transmitted energy first increases, and then decreases with an increase in the temperature grade; meanwhile, the transmitted energy exhibits an opposite change trend.
2) With an increase in the temperature grade, the failure mode of the rock changes from splitting failure to compression failure; the impact rate of ascension, which increases the energy density, tends to decrease the broken blocks of granite. Meanwhile, the fractal dimension increases with a rise in the energy consumption and density. Moreover, strain rate effects, broken blocks, changes in the fractal dimension, and the influence of temperature on rock mechanical characteristics are closely related; thus, these characteristics can reflect both the rock crushing processes to some extent.
3) From the perspective of energydissipation characterization of the rock damage degree, a quadratic non-linear relationship is observed with temperature. When the heating temperature range is 25–200°C, [image: image]; this reflects the effect of temperature on the rock’s mechanical properties of the reinforcement. Meanwhile, the damage degree increased with a rise in the temperature, which is consistent with the influence law of temperature on the dynamic compressive strength.
4) High temperatures affect the compositional characteristics of granite and change its mechanical properties. A decrease in the muscovite content and the transformation of quartz and feldspar crystals led to the gradual deterioration of the mechanical behavior of granite. At a same temperature level, it is observed that the higher the impact velocity, the higher is the proportion of transgranular fractures. With an increase in the heating temperature, the fracture morphology becomes more complex and ductile fracture failure characteristics are observed, thus indicating that the rock underwent a brittle-to-plastic transformation under the influence of high temperature.
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Cutting blasting is the principal construction method for roadway and shaft excavation, but the studies on the damage mechanism of cutting blasting affected by the volume effect of empty holes under high ground stress are not insufficient. During cutting blasting, different damage zones are formed. In this paper, combined with the rock damage criterion and RHT constitutive function, the ranges of these damage zones are determined. The smooth particle hydrodynamics method is used to study the influence of high in-situ stress on rock blasting damage from the perspective of the number of empty holes and the production coefficient of rock clamp. The accuracy of the determined damage zone range is verified by supplemented field tests. The research results show that in the process of rock clamp production, the propagation of blasting stress wave is inhibited, especially the tensile stress wave which is more obviously inhibited. The empty holes reduce the inhibitory effect of rock clamp production. With the increase in the production coefficient of rock clip, the blasting damage radius is reduced by 39.7%, 35.1%, 30.5%, 26.7%, and 22.9% compared with the theoretical value, respectively, while its influence on the radius of crushing zone is small. The three-dimensional scanning results were used to inverse calculate the production coefficient of the rock clip. The fitting degree between the numerical simulation and the field test scanning results is about 94.5%, which proves the accuracy of the RHT constitutive parameters and the reliability of the determination range. The mathematical relationship between the production coefficient Kr for rock clip and the relative height H of the wellhead and the area Sc of the cross-section cavity is fitted based on the data of several upward cutting blasting field tests.
Keywords: numerical simulation, rock damage, cutting blasting, RHT constitutive model, high in-situ stress, clamp production
INTRODUCTION
At present, in the excavation process of mines, roadways, and shafts, the drilling and blasting method is mainly adopted. With the continuous excavation, the mine and roadway projects are constantly developing deep underground, and the influence of high in-situ stress on construction becomes more significant. The blasting construction under high in-situ stress is mainly affected by the coupling effect of explosion load and in-situ stress field. Therefore, under the condition of ensuring the blasting effect, controlling the damage range of rock mass becomes a further concern (Li et al., 2011; Yao-Ji, Xiao-Shuang, and Wang 2014; Fan et al., 2017; Xie et al., 2018).
For the blasting parameters in cut blasting, a lot of studies have been carried out (Cai et al., 2004; Cheng et al., 2020; K. ; Gao et al., 2021; X.S. ; Li et al., 2021; Man et al., 2018; D.Q. ; Yang, Wang, et al., 2020; H. ; Zhang et al., 2021; X.Y. ; Zhang et al., 2020), but most of them are based on shallow burial depth and only consider blasting load conditions. With the deepening of research, Kaiser, Zou, and Lang (1990) proposed a method taking into account initial stress unloading and stress field, and summarized the determination method for excavation damage area of the tunnel. Besides, L. Xie, Lu, Jiang, et al. (2017); L.X. Xie, Lu, Zhang, et al. (2017) used a numerical simulation method to study the influence of in-situ stress and rock damage inoculation mechanism in the process of deep tunnel cutting blasting and proposed a simplified method for determining blasting load (NDIL). In addition, Q. Li et al. (2016); Q.Y. Li et al. (2018) established the stress state equation of rock mass in the cutting area according to the influence of cutting rock breaking under different stress fields and carried out visual analysis by numerical simulation. The introduction effect of the initial stress field on crack growth and the tensile stress concentration effect of the empty hole was studied. Furthermore, by establishing a damage model under the coupling effect of blasting load and dynamic unloading, and combining the fracture mechanics and rock damage failure criterion, Xiao et al. (2018) calculated the rock stress distribution and fracture characteristics under high in-situ stress conditions. Moreover, Li et al. (2010) introduced the damage variable D into the elastic-plastic constitutive model of FLAC3D numerical software. Through the parameter of rock effective stress, cross-analysis of field blasting vibration monitoring and numerical simulation was performed, and the critical damage vibration velocity was obtained as the safety criterion of blasting damage. Additionally, Wei et al. (2016) established a mechanical model for rock blasting damage and carried out numerical simulation analysis on the crack evolution of slotted cartridge blasting under different in-situ stress conditions. Through these methods, the controlled factors of the crack propagation direction of slotted cartridge under blasting were obtained. What’s more, by using the improved SHPB test, (Z.Q. Yin et al., 2020; Z.Q. Yin et al., 2018; Z.Q. Yin et al., 2014; Z.-q. Yin et al., 2012) and analyzed the fracture mechanical properties of coal seam with gas under coupling load, analyzed the damage of coal seam by observing the changes of stress, strain, and energy dissipation, which provides a theoretical basis for the design of deep mining support with gas. Differently, D. Yang et al. (2014) used the finite difference method to study the damage distribution of the rock surrounding the tunnel under the combined action of blasting load and dynamic unloading of in-situ stress and analyzed the influence of damage range from lateral pressure coefficient, unloading rate and mechanical properties of the rock mass. Further, based on the theory of cylindrical cartridge blasting funnel, Jun and Qihu (2007) established a criterion of collapse blasting standard funnel under high in-situ stress and proposed the calculation formula for roadway collapse blasting parameters. According to the SPH-FEM coupling method, J. Yang, Wu, et al., 2020; J. Yang, Sun, et al., 2020) studied the influence of in-situ stress field on seismic wave energy in rock blasting fragmentation areas and outside the fragmentation area. It is concluded that the in-situ stress field has an inhibitory effect on blasting fragmentation and affects the propagation of blasting seismic waves. Du, Li, Tao, et al. (2020), Du et al. (2021), Du, Li, Yang, et al. (2020) obtained the conclusion that the fatigue failure of rocks within the biaxial stress boundary is related to the peak level of fatigue load, the magnitude of intermediate principal stress and lithology through biaxial compression test and biaxial fatigue test on the fracture characteristics of marble and sandstone. The rock-breaking efficiency under fatigue load is higher, but it is also easier to induce severe hard rockburst disasters. Apart from the above studies, through numerical simulation, X.J. Yang et al. (2020) studied the influence of in-situ stress on roadway deformation, and obtained that directional blasting can play a role of pressure relief by changing the structure of surrounding rock and control the deformation of the roadway. Further, J. Gao et al. (2020) analyzed the blasting effects of different blasting delays and charge hole diameters under high in-situ stress conditions and obtained the evolution law of crack propagation in cutting blasting under in-situ stress and different lateral pressure coefficients. S. Wang et al. (2021), S.F. Wang et al. (2019) studied rock machinability by using the rock crushing test under true triaxial loading. The rock machinability was analyzed by the biaxial confining pressure, uniaxial cutting force, and the penetration depth under the initial fracture and complete fracture of the specimen, and a series of measures to improve the machinability were proposed, which provided suitable conditions for mechanized mining in hard rock. To sum up, the researches on cutting blasting under high in-situ stress are relatively limited, and most of the models used in numerical simulation adopted RHT damage constitutive model. However, there is a lack of in-depth study on the rock damage partition of this constitutive model in numerical simulation, thus it is necessary to establish the blasting damage partition in RHT constitutive model.
At present, the Dahongshan Iron Mine in Yunnan requires a large amount of blind shaft construction, and the construction mainly adopts the one-time deep hole blasting well completion technology of upward blind shaft, of which the key point is the cutting blasting, and the general situation of field construction is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Site construction conditions.
Therefore, in this paper, the cutting effect of different hole layout methods is explored and using the smooth particle hydrodynamics method, the calculation formula of rock damage partition in RHT constitutive is proposed based on the RHT damage constitutive model and rock damage variable partition. By applying stress to simulate the rock clamp production in cutting blasting, and supplemented field tests, the feasibility of RHT damage partition and simulation clamp production is verified. Through the three-dimensional scanning of the cavity area, the production coefficient of the rock clamp is inversely deduced, and the mathematical relationship between the production coefficient of the rock clamp and the relative height of the wellhead and the section cavity area is fitted, which provides theoretical guidance for the analysis of the fracture zone and the design of blasting parameters in deep cutting blasting.
RHT DAMAGE DETERMINATION RANGE AND CONSTITUTIVE PARAMETERS
RHT Damage Determination Range
In the numerical simulation, the RHT damage constitutive proposed by Riedel, Hiermaier, and Thoma in 1997 is selected. The relationship between the elastic limit strain, material failure strength, residual strength, and hydrostatic pressure is described by introducing the elastic limit surface, failure strength surface, and residual strength surface (Riedel, Kawai, and Kondo 2009).
The damage factor D in the RHT constitutive model is defined as:
[image: image]
Which:
[image: image]
[image: image]
where, Δɛp is the equivalent plastic strain increment; εpf is the final failure equivalent plastic strain; ɛpm is the minimum equivalent plastic strain when the material is damaged; D1 and D2 are the initial damage parameter and the complete damage parameter, respectively.
For p∗, pt∗ in materials, Eqs 4, 5 are usually used:
[image: image]
[image: image]
where, p is the pressure on the material, MPa; fc is the uniaxial compressive strength of rock, MPa; Fr is a dynamic strain rate increment factor; Q0 is the initial meridian ratio parameter; fs∗ and ft∗ are shear-compression strength ratio and tensile-compression strength ratio, respectively; B represents the Rode angle parameters.
The increment factor of dynamic strain rate is related to the material strain rate and shear strength, and the expression is:
[image: image]
The elastic limit surface in RHT constitutive should be set by the elastic limit surface equation and the 'cap function' of the elastic limit stress overflow of the constraint material under high hydrostatic pressure. The elastic limit surface equation is:
[image: image]
Where Fe is the elastic scaling function, and the expression is:
[image: image]
where, Fc is the cap function, which is introduced to reduce the volume expansion caused by shear stress and limit the elastic limit stress of materials under high hydrostatic pressure. The expression is:
[image: image]
Qin et al. (2021) studied the damage failure behavior of rock materials according to the existing research results of rock damage variable D and the damage failure criterion of rock materials. The damage value corresponding to the peak strength of rock materials is regarded as the rock critical damage parameter Dcr, and the material failure is mainly caused by the plastic deformation of materials. Therefore, the relationship between the rock plastic strain and rock critical damage parameter can be expressed by Eq. 10:
[image: image]
In order to establish the mathematical relationship between the critical damage parameters of rock in the RHT constitutive model and the parameters in the model, the RHT constitutive function is sorted out according to Eq. 10. Therefore, the plastic strain and ultimate strain in Eq. 10 can be sorted as:
[image: image]
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The rock damage and fragmentation thresholds Dcr and Dcf are evaluated by the stress pel at the beginning of rock crushing and the stress pcomp at rock compaction, respectively. Therefore, Eqs 11, 12 can be transformed into:
[image: image]
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RHT Constitutive Parameters
The lithology of the tested rock is sodium metamorphosed lava, and the parameters of its RHT constitutive model can be obtained by related mechanical tests and theoretical calculations, as shown in Table 1.
TABLE 1 | RHT constitutive parameters.
[image: Table 1]By substituting the determined RHT constitutive parameters of sodium metamorphosed lava into Eqs 13, 14, the obtained critical damage parameter Dcr = 0.11 and the rock fragmentation threshold Dcf = 0.51, which are used as the criteria for rock damage and fragmentation in subsequent numerical simulations.
In this cutting blasting, the initial rock damage D1, explosive quantity Q, and initial propagation frequency f0 are regarded as constant, thus there is a certain relationship between rock damage D and blasting center distance r:
[image: image]
Order [image: image] to 0, the relationship between explosive center distance r and charge Q can be obtained when the damage change rate is maximum, and the relationship is shown in Eq. 16:
[image: image]
Combining Eqs 15, 16, the relationship curve between the detonation center distance r and damage variable D can be obtained:
[image: image]
where, the attenuation coefficients a1 and a2, blasting initial frequency f0 can refer to previous research, and the blasting data fit that a1 = 7.8 × 10–3, a2 = 9.5 × 10–4, f0 = 47 Hz. Therefore, combined with the previously determined critical rock damage threshold Dcr and rock fragmentation threshold Dcf, the blasting damage zones in cut blasting are obtained (Table 2):
TABLE 2 | Damage subarea of rock under blasting load.
[image: Table 2]In the table: rc, rd, ro are the critical blast center distance of fragmentation zone, critical blast center distance of damage zone, and critical blast center distance of original rock vibration zone respectively, in m.
Explosives Constitution
Explosives use the ANN-2 viscous ammonium nitrate explosive provided by mines, and the explosive parameters are shown in Table 3. The explosives used in the numerical simulation are implemented by keyword ∗ MAT_HIGH_EXPLOSIVE_BURN. JWL equation of state to introduce the description of volume, pressure, and energy variation characteristics of explosive production during the explosion. The expression equation is as follows Eq. 18:
[image: image]
TABLE 3 | ANN-2 Viscous ammonium nitrate explosive parameters.
[image: Table 3]The parameters of the explosive and JWL state equation can be determined by fitting experimental data, as shown in Table 3.
NUMERICAL SIMULATION PROCESS ANALYSIS FOR ROCK CLAMP FABRICATION
Numerical Model
The upward cutting blasting test project of Yunnan Dahongshan Iron Mine is taken as the research object in this paper. The test is expected to form a blind shaft of 2 m × 2 m through a well completion blasting, and the upward cutting blasting test is the preparatory work for the well completion blasting, of which the purpose is to select the best cutting hole arrangement method. Herein, the quasi-three-dimensional model with unit thickness is selected to explore the blasting effect. In order to eliminate the boundary effect, the model size is set as 6 m × 6 m × 0.01 m. The drilling equipment provided by the mine isa D421 car and T150 drilling rig, which carries a 50 mm drilling bit, 152 mm, and 203 mm expanding bit. Therefore, in the numerical simulation, the empty hole radius R1 = 0.1 m, the charging hole radius R2 = 0.05 m, and the hole spacing d = 0.35 m. The LS-DYNA finite element software is used in the numerical model, and the SPH method is used to replace the finite element to smooth particles. Fixed constraints are applied at the bottom of the model, and compressive stresses are applied in the other three directions to simulate the rock clamp production. The cutting geometry model with a different number of holes is shown in Figures 2A–E, and the numerical model of cut blasting with a scheme (e) as an example is shown in Figure 2F.
[image: Figure 2]FIGURE 2 | (A–E) Geometric model and (F) numerical model.
Numerical Simulation Process Analysis
In order to study the influence of the empty hole compensation effect on the cutting blasting effect for rock clip production, numerical simulations were carried out on the above schemes. The coefficient Kr for different rock clip production was simulated by changing the applied stress, and the simulation results were analyzed by the post-processing software LS-Prepost.
It can be seen from Figure 3A that when the in-situ stress is not considered, under the action of explosion stress wave and the stress introduction of the empty hole, the rock fragmentation is first concentrated in the rock between the empty hole and the charge hole. Figure 3B is the blasting effect of rock clip with 1.0. The fragmentation of rock between the empty hole is slightly delayed, and the empty hole plays a certain role in hindering the propagation of explosion stress wave, thus the pressure on the rock outside the empty hole is reduced. The range of rock fracture is smaller than that of the space hole. However, due to the introduction effect of the empty hole on the blasting stress wave, the range of rock damage at the center of the empty hole and the charge hole is wider. The main tensile cracks are more obviously concentrated outside the empty hole, and the number of empty holes is more. The formation and development of micro-splitting cracks outside the rock damage area under the action of blasting gas are more significant. Therefore, it can be speculated that the introduction effect of the empty hole on the blasting stress wave is beneficial to the formation and development of rock cracks after blasting, and the compensation effect of the empty hole can improve the cavity-forming effect and the rock damage range. However, after applying the rock clamping stress, the damage range of the rock is significantly reduced. The influence of the compressive stress on the outer side of the empty hole inhibits the initiation and propagation of tensile cracks under blasting. Therefore, no obvious main cracks are formed, thus the blasting generated explosive gas reduces the efficiency of rock splitting, and only short cracks are formed around the empty hole wall.
[image: Figure 3]FIGURE 3 | Numerical Simulation Process: (A) No in-situ stress condition; (B) Kr = 1.0.
ANALYSIS OF BLASTING EFFECT FOR DIFFERENT ROCK CLIP PRODUCTION
Numerical Analysis for Clamping Action
To explore the influence of rock clip production on the cutting blasting effect and damage range of rock, the cavity area Sc and rock damage range Sd were delineated according to the previously determined damage zoning variables.
It can be seen from the amplification of the blasting effect position that with the increase of the production coefficient of the rock clip, the inhibitory effect of compressive stress on the formation of the main tensile crack outside the empty hole gradually increases, and the crack initiation phenomenon outside the rock crushing zone gradually disappears, and the crack propagation phenomenon in the direction of the empty hole diameter significantly disappears. When the production coefficient of the rock clip is 2.0, only very small damage is initiated outside the rock crushing zone, and no crack is formed. The damage range of rock near the empty hole is significantly reduced under the influence of compressive stress. The mechanism of the inhibition for the propagation of stress wave by the rock outside the empty hole is analyzed under the coupling effect of the attenuation of blast stress wave and the production of rock clip. The energy reaching here cannot break the rock or cause large damage. Through the coordinate output of the area near the blasting and the area delineation, the statistics of the cutting blasting area carried out by scheme (e) are shown in Figure 4.
[image: Figure 4]FIGURE 4 | Calibration of blasting damage area.
Figures 5A–D show the variation trends of the cavity area Sc, rock damage range Sd and stress of rock outside the hole after each cutting blasting under different production forces of rock clip. It can be found that with the increase of hole number, Sc and Sd show an increasing trend. The main reasons are the compensation effect and stress concentration effect provided by holes, which enhance the blasting failure effect and improve the crushing effect of cavity rock. After applying the stress conditions, Sc and Sd show a decreasing change with the increase of the coefficient Kr of rock clip production.
[image: Figure 5]FIGURE 5 | Numerical simulation blasting effect curve: (A) Slot cavity curve; (B) Damage area curve; (C) Peak pressure curve; (D) Blasting center distance curve.
As can be seen from Figures 5C, D, due to the inhibitory effect of rock clip force on blasting stress wave and the dispersion and coupling effect of empty holes on blasting stress wave, the pressure P on the outer side of the empty hole and the blasting center distance r show a nonlinear downward trend, with the increase of empty hole number and the production coefficient of rock clip. When the production coefficient of rock clips are between 0 and 1, the influence of blasting changes greatly, but the overall change is small. It can be speculated that the rock clamping force mainly affects the range of rock damage zone by inhibiting the initiation and propagation of blasting cracks, but it has little inhibitory effect on the blasting effect of the rock crushing zone. Combined with the data in Figures 5D, 6, it can be seen that the greater the number of empty holes, the less the blasting inhibitory effect of rock clamp production, and the inhibitory effect is most significant in the direction of the connection between the empty holes and charge holes.
[image: Figure 6]FIGURE 6 | Numerical simulation of cutting blasting with different rock clamping coefficients: (A) Kr = 0, (B) Kr = 0.5, (C) Kr = 1.0, (D) Kr = 1.5, and (E) Kr = 2.0.
The study of the influence law of rock clamp production on cutting blasting provides a theoretical reference for the determination of cutting blasting test parameters under deep ground pressure. According to the data in Figure 5D, the relationship curve between the radius of crushing zone rc and the coefficient Kr of rock clamp production (later called rc-Kr curve ) is obtained, and the rc-Kr curve is:
[image: image]
In the field test of cut blasting, the determination method of rock fracture zone radius is:
[image: image]
Tang, Zhou, and Liao (2015) established a reliable rock damage zoning for underground engineering construction blasting, and the damage variable of the fracture zone is:
[image: image]
Therefore, the rock fragmentation damage value Dfrag can be obtained by the Eqs. 20, 21:
[image: image]
Preliminary Verification by Field Test
The field test adopts the six-hole cutting form for construction. The DL421 trolley is used to cooperate with the T150 drilling rig, and the error of the drilling operation is controlled within the allowable range. The data are provided by the mine geological exploration department. The buried depth of the test area is about 640 m, and the horizontal in-situ stress is about 18.4 MPa, thus the production coefficient of the rock clamp is about 1.01. It can be observed that from the orifice to the bottom of the cavity, the increase of rock clamp production leads to a decrease of the cavity area. Figure 7A–C are the field blasting effect diagram.
Figure 7D shows the comparison of the scanning area and the simulation area of the cutting wellhead section, and their values are 0.441 and 0.435 m2, respectively, with a fitting degree of 98.6%. According to the three-dimensional scanning results, the radius of the crushing zone is counted, and the production coefficient for the rock clip is inversely deduced in combination with Eq. 22, to carry out a numerical simulation on the cutting section at different depths. The area comparison at different depths is shown in Figure 8, and the overall fitting degree is 94.5%, which proves the reliability of the numerical simulation inversion method and the feasibility of the RHT fracture criterion.
[image: Figure 7]FIGURE 7 | 1#Field test results and verification:(A) Blasthole construction drawing; (B) Cutting blasting effect; (C) scanning results; (D) Numerical simulation and field scanning comparison.
[image: Figure 8]FIGURE 8 | Reliability comparison between numerical simulation effect and field scanning result.
ESTABLISHMENT OF INFLUENCE PREDICTION CURVE FOR ROCK CLIP PRODUCTION
Several groups of upward cutting blasting tests are carried out, and the cavity area after blasting is scanned by three-dimensional laser scanning. The cavity area under different depths in the test is simulated by the numerical simulation inversion method. The drilling construction in the upward cutting blasting site and the effect of the wellhead section after blasting are shown in Figure 9.
[image: Figure 9]FIGURE 9 | (A)10 m Cutting drilling (B)∼(C)15 m Cutting drilling (D–F)20 m Cutting drilling (G–L) 1–6#Test blasting effect.
It can be observed from the blasting effect that the rock between the charge hole and the 6 # empty hole has not penetrated due to the long distance of the 6 # empty hole in the second group of 15 m. The cavity formation at the wellhead of the cutting blasting test in other groups is satisfying, and the expected blasting effect is achieved. Then, a three-dimensional laser scanner was used to scan the cut blasting cavity. Due to the large depth of the cavity in the test and the limitation of the scanning instrument, the cut blasting cavity of 15 and 20 m was scanned every 1 m, and then the area of the section cavity was inversely calculated by numerical simulation. The inversed numerical results were compared with the field three-dimensional scanning results, as shown in Figure 10.
[image: Figure 10]FIGURE 10 | Comparison of field scanning results and numerical inversion results.
When the wellhead relative height is in the range of 0–0.5 m, the charge hole in this section is mainly filled with mud, and the numerical inversion is mainly based on the application of blasting load. Therefore, the Numerical backstepping analysis will be carried out from the wellhead relative height of 1 m. The production coefficient statistics of rock clips are carried out by combining the follow-up numerical simulation inversion data with the previous inversion data, and the variation law between Sc-Kr-H is analyzed. Eqs. 23, 24 show the mathematical relationship between the coefficient Kr for rock clip production and the relative height of the wellhead H and the cavity area Sc of the cut blasting section respectively. The variation law is shown in Figure 11.
[image: image]
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[image: Figure 11]FIGURE 11 | (A) Kr-H optimal curve (B)Sc-Kr optimal curve.
CONCLUSION
In this paper, aiming at the lack of research on blasting damage partition of RHT damage constitutive in numerical simulation, the rock clip production in cutting blasting was simulated, and the cutting mode and rock clip coefficient of a different number of empty holes were numerically studied. The following conclusions are obtained:
1) Based on the rock critical damage threshold equation, the blasting rock breaking strain mechanism, and the RHT constitutive embedded function, the blasting damage zoning range in numerical simulation is deduced. According to the filed test, the mechanical parameters of variable sodium lava are obtained, and the range of different damage zones in numerical simulation is determined.
2) The rock damage area caused by blasting attenuates to a certain extent after applying the rock clip, and the initiation and propagation of tensile cracks are also inhibited. The larger the coefficient of rock clip, the more obvious the suppression effect of the blasting tensile effect. Compared with the splitting effect, the blasting crushing area is less affected. The empty holes provide a certain compensation space for cutting blasting, and the stress concentration of empty holes enhances the blasting effect. The empty holes also reduce the inhibitory effect of rock clip production on blasting damage. The rock damage area is mainly concentrated in the direction of the maximum principal stress, and the tensile failure is mainly near the empty hole. With the increase of rock clip production, the tensile stress decreases, indicating that rock clip production mainly affects the range of rock damage by inhibiting the propagation of tensile stress.
3) According to the comparative analysis of field test results and numerical simulation results, the fitting degree of numerical simulation is high. Therefore, it is proved that the stress application method and the constitutive parameters of RHT have certain accuracy. The production coefficient of rock clip at different depths is inversely calculated by using the three-dimensional laser scanning results. The data showed that the fitting degree of comparison is 94.5%, indicating that the divided RHT damage zoning determination range has certain reliability. Combined with multiple sets of test field scanning data, the blasting effect of the cut section is inversely calculated, and the mathematical relationship between the production coefficient Kr of rock clip and the relative height of wellhead H and the section cavity area Sc is fitted, which provides theoretical guidance for the design of cutting blasting and one-time well completion blasting parameters under the condition of high in-situ stress.
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Taking the engineering conditions of the Zhujixi coal mine and Hengyuan coal mine in the Wanbei mining area as the background, based on the investigation of the deformation and failure status of the surrounding rock of the two mines, the deformation and failure characteristics of the surrounding rock of the deep rock roadway in the Wanbei mining area are systematically studied by using the comprehensive research methods of the surrounding rock mechanical parameter test, in situ stress measurements, and numerical simulation. The results show that the measured value of the intermediate principal stress is slightly less than the theoretical value, which is obviously affected by the tectonic stress. The lateral pressure coefficients of the two mines calculated according to the theory are between 1.06 and 1.24 and 1.18 and 1.24, respectively. The simulation shows that when the lateral pressure is higher than 1.5, the arrangement of drilling holes with a depth of 5–10 m and a diameter of 200–300 mm can effectively transfer the stress concentration, proposed using Ф22 L = 2800 mm anchor rods, row spacing 800 × 800 mm, specification Ф 22. For the anchor cable with a length of L = 6,300 mm, the row spacing between anchor cables is 1,600 ± 100 mm, and the coordinated support technology of the reinforcement support and grouting is added. The technology can fully mobilize the deep stable rock stratum when it is applied from the slope change point of 11 coal belt roadways in the east wing of the Zhujixi coal mine to the machine head chamber of 11 coal belt roadways in the west wing, and the field application is good.
Keywords: deep high-horizontal stress, side pressure coefficient, stability of roadway surrounding rocks, coordinated control technology, pressure relief and reinforcement
INTRODUCTION
With the development of the world economy, the mineral resources in the shallow part of the earth are gradually exhausted, and the resource development continues to move toward the deep part of the earth. At the same time, the human demand for survival and development and the exploration of the unknown world also continue to expand the underground activity space. In terms of resource mining, the mining depth of nonferrous metal mines is more than 4,350 m, and the geothermal mining depth is more than 3,000 m. As the main fossil energy resource endowed by nature, the mining depth of coal has reached 1,500 m. In the future, the mining of deep resources will become the norm (Xie et al., 2015; Xie et al., 2021a). The stress level of the surrounding rock of the shallow roadway is low, the stress concentration caused by excavation is low, and the deformation and fracture range of the surrounding rock is small. It can be effectively controlled by the conventional support. In contrast, the surrounding rock of the deep roadway is in the special stress environment of “three high and one disturbance,” and is often subject to complex geological tectonic movement, forming obvious regional and directional high-horizontal stress. The surrounding rock of the roadway shows significant non-linear soft rock mechanical characteristics, serious fragmentation and expansion, and poor support and maintenance effects (Hou et al., 2021a; Xie et al., 2021b; Zhang, 2020). The horizontal stress of a deep roadway will be several times larger than that in the shallow roadway, resulting in a more complex mechanical environment. Especially, without considering the influence of the high-horizontal stress direction, mining design and excavation will often cause sudden convergence deformation and collapse damage of the surrounding rock of the development roadway and working face, roof subsidence, and serious floor heave. It will even lead to dynamic failure such as rockburst (Zhu, 2018; Zhao et al., 2021).
Theoretical and engineering practice research has shown that under the current support level, blindly increasing the support strength and support density cannot better control the large deformation of the roadway surrounding rock (Ma et al., 2015). The research shows that the surrounding rock of underground engineering is usually subjected to the coupling action of compressive stress and shear stress (Du et al., 2021); according to the variation trend of acoustic emission blow count and acoustic emission energy characteristic parameters, the rock fracture process shows obvious piecewise variation characteristics and has a significant growth cycle (Du et al., 2020). In deep mines, due to the sudden fracture of the hard roof in the mining process, the roadway may also be subjected to dynamic load (Yin et al., 2020); the increase of axial preloading stress is helpful to improve the crack growth rate and reduce the dynamic crack initiation toughness (Yin et al., 2014). Through the numerical calculation and on-site teaching and research on the rock mass excavation process of the underground powerhouse of the Xiaolangdi water control project, Zhu Weishen and others believe that the support structure has a significant effect on fixing the loose and broken rock mass of the surrounding rock and preventing its collapse and falling off (Zhu et al., 2006). Through the analysis and research on the measured data of roadway surrounding rock deformation in Huainan, Pingdingshan, and other mining areas, Yang Chao and others believe that increasing the support resistance is mainly to curb the expansion of the roadway surrounding rock fracture area (Yang et al., 2000). The subsidence of roadway roofs has little correlation with the support strength provided by the existing support equipment. Increasing the high continuous support resistance can prevent the caving of the loose surrounding rock (Fan et al., 2003). Hou Chaojiong put forward the basic theory and technical framework of surrounding rock control in the deep roadway, which takes the strengthening of the surrounding rock as the core and the active stress intervention and grouting modification as the support (Hou et al., 2021b). According to Wang Weijun’s research, high stress will lead to continuous deformation of the roadway surrounding rock dominated by plastic deformation (Wang et al., 2016). Meng Qingbin found that the supporting stress field of the bolt and anchor cable improves the disturbed stress field of the surrounding rock after roadway excavation, inhibits the generation of the tensile stress zone, reduces the shear stress zone, and limits the tensile and shear failure of coal and rock mass (Meng et al., 2017).
To sum up, the original rock stress value of the deep roadway is much greater than the strength of the surrounding rock, and the original rock stress is the main influencing factor of large deformation, failure, and instability of the surrounding rock of the roadway. At present, there are few in-depth studies on the deformation and failure characteristics and control technology of surrounding rocks in deep high-horizontal stress rock roadways. The interaction principle between such roadway supports and surrounding rocks needs to be clarified. Targeted prevention and control countermeasures such as optimization of layout orientation, pressure relief in high-stress areas of the surrounding rock, and asymmetric support in low-stress areas are difficult to put forward. In this work, the influence of deep high-horizontal stress on the deformation and failure characteristics of the rock roadway surrounding rock is studied by means of field tests and numerical calculations.
ENGINEERING BACKGROUND
The Hengyuan coal mine and Zhujixi coal mine in the Wanbei mining area have successively entered deep mining. The Zhujixi coal mine is located in the north of the Huainan coalfield and in the west section of the Zhuji—Tangji anticline. The occurrence form of coal seams in the mine is generally an axial NW syncline structure, which is controlled by regional large faults. The mine is located in the footwall of North–South reverse faults, and there are large tensile faults in the north of the northern reverse fault group. The rock layer near the Hengyuan coal mine is a monoclinic structure with an inclination of 3–20°, and the overall geological conditions are relatively simple. The normal fault DF56 may be exposed in the later stage of tunneling. According to different roadway types, the two mines have used a variety of support methods, including the bolt mesh shotcrete support, the bolt mesh cable support, the bolt cable coupling support, bolt meshes, the cable shotcrete grouting support, and other support forms, but have not achieved good support results. In order to study the deformation and failure characteristics of the surrounding rock of the deep high-horizontal stress rock roadway in the Wanbei mining area, rock coring and in situ stress tests were carried out in the above two mines in order to carry out the subsequent geomechanical evaluation of the deep roadway.
GEOMECHANICAL ASSESSMENT OF DEEP ROADWAYS
Testing of Mechanical Parameters Around Surrounding Rocks
In order to provide corresponding parameters for the subsequent in situ stress test and numerical simulation, the author took two holes in the roof and floor, respectively, at two positions with an interval of about 20 m in the 11 coal track roadway on the West Wing of the Zhujixi mine and the 940 m return air auxiliary crosscut of the Hengyuan coal mine and processed the core to obtain standard samples according to the relevant national test standards. Using the RMT-150 rock mechanics testing machine, the tensile strength and compressive strength of the sample are tested at the loading speed of 0.1 KN/s, and the basic mechanical parameters of the rock body are obtained. The flow of the surrounding rock mechanical parameter test of the two mines is shown in Figures 1, 2.
[image: Figure 1]FIGURE 1 | Compressive failure process of the rock.
[image: Figure 2]FIGURE 2 | Flow chart of the rock shear test.
Through the overall analysis of the mechanical parameters of the cores taken from the two mines, it is obtained that the top and bottom slates of the 11 coal track roadway in the West Wing of the Zhujixi mine are mainly sandstone–mudstone, in which the tensile strength of the mudstone is low, ranging from 0.8 to 1.7 MPa, the compressive strength is about 20.1 MPa, and the tensile strength of some sandy mudstones is 4.79 MPa. The maximum compressive strength of the sandstone is 109.5 MPa, with high strength; Sandstone cohesion c = 12.58 MPa, and internal friction angle φ = 38.51°. The results show that the lithology of the roof of the Hengyuan mine and the 940 return air auxiliary crosscut is mainly mudstone and the lithology of the floor is mainly sandstone. The tensile strength of mudstone is low, ranging from 1.661 to 4.442 MPa, and the compressive strength is 28.27–49.65 MPa. The highest compressive strength of the sandstone is 73.695 MPa, followed by the strength; Sandstone cohesion c = 5.765 MPa, and internal friction angle φ = 23.17°. Based on the above analysis, it is found that the mechanical properties of the surrounding rock of the Hengyuan return air auxiliary crosscut roadway are better than those of the Zhujixi 11 coal roadway.
Test of in situ Stress
In order to ensure the stability of underground rock mass engineering, various factors affecting the engineering stability must be fully investigated and studied. Among many influencing factors, the in situ stress state of rock mass is one of the important factors. For mine roadway engineering, only by mastering the in situ stress conditions of specific engineering areas can we reasonably determine the roadway direction, optimal section shape, size, excavation steps, support forms, and support parameters.
In order to obtain the in situ stress distribution of the Hengyuan coal mine and Zhujixi coal mine, the in situ measurement of in situ stress was carried out by using the stress relief method. The field measurement process is shown in Figure 3. In this measurement, a hollow inclusion stress meter is used to measure the two sides of the 11 coal track roadway on the West Wing of Zhujixi mine and the 940 m return air auxiliary crosscut of the Hengyuan coal mine at an interval of about 20 m. The measured data are stress-relieved. Some stress relief process curves are shown in Figure 4, and then the magnitude and direction of in situ stress at the measured position are deduced by professional software.
[image: Figure 3]FIGURE 3 | Flow chart of the rock shear test. (A) Adjust the orientation of the drilling rig. (B) Start drilling test holes. (C) Install the hollow enclosure. (D) Relieve the stress of hollow inclusion. (E) Collect strain gauge data. (F) Core pulling.
[image: Figure 4]FIGURE 4 | Stress relief process curve. (A) Survey points of the 11 coal track roadway in the West Wing of the Zhujixi mine. (B) Shengyuan mine–940 return air auxiliary crosscut measuring point.
As can be seen from Figure 4, the stress relief process of hollow inclusion carried out by two mining coring drill heads can be roughly divided into three stages: there is no disturbance relief influence area, and the strain curve is basically in a state of little change. This process is mainly because the coring bit has not been pushed to the position of the strain gauge. In the stress elastic release area, at this time, the strain value of each strain gauge increases rapidly with the increase of release distance, indicating that the coring bit is rapidly passing near the hollow inclusion stress gauge where the strain gauge is located and stripping it from the complete rock. Due to the removal of the core boundary constraint around the stress gauge, the hollow inclusion stress gauge will rebound and expand properly with the core. In the strain stability zone, the strain value of each strain gauge tends to be flat and fluctuates up and down in a small range, marking the end of the stress relief process.
It can also be seen from Figure 4 that the lifting distance of the two mines in the non-lifting disturbance-affected area is the same, both between 0 and 12 cm, while the lifting range of the stress elastic release area of the Zhujixi mine is 7 cm less than that of the Hengyuan mine, the strain stability area of the Zhujixi mine starts from 18 cm, and the strain stability area of the Hengyuan mine starts from 25 cm. This shows that the difference of the in-situ stress field between the two mines is obvious.
The in situ stress measurement by the hollow inclusion stress meter method is to calculate the stress through the strain value in the stress relief process of the rock mass to be measured around the stress meter and combined with the elastic mechanical parameters reflecting the stress–strain relationship of the rock mass. Therefore, the determination of rock elastic parameters at the measuring point is particularly important. Table 1 shows the rock mechanics parameters selected in the in situ stress calculation of the two mines.
TABLE 1 | Rock mechanical parameters selected in in situ stress calculations.
[image: Table 1]By comprehensively analyzing all the data in the above progress process and using Mathcad calculation software for calculations and processing, the in situ stress distribution state of the 11 coal track roadway in the West Wing of the Zhujixi mine is obtained. It is found that the maximum principal stress at the location of the roadway is between 25.6 and 29.9 MPa, and the azimuth of the maximum principal stress is mainly distributed in NE192° and NE94.5°、NE98.3, and the inclination angle is mainly less than 30°. The intermediate principal stress is between 22.3 and 23.6 MPa. The minimum principal stress is mainly distributed between 16.3 and 18.4 MPa, the azimuth is approximately orthogonal to the azimuth of the maximum principal stress, and the inclination is relatively small, showing a near-horizontal distribution. At 25 Kn/m3, the overburden pressure calculated by the average unit weight is 24.05 MPa, the measured value of the intermediate principal stress is slightly less than the theoretical calculation value, which is obviously affected by the tectonic stress, and the lateral pressure coefficient calculated according to the theory is between 1.06 and 1.24.
The in situ stress distribution state of the Hengyuan mine with the 940 return air auxiliary crosscut is obtained. It is found that the maximum principal stress at the location of the roadway is between 27.91 and 29.18 MPa, the azimuth of the maximum principal stress is mainly distributed in NE109.9°–NE129.21°, the inclination angle is mainly less than 45°, and the intermediate principal stress is between 17.6 and 19.9 MPa. The minimum principal stress is mainly distributed between 11.4 and 13.3 MPa; at 25 Kn/m3, the overburden pressure calculated by the average unit weight is 23.5 MPa, the measured value of the intermediate principal stress is slightly less than the theoretical calculation value, which is obviously affected by the tectonic stress, and the lateral pressure coefficient calculated according to the theory is between 1.18 and 1.24.
SIMULATION AND OPTIMIZATION OF THE SURROUNDING ROCK CONTROL SCHEME OF THE DEEP HIGH-HORIZONTAL STRESS ROADWAY
Model Establishment
In this analysis, FLAC3D finite difference software is used to simulate the roadway deformation, and the modeling is based on the design size of the 11 coal track roadway in the West Wing of the Zhujixi mine, and the model size is 60 m × 10 m × 40 m. The buried depth of the roadway is 940 m, the vertical stress is 23.5 MPa, and the mechanical model adopts the Mohr–Coulomb criterion. After the model is established, the horizontal displacement constraint is applied to the boundaries on both sides, the vertical displacement constraint is applied to the bottom, the lateral displacement constraint is applied to the front and rear surfaces, and the stress boundary is applied to the top surface. The model is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Numerical simulation model.
Simulation Scheme Design
According to the theory of mine pressure behavior and deep rock stratum control and combined with the main problems of the roadway support at present, 15 simulation schemes are orthogonally designed according to different lateral pressure coefficients, support parameters, and roof and floor lithology (mudstone, siltstone, and fine sandstone), including high-strength bolt φ22 × 2,800 mm and anchor cable φ φ22 × 6,300 mm as shown in Table 2.
TABLE 2 | Numerical simulation scheme of the roadway surrounding rock.
[image: Table 2]Numerical Simulation Results
In order to understand the distribution of roadway stress, the failure of the plastic zone, and the change of support stress under different simulation schemes, various simulation results are comprehensively analyzed.
Comparing the simulation results of schemes 1–4, as shown in Figure 6, it can be seen from the cloud diagram of ZZ stress distribution that there is no special stress concentration as in scheme 3. The distribution position of the maximum-horizontal stress extends from the roadway side foot to the middle of the left and right sides of the roadway, and the maximum value reaches 10.248 MPa; the vertical stress is mainly tensile at the top and bottom of the roadway, with the maximum value of 1.7837 MPa, while the stress on the roadway side is 23.627 MPa. It can be found that the tensile force on the top of scheme 4 is 0.327 MPa lower than that in scheme 3, and the pressure on the two sides basically does not increase. At the same time, the maximum stress on the anchor cable is 0.30359 MPa, which is also lower than that in scheme 3. However, the plastic zone of the roadway shoulder is expanded to 2.6 m, which is 0.4 m less than that of scheme 3, and the plastic zone of the side is expanded by 2.6 m as in scheme 3. Schemes 1 to 4 are the comparison results of various supports under the vertical stress with the lateral pressure coefficient of 1.5 times. It can be clearly found that the support mode of scheme 4 is more conducive to the stability of the roadway surrounding rock and less damage to the anchor cable.
[image: Figure 6]FIGURE 6 | Cloud diagram of ZZ stress distribution. (A) Option 1. (B) Option 2. (C) Option 3. (D) Option 4.
Comparing the simulation results of schemes 5 to 8, as shown in Figure 7, it can be seen from the cloud diagram of XX stress distribution that there is no stress expansion like scheme 7, with the maximum tensile value of 4.4498 MPa and the maximum compressive value of 4.4281 MPa; the distribution position of the position with the maximum-horizontal stress is similar to the first three schemes, and the maximum value is 0.51719 MPa; the vertical stress is mainly tensile at the top and bottom of the roadway, with the maximum value of 1.8082 MPa, while the stress at the roadway side is 23.627 MPa. At the same time, the maximum stress of the anchor cable is 0.30372 MPa, which is also increased to a certain extent compared with scheme 3. However, the position of the plastic zone at the roadway shoulder is expanded to 2.8 m, which is increased by 0.2 m compared with scheme 3, and the plastic zone at the side is expanded by 2.6 m as in scheme 3. Schemes 5 to 8 are the comparison results of various supports under the vertical stress with the lateral pressure coefficient of 1.25 times. It can be clearly found that the support mode of scheme 7 is more conducive to the stability of the roadway surrounding rock and less damage to anchor cables. Schemes 9 to 12 are under the vertical stress with the lateral pressure coefficient of 1.5 times, and the comparison results of various supports after the lithology of the surrounding rock are changed; it can be clearly found that the support mode of scheme 12 is more conducive to the stability of the roadway surrounding rock.
[image: Figure 7]FIGURE 7 | Cloud diagram of ZZ stress distribution. (A) Option 5. (B) Option 6. (C) Option 7. (D) Option 8.
A certain number of boreholes are drilled in the surrounding rock of the roadway in the high-stress area. Under the action of stress, the borehole wall is collapsed, a certain crushing area is formed around the borehole, and the failure areas of adjacent boreholes are connected to form a large-scale failure zone. The high-stress roadway realizes pressure relief by arranging boreholes: the boreholes are crushed, releasing energy and transferring the stress peak to the deep, which reduces the stress concentration of the coal seam and improves the stress environment of the roadway. Drilling changes the physical and mechanical bearing characteristics, reduces the brittleness of the coal seam and the ability of the coal seam to store elastic properties, and thus reduces the possibility of local stress concentration in the surrounding rock of the roadway. Figure 8 shows the simulation results of different borehole pressure relief parameters.
[image: Figure 8]FIGURE 8 | Borehole pressure relief ZZ stress distribution nephogram. (A) Option 13. (B) Option 14. (C) Option 15.
From the simulation results, it can be seen that the stress in the vertical direction of the roadway decreases in the vault and floor of the roadway, and the stress around the two sides of the borehole decreases slightly. There is still a slight stress concentration at the corner points such as the arch waist and the foot of the sidewall. The stress concentration zone is transferred around the borehole. The maximum stress value of scheme 13 is 22.5 MPa, that of scheme 14 is 23.735 MPa, and that of scheme 15 is 23.697 MPa. In the actual pressure relief construction, due to the different working faces, different material properties, and the requirements of drilling technology and construction efficiency, it is reasonable to arrange the drilling depth of 5–10 m, which depends on the specific stope conditions.
Through comparison, it is found that the simulated support parameter is the row spacing between bolts of 700 mm × 700 mm, 13 full section supports, 4 base plates, and a 1,400 mm row spacing between anchor cables compared with other schemes; the simulation effect of the scheme of 1,400 mm and 5 full face supports is more obvious; and the damage of the anchor cable is less. When the above support parameters are used to simulate after changing the roof and floor rock properties, the plastic zone of the roadway side is expanded to 1.2 m and the plastic zone of the floor is expanded to 1.8 m. It can be clearly found that this support method is more conducive to the stability of the surrounding rock of the roadway floor. In the actual pressure relief construction, due to the different working faces, different material properties, and the requirements of drilling technology and construction efficiency, when the lateral pressure is higher than 1.5, the drilling depth is 5–10 m and the hole diameter is 200–300 mm, which can effectively transfer the stress concentration, depending on the specific stope conditions. Coordinated control technology of the deep high-horizontal stress roadway is required.
COORDINATED CONTROL TECHNOLOGY OF THE DEEP HIGH-HORIZONTAL STRESS ROADWAY
After on-site investigation, it is found that from the slope change point of the No. 11 coal belt roadway in the West Wing of Zhuji to the machine head chamber of the No. 11 coal belt roadway in the West Wing of Zhuji, it is compressed and deformed, squeezing the belt conveyor in the roadway and restricting safety production. The deformation of the on-site investigation roadway is shown in Figure 9.
[image: Figure 9]FIGURE 9 | Field investigation on the deformation status of the 11 coal belt roadway.
Then, under the results of numerical simulation, the coordinated control is carried out from the slope change point of the 11 coal belt roadway in the east wing to the head chamber of the 11 coal belt roadway in the West Wing of the Zhujixi coal mine. The anchor mesh shotcrete cable support is adopted for permanent support Ф 22, L = 2,800 mm left-hand non-longitudinal reinforcement high-strength deformed steel bolts, with a row spacing of 800 × 800 mm. 1 × 19 strand high-strength anchor cables with specification Ф 22 are used. The length is L = 6,300 mm, the exposed length is 150–250 mm, and the row spacing between anchor cables is 1,600 ± 100 mm. The reinforced support anchor bolt and anchor cable are alternately arranged in the whole cross-section between the transverse and longitudinal middle of the original primary support anchor bolt, and the rows between adjacent anchor bolts and anchor cables are 800 × 800 mm. Grouting is also carried out for the machine head chamber and belt roadway of the 11 coal belt roadway. The diameter of the grouting pipe is 20 mm, and the grouting material is a single liquid cement slurry. The supporting section is shown in Figure 10.
[image: Figure 10]FIGURE 10 | Support section. (A) Permanent support. (B) Reinforcement support.
After adopting the coordinated control technology of the deep high-horizontal stress roadway, the field investigation on the support of the East Wing 11 coal belt roadway is carried out, and it can be seen that the support effect is remarkable, as shown in Figure 11.
[image: Figure 11]FIGURE 11 | Support effect of the 11 coal belt roadway in the west-east wing of Zhuji.
In order to further verify the roadway support effect, a borehole peeping camera is used to peep at the roadway after support, as shown in Figure 12. From the results, it can be seen that there is no obvious separation in the deep part of the roadway.
[image: Figure 12]FIGURE 12 | Peeping through 0–6 m boreholes in the 11 coal belt roadway in the west-east wing of Zhuji.
CONCLUSION

(1) Through the test, the mechanical parameters of the deep rock roadway surrounding rock in the Zhujixi coal mine and Hengyuan coal mine are obtained. Among them, the top and bottom slates of the 11 coal track roadway in the West Wing of the Zhujixi mine are mainly sandstone–mudstone. The tensile strength of mudstone is low, ranging from 0.8 to 1.7 mpa, and the compressive strength is about 20.1 mpa. The maximum compressive strength of sandstone is 109.5 mpa, the cohesion of sandstone C = 12.58 mpa, and the internal friction angle φ = 38.51°. The roof lithology of the Hengyuan mine and the 940 return air auxiliary crosscut is mainly mudstone, and the floor lithology is mainly sandstone. The tensile strength of mudstone is low, ranging from 1.6 to 4.4 mpa, and the compressive strength is 28.27–49.65 mp. The compressive strength of sandstone is up to 73.6 mpa, the cohesion of sandstone C = 5.7 mpa, and the internal friction angle φ = 23.17°.
(2) Through the test, the in situ stress occurrence characteristics of the typical deep rock roadway in the Zhujixi coal mine and Hengyuan coal mine are obtained. The maximum principal stress at the location of the 11 coal track roadway on the West Wing of the Zhujixi mine is 25.6–29.9 mpa, the middle principal stress is 22.3–23.6 mpa, and the minimum principal stress is mainly distributed between 16.3 and 18.4 mpa. The maximum principal stress at the location of the Hengyuan mine and the 940 return air auxiliary crosscut is 27.9–29.1 mpa, the middle principal stress is 17.6–19.9 mpa, and the minimum principal stress is mainly distributed between 11.4 and 13.3 mpa. The measured value of the intermediate principal stress is slightly less than the theoretical calculation value, which is obviously affected by the tectonic stress. The lateral pressure coefficients of the two mines calculated according to the theory are between 1.06 and 1.24 and between 1.18 and 1.24, respectively.
(3) The optimization scheme of the coordinated control technology is obtained by numerical simulation. Through comparison, it is found that the simulated support parameter is the row spacing between bolts of 700 mm × 700 mm, 13 full section supports, 4 base plates, and a 1400 mm row spacing between anchor cables × 1400 mm, and it can be clearly found that this support method is more conducive to the stability of the roadway floor surrounding rock. In the actual pressure relief construction, due to the different working faces, different material properties, and the requirements of drilling technology and construction efficiency, when the lateral pressure is higher than 1.5, the drilling depth is 5–10 m and the hole diameter is 200–300 mm, which can effectively transfer the stress concentration, depending on the specific stope conditions.
(4) The coordinated control technology is implemented from the slope change point of the 11 coal belt roadway in the east wing of the Zhujixi coal mine to the machine head chamber of the 11 coal belt roadway in the west wing. In the 11 coal belt roadway in the east wing of the Zhujixi coal mine, which is one of the places where the technology is implemented, it is found that the technology can fully mobilize the deep stable rock stratum by using the borehole peeping technology and on-site actual monitoring.
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Coal and gas outburst is an extremely complex dynamic phenomenon of mine gas, which is mainly manifested in a very short time. A large amount of coal and rock are thrown out from the coal body to the mining space and accompanied by a large volume of high-pressure gas. In the process of coal and gas outburst, the internal energy consumption of gas is composed of two parts: one is used to throw out broken coal and rock mass, and the other is used to pulverize broken coal. In this article, from the perspective of energy dissipation, the experiment of broken coal ejection with different coal particle sizes, different adsorption gas, and pressure is studied. The characteristics of coal ejection are studied and analyzed, and the proportion of adsorbed gas participating in the outburst work is quantitatively analyzed. The results show that after outburst excitation, residual gas will continue to desorb and work on outburst until the power is insufficient to throw coal body; compared with air, CO2 gas has a stronger ability to work on the outburst, and the outburst coal is thrown far away, and the pulverization effect is stronger. Through the energy analysis in the process of outburst, the results show that when the particle size of the coal sample is consistent, the greater the outburst pressure is, the larger the desorption amount of the adsorbed gas is, and the larger the volume involved in the outburst work is. When the test gas is consistent with the outburst pressure, the gas desorption amount of the small-size coal sample is more, the desorption gas has a stronger ability to work on the outburst, and the proportion of participating in outburst work is higher. The crushing degree of coal plays an important role in the expansion and release of gas internal energy.
Keywords: coal and gas outburst, gas expansion energy, energy dissipation, expansion energy of adsorbed gas, crushing energy
1 INTRODUCTION
Coal and gas outburst is an extremely complex dynamic phenomenon in the process of underground mining in coal mines. It is mainly manifested in a short period of time. A large amount of coal and rock are thrown out to the mining space, and a large volume of high-pressure gas is sprayed out. The formation of coal and rock-gas flow with high-speed movement can directly strike and bury the workers, casualties, or equipment, and facilities near the underground, which poses a great threat to the safe production of coal mines. Frequent coal and gas outburst accidents have caused a large number of casualties.
Domestic and foreign scholars define the causes, conditions, and the whole process of coal and gas outburst as the coal and gas outburst mechanism (Dong, 2015). It has been reported that some experts have made abundant research results in highlighting the mechanisms. Beamish et al. (Basil and Beamish, 1998; Jin et al., 2018) believed that gas played an important role in the occurrence of coal and gas outbursts. Paterson (1986) analyzed the gas flow and stress distribution of two-dimensional coal seam, and considered that coal and gas outburst was structural instability under high gas pressure gradient; Noack and Li et al. (Klaus, 1998; Li et al., 2018) considered that ground stress played a leading role in the occurrence of outburst. Sato and Fujii (1989) studied the location of coal and gas outbursts in detail, and considered that the geological structure had obvious influence on the outburst. Cao et al. (2001) studied the influence of reverse faults in geological structures on the outburst. The results show that the coal seam in the lower wall of the reverse fault experienced more tectonic deformation than that in the upper wall. The area with high gas content almost always appears in the lower wall, and outburst is more likely to occur in these areas. Dmytro Rudakov (Dmytro and Valeriy, 2019) believed that the release of large amounts of gas in coal seam was caused by the decomposition of coal organic matter with unstable thermodynamics, and based on this, a one-dimensional mathematical model of gas flow in the outburst excitation stage was established. With the continuous improvement and enrichment of the outburst mechanism, people have gradually formed a unified understanding that coal and gas outburst is caused by the combined effect of ground stress, coal seam gas pressure, and coal’s physical and mechanical properties (Norbert, 1997; Alexeev et al., 2004; Jacek, 2014; Du et al., 2020a; Yin et al., 2020). At the same time, the gas internal energy has gradually become a hot topic for many scholars. Wang et al. (2017a) carried out outburst simulation experiments with different strength briquettes and created the gas containing conditions of “the same free gas content and different adsorbed gas content” by using different adsorption characteristics of gas. The influence of adsorbed gas content on outbursts was discussed. Valliappan S (Valliappan and Wohua, 1999) believed that the gas energy released from the gas desorbed from the coal matrix to the pores was the main reason for the outburst energy; Baohai Y (Yu et al., 2015) studied the gas expansion energy in the outburst process, and the results show that the gas expansion energy is the key source of outburst energy; Peng S J et al. (Peng et al., 2012; Zhi-qiang et al., 2012; Du et al., 2020b; Wu et al., 2021a) also verified the above point of view through many experiments and proved that gas expansion energy is the main energy of throwing and crushing coal; with the continuous research and breakthrough of scholars, gas expansion energy has also begun to be used to evaluate the risk of outburst. Yang D (Yang et al., 2018) and Xu L (Xu and Jiang, 2017) studied the initial desorption characteristics of gas through experiments, indicating that the initial expansion energy of released gas can reflect the risk of outbursts. At the same time, Zhao et al. (Wang et al., 2012; Yin et al., 2014; Zhou and Wang, 2016; Zhao et al., 2017; Du et al., 2020c; Wu et al., 2021b) research results show that gas expansion can also be used to evaluate the damage of coal and rock mass during the development of coal and gas outburst.
In summary, the rich research results of many scholars in the field effectively promote the development of coal and gas outburst mechanisms, and provide theoretical guidance for the application of engineering research. However, there are few studies on the role of adsorbed gas in the process of outburst, especially the quantitative analysis of adsorbed gas work in the process of outburst. In this article, based on the existing results, combined with the mechanical impact crushing test of broken coal and the sudden unloading throw test of broken coal containing gas, the above problems are analyzed and studied. The purpose is to provide the basis for quantitative analysis of the energy of adsorbed gas participating in outbursts and lay the foundation for an in-depth understanding of the energy dissipation law of outbursts.
2 ENERGY CONVERSION IN COAL AND GAS OUTBURST
Coal and gas outburst is a process of energy accumulation and release. Mining disturbance breaks the original stress balance state and makes the load on the coal body in the mining area begin to transfer to the adjacent coal body. The adjacent coal body is subjected to strength failure, strain softening, and flow deformation due to the increase of pressure. In this process, a large amount of deformation energy is gathered, and a stress concentration area is formed. At the same time, due to the stress concentration, the compression of coal pore cracks is caused so that the gas pressure in the coal seam is also increased, and the potential of gas expansion work is also increased. Finally, a limit stress balance and high gas gradient area are formed in the coal wall in front of the work. The mechanical failure conditions are created for prominent subsequent excitation. The deformation and failure of the coal body developed to a critical condition, or under the action of external disturbance load, the coal body was destroyed and unstable. The stored elastic energy in the coal and rock mass quickly released and acted on the coal and rock mass so that the original fracture of the unloading coal body expanded and produced new fractures. At the same time, with the penetration of the fractures, the coal body gradually destroyed, and finally formed broken coal or pulverized coal. The expansion of primary fractures, the generation of new fractures, and the fragmentation of coal have created favorable conditions for the release of gas, which promotes rapid desorption of adsorbed gas to free gas and participates in the outburst and the formation of coal–gas–solid two-phase flow with broken coal. After the outburst excitation, the broken coal will be thrown out by the rapid expansion of gas, and the broken coal will be further pulverized in the process of throwing until gas expansion cannot be enough to throw the broken coal and terminate the outburst.
In the process of outburst energy release and dissipation, the proportion of friction heat, sound, vibration, and other energy consumed by outburst coal impacting roadway walls, support, and other obstacles is small. For the convenience of research, it can be ignored (Wen, 2003; Wang et al., 2015), and the energy dissipation in the process of outburst can be expressed as (Hu and Wen, 2013)
[image: image]
where W1 is the elastic potential energy of coal and rock mass in the outburst range; W2 is the gas internal energy of coal and rock mass in the outburst range; A1is the fracture energy of coal and rock mass; and A2 is the throwing power of coal and rock mass.
Combined with the dynamic phenomenon of coal and gas outburst and the above analysis, the energy in the process of the outburst comes from the release of elastic energy of coal body and internal energy of the gas, mainly acting on the crushing and throwing of coal body, and part of the energy is dissipated in the friction heat, sound, and vibration caused by the outburst coal body impacting the roadway wall, support, and other obstacles. Previous research results show that the elastic energy caused by ground stress in the process of outburst is first consumed, and after the ground stress destroys the coal body, the elastic energy of the coal body has been consumed (Jiang and Yu, 1996). The physical simulation experiment carried out in the laboratory also found that after the outburst excitation, the coal body in the outburst area was quickly released and destroyed, and the stress of the coal body near the outburst area decreased rapidly, almost simultaneously to zero (Jin, 2017). Therefore, it can be considered that after outburst excitation, the development of outburst is a process in which high-pressure gas flow quickly throws out a broken coal body. The energy of the thrown out broken coal body and pulverized broken coal body comes from gas expansion energy, and the gas expansion energy comes from the rapid analysis of free gas and adsorbed gas. At this stage, Eq 1 can be rewritten as
[image: image]
where Wf is the energy of free gas expansion participating in the work, J; Wα is the adsorption gas expansion involved in work energy, J; A1 is the energy consumed by gas-pulverized coal crushing, J; A2 is the gas that throws out the energy consumed by broken coal, J.
In the process of the outburst, the throwing power of gas to the coal sample is the kinetic energy when the coal sample is sprayed out of the hole, but the speed of throwing coal is different for different outbursts and different times of the same outburst. It is difficult to monitor in the field and test. Therefore, according to the equivalent distance and potential energy of the coal sample, the equivalent distance can be expressed as
[image: image]
where Sp is the equivalent distance, m; B is the outburst strength, kg; and dM is the mass of the thrown coal sample within the range x to dx of the outburst exit, kg; the coal and gas outburst is regarded as near-horizontal ejection (Hu and Wen, 2013), and the relationship between the equivalent distance Sp and the ejection velocity of the coal sample can be obtained by using the flat ejection formula:
[image: image]
where h is the coal seam thickness, m, and g is the acceleration of gravity, m/s2.
Then the work of gas throwing out the outburst coal sample is
[image: image]
According to Wang et al. (Jin), the crushing work can be expressed as
[image: image]
where f is the consistent coefficient of coal; ρ is the density of coal, kg/m3; D is the average particle size of coal before crushing, m; and d is the average particle size of coal after crushing, m.
Coal has strong adsorption of gas, so there are a large amount of adsorbed gas in the coal seam. There is a significant difference between the process of gas expansion and the conventional gas expansion when coal and gas outburst occurs. At the same time, the adsorbed gas in the coal body will continue to desorb and participate in the outburst work. Therefore, the amount of gas in the outburst work is between the amount of free gas and the total amount of gas. In the process of outburst, on the one hand, the free gas expansion at the moment of pressure relief works on the outburst, and on the other hand, the adsorbed gas is desorbed continuously, and the power source is continuously supplemented and involved in the outburst work, which makes it difficult to accurately analyze the adsorbed gas internal energy in the process of outburst. Therefore, it is necessary to calculate the gas internal energy from another point of view. If the loss of other energy in the outburst process is ignored, the whole outburst process is regarded as an adiabatic process. Assuming that the gas expansion energy in the outburst process fully affects the ejection and crushing of the outburst coal body, the amount of adsorbed gas participating in the work can be expressed as follows:
[image: image]
Formula for calculating expansion energy of free gas:
[image: image]
where V1 is the free gas volume involved in the outburst work, m3/t; P1 is the gas pressure of working face after coal thrown out, MPa; P0 is the coal seam gas pressure before the outburst, MPa; and n is the process index; for isothermal process, n = 1, adiabatic process, n = 1.31, and for variable process, n = 1–1.31.
3 TEST SCHEME
The test equipment adopts the self-developed visual simulation experiment system of the dynamic effect of coal and gas outburst to carry out the simulation experiment of gas-containing coal ejection. The test system is mainly composed of a high-pressure sealing chamber, inflatable system, outburst control device, pipeline system, and data acquisition system. The length of the high-pressure sealing cavity is 30 cm, and the inner diameter is 10 cm. The gas-filled/vacuum-pumping dual-purpose interface is opened at its tail, and the three-way conical valve is used for sealing, so as to realize the conversion of the gas-filled and vacuum-pumping interface during the test. There are three uniformly distributed sensor interfaces at the top of the cavity, which can be used to monitor the temperature, pressure, and gas concentration in the cavity, as shown in Figure 1. During the test, the protruding cavity was connected with the protruding control device by flange and fixed on the ground through the support. The outburst control device is controlled by a pneumatic electromagnetic ball valve. The designed pressure strength is 1.5 MPa. During the test, the gas pressure in the valve reaches 0.6 MPa, and pressure is maintained. When the pressure relief is needed, the instantaneous exposure of the outburst port is realized through the power switch. The material of the pipeline system is the transparent acrylic pipe, the length of each pipe is 1 m, and the inner diameter is 10 cm. During the test, the flange connection is used between the pipes and the control device of the outburst port, and the bracket is fixed on the ground. There are four uniformly distributed sensor interfaces above the pipeline with corresponding plugs. The pneumatic system is mainly composed of high-pressure cylinders and vacuum pumps. After the completion of coal sample filling and sensor layout, the high-pressure sealing cavity is vacuumed and inflated. By filling gas into the high-pressure sealing tube step by step, the gas pressure in the high-pressure sealing cavity is monitored by means of a data acquisition system and pressure sensors on the high-pressure sealing cavity so that it can reach the adsorption equilibrium and meet the pressure requirements of the experimental design. The data acquisition system mainly includes a computer, a data acquisition card, supporting sensors, a high-speed camera, and a transmitter. During the test, the parameters such as gas pressure, gas concentration, and temperature in the simulated roadway and sealing chamber can be automatically monitored and collected by the system, the overall structure of the test system is shown in Figure 2.
[image: Figure 1]FIGURE 1 | High pressure sealing cavity.
[image: Figure 2]FIGURE 2 | Visualized coal and gas outburst simulation system.
The coal sample used in this experiment is the M8 coal seam in the Fengchun Coal Mine of Chongqing. The average thickness of the M8 coal seam is 1.61 m, the original gas content is 25.87 m3/t, and the measured maximum gas pressure is 3.8 MPa, which is the coal and gas outburst coal seam. In order to systematically study the working ability of adsorbed gas in the process of coal and gas outburst, two different gases and three different particle sizes of coal samples were designed in this experiment. The sudden unloading simulation test of broken coal containing gas under three different pressure (absolute pressure) conditions was carried out. The parameters of the test scheme are shown in Table 1.
TABLE 1 | Test parameters.
[image: Table 1]4 TEST RESULTS AND ANALYSIS
4.1 Test Results
In order to fully reflect the results of simulation tests, the outburst strength, that is, the total mass of outburst coal, the mass distribution of outburst coal, and the average particle size of outburst coal, are counted. These three physical quantities are also important indexes for calculating the energy dissipation of outbursts. The quality of outburst coal powder was counted according to 1m, and the particle size was screened according to 3, 1, 0.5, 0.25, and 0.1 mm.
4.1.1 Outburst Strength and Distance
The ratio of outburst coal quality to total coal filling is defined as the outburst relative strength (Jin, 2017). It can be seen from Table 2 and Figure 3 that with the increase of outburst gas pressure, the relative strength of outburst also increases, almost linearly increasing, and the maximum throw distance also increases with the increase of pressure. When the air pressure and the initial particle size of the coal sample are the same, the ability of CO2 to work for outburst coal is stronger than that of air, and more pulverized coal is thrown out, and the throw distance is farther. From the above experimental results, we can know that the greater the outburst pressure, the more the energy released by gas expansion, the stronger the ability to work on coal, and the more the amount of coal thrown out; the larger the initial kinetic energy of the thrown coal is, the farther the distance of the thrown coal migration is. When the pressure is the same as the particle size of the coal sample, the ability of CO2 gas to work for outburst coal is better than that of air, indicating that the gas with strong adsorption has stronger ability to work. When an outburst occurs, the outburst strength is greater.
TABLE 2 | Outburst strength and throw distance.
[image: Table 2][image: Figure 3]FIGURE 3 | Relationship between outburst pressure and outburst relative strength, and outburst distance.
4.1.2 Quality Distribution Characteristics of Outburst Coal
It can be seen from Figure 4 that the gas type, outburst gas pressure, and coal sample particle size all affect the quality distribution of outburst coal. Although the quality distribution of outburst coal has a certain degree of fluctuation, the overall quality distribution law is basically consistent with the quality distribution law of typical coal and gas outburst. There are more outburst coal samples near the outburst mouth. With the increase in distance, the quality of outburst coal generally shows a decreasing trend. It can also be seen from Figures 4A and B that when the outburst pressure is large, the initial kinetic energy obtained by the outburst coal body is larger, and the thrown distance is farther. When the gas pressure is small, the outburst coal is mainly distributed near the outburst mouth due to the small initial kinetic energy.
[image: Figure 4]FIGURE 4 | Quality distribution of outburst coal.
It can be seen from Figure 4C that under the same pressure condition, the coal sample with a larger particle size was thrown farther, while the coal sample with a smaller particle size was thrown closer to the outburst port, but the quality of outburst coal was relatively large. The main reason for this phenomenon is that although the large-size coal sample obtains a large initial kinetic energy at the outburst moment, its adsorption is relatively weak, the gas adsorption is small, and the residual gas in the cavity after the outburst is relatively small, resulting in the fact that the residual gas is not enough to be thrown out of the coal body.
4.1.3 Particle Size Distribution Characteristics of Outburst Coal
From the statistical results of Table 3, we can know that there are coal samples with particle size less than the initial particle sizes in each group of experimental outburst coal. It shows that in the process of coal and gas outburst driven by gas, gas not only has a throwing effect on outburst coal but also has a certain powdering effect on outburst coal in the process of outburst. In the thrown coal, the diameter of pulverized coal after crushing is counted as the particle size below the initial particle size. The initial particle size of the data in Figure 5 is 3–10 mm, and the diameter of outstanding pulverized coal is counted as 1–3 mm and below. In addition, it can be seen from Figure 5 that with the decrease of gas pressure, the pulverization effect of gas on outburst coal decreases. Due to the strong adsorption of CO2, the amount of desorption expansion and work gas is larger than that of air when outbursts occurs. Therefore, when the pressure and initial particle size are the same, the pulverization effect of CO2 on outburst coal is stronger than that of air.
TABLE 3 | Statistical results of particle size of outburst coal.
[image: Table 3][image: Figure 5]FIGURE 5 | Particle size distribution of outburst coal with particle size less than 3 mm (initial particle sizes are 3–10 mm).
4.2 Energy Analysis During Outburst Occurrence
Combining Formulas (5) ∼ (6), the throwing power and crushing power of coal samples under different test conditions are calculated. The expansion energy of free gas and adsorbed gas are calculated from Formula (7) to (8). The calculation results are shown in Table 4.
TABLE 4 | Energy calculation results.
[image: Table 4]It can be seen from Table 4 and Figure 6A that with the increase of outburst pressure, the crushing effect and ejection effect of test gas on outburst coal are enhanced, and the amount of adsorbed gas participating in work is also increasing. When the outburst pressure is small (0.1 MPa), the ejection effect and crushing effect of CO2 and air on coal are relatively small, and the sum of ejection work and crushing work is less than that of free gas internal energy, so it is considered that the adsorbed gas does not participate in outburst work under this condition. When the particle size is consistent with the outburst pressure, the crushing and ejection work of CO2 gas for outburst coal is greater than that of air, and the amount of adsorbed gas participating in the work is larger. In addition, compared with the experimental results under the condition of 0.3 MPa/CO2, it is found that the fragmentation degree of coal samples also affects the release of gas internal energy. When the fragmentation degree of coal samples is small, that is, the particle size is small, the gas expansion energy is larger, and the crushing work and ejection work of coal samples are also increased accordingly, as shown in Figure 6B. The reason for this phenomenon, on the one hand, is that because the coal sample with a smaller particle size has a larger specific surface area, stronger adsorption capacity for CO2 gas, and larger gas internal energy is stored in the coal body; on the other hand, when the pressure is suddenly unloaded, the smaller particle size coal samples with a more obvious crushing degree are conducive to the rapid desorption of adsorbed gas and participate in the prominent work. Therefore, the degree of coal fragmentation plays an important role in the release of gas internal energy in coal. The higher the degree of coal fragmentation is, the more conducive it is to the rapid release of gas internal energy and works on the outburst.
[image: Figure 6]FIGURE 6 | Effect of pressure and particle size on gas expansion energy. (A) Effect of outburst pressure on gas expansion energy. (B) Effect of particle size on gas expansion energy.
4.3 Work Proportion Analysis of Adsorption Gas
The gas in the coal seam mainly exists in the adsorbed state, and its content can generally reach 80–90%. At present, the research on the influence of adsorbed gas on outbursts is not deep enough. In the process of outbursts, on the one hand, the instantaneous expansion and release of free gas can work on outbursts. On the other hand, the process of rapid desorption of adsorbed gas to continuously supplement free gas and participate in the work of outburst is relatively complex, resulting in the current consensus on how much adsorbed gas is desorbed and how much is involved in the work of outburst (Wang et al., 2017b), and the existing research results believe that the slow escape of gas on the outburst work efficiency is low, or even not work, only when the coal is seriously damaged will quickly desorb participate in the outburst work (Wen, 2003). Therefore, the desorption of adsorbed gas in the process of coal and gas outburst will experience the whole process of rapid desorption, slow desorption, and stop desorption. Although some of the residual adsorbed gas is slowly desorbed into free gas, this part of adsorbed gas is not fully involved in work. It is necessary to know the adsorption capacity of coal samples with different particle sizes under different gas pressures and the volume of adsorbed gas participating in the work. The gas adsorption capacity per unit mass of coal can be expressed as
[image: image]
where Q is the coal of unit mass adsorbing gas volume, m3, at gas pressure p, m3; a is the maximum surface adsorption of coal per unit mass, m3/kg; b is the adsorption coefficient; A is the ash in coal, %; and M is the moisture in coal, %.
Using the formula of gas expansion energy (8), the volume of the adsorbed gas work is inversely solved, and the volume ratio of adsorbed gas participating in the outburst is calculated by combining Formula (9). The calculation results are shown in Table 5.
TABLE 5 | Calculation results of work ratio of adsorbed gas.
[image: Table 5]It can be seen from Table 5 that the proportion of gases involved in the outburst work in the desorption amount of adsorbed gas is between 6.63 and 33.80%, and the volume of adsorbed gas involved in the outburst work accounts for 5.33–19.54% of the total adsorption amount.As Figure 7A shows, when the particle size of the test gas is consistent with the coal sample, the greater the outburst pressure, the desorption amount of the adsorbed gas is relatively large, and the volume of the work involved in the outburst is also larger. The proportion of the work volume to the total adsorption amount has a certain fluctuation. When the pressure is 0.1 MPa, there is no adsorbed gas to participate in the outburst work, and the proportion of 0.3 MPa is relatively higher than 0.5 MPa. It shows that when the gas pressure is low, due to the pressure drop in the cavity being too fast, the power of adsorption gas desorption is not enough to work on the outburst. When the outburst pressure is relatively large, the pressure in the outburst chamber drops instantly, but the speed of absorbing gas to supplement the power is relatively fast. Therefore, this part of the gas will participate in the outburst work. However, with the continuous decline of the pressure, the subsequent supplement power is no longer sufficient to work on the outburst, resulting in the loss of this part of the gas. When the pressure drop of 0.5 MPa is larger than that of 0.3 MPa, the desorption amount of gas is more, and the continuous desorption time is longer. When the pressure drops to a certain critical value from 0.1 to 0.3 MPa, the subsequent desorbed gas no longer participates in the outburst work, resulting in more adsorbed gas not participating in the outburst work, so the proportion of adsorbed gas participating in the outburst work is less than 0.3 MPa. When the test gas is consistent with the outburst pressure (Figure 7B), the adsorbed gas desorbed from the coal sample with a smaller particle size is larger than that of the coal sample with a larger particle size, and the adsorbed gas volume participating in the work is also higher, indicating that the smaller the particle size, the more conducive to the rapid desorption of adsorbed gas in coal and participating in the work of outburst.
[image: Figure 7]FIGURE 7 | Relationship between work ratio of adsorbed gas and outburst pressure, and coal particle size.
When the particle size of the coal sample corresponds to the outburst pressure, although the work ability of air on outburst coal is less than that of carbon dioxide gas, and the adsorption and desorption amount is also less than that of carbon dioxide gas, the proportion of work involved in desorption volume is relatively high. Combined with the change of air pressure in the outburst chamber (Figure 8), this phenomenon can be explained under the experimental conditions as follows: when the outburst is excited, the free gas in the chamber is released instantly and works on the outburst, resulting in the decrease of air pressure in the outburst chamber, but the adsorbed gas will continue to be desorbed as a supplemental power source for the outburst until it is not enough to throw out the broken coal, so the gas pressure will not decrease linearly, and Figure 8 shows that the rate of pressure drop of carbon dioxide gas is significantly lower than that of air. Although the adsorption capacity of carbon dioxide gas is large, it will continue to desorb relatively more gas, but when the pressure drops to a certain extent, the power of residual gas is no longer enough to work on the outstanding gas, which leads to the subsequent slow desorption of the gas to do “no work.” Therefore, although the adsorption capacity, desorption capacity, and workability of carbon dioxide gas are greater than those of air, the proportion of gas volume participating in work is lower than that of air.
[image: Figure 8]FIGURE 8 | Pressure changes in the protruding cavity.
5 CONCLUSION

(1) The mass distribution characteristics and particle size distribution characteristics of pulverized coal after outburst show that the ability of CO2 gas for the outburst work is greater than that of air. When the test gas is CO2, the throw distance of outburst coal is farther, and the pulverized effect of outburst coal is stronger than that of air.
(2) The test results of coal samples with different particle sizes show that the degree of coal fragmentation affects the release of gas internal energy to a large extent. The higher the degree of coal fragmentation, the more conducive it is to the rapid release of gas internal energy and participation in the outburst work. The larger the pressure is, the larger the desorption amount of adsorbed gas is, and the larger the volume of work is.
(3) The larger the pressure of outburst gas is, the larger the desorption amount of adsorbed gas is, and the larger the volume of the outburst work is. The desorption amount of adsorbed gas in coal samples with small particle sizes is greater than that in coal samples with large particle sizes, and the ability to work in outburst coal is stronger. The volume proportion of adsorbed gas participating in work is also higher; that is, the degree of coal crushing plays an important role in the expansion and release of gas.
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To study the evolution law of axial force and shear stress of a full-length anchorage bolt in a rectangular roadway during roadway driving and working face mining, based on the stress analysis of the bolt, considering the elastic parameters and geometric size of the bolt, the effect of a bearing plate on surrounding rock, roadway cross-section shape, roadway deformation degree, and roadway elastic parameters, elastic mechanics and mathematical analysis methods were used to establish the mechanical model describing the interaction between the bolt and surrounding rock, and the mechanical formulas for calculating the axial force and shear stress of the bolt were derived. Taking the mining roadway of 1,131(1) working face in the Zhujidong coal mine of the Huainan mining area as the engineering background, the axial force and shear stress of the bolt in the middle of the roof and side of the rectangular roadway with the advance of driving face and working face were analyzed. The mechanical model and theoretical analysis results are verified by installing force measuring bolts with the same mechanical properties as the field and observing the real axial force distribution of the bolts.
Keywords: rectangular roadway, full-length anchorage, force measuring bolt, neutral point, stress distribution
1 INTRODUCTION
The rectangular roadway has been widely used in coal mining roadways because of its advantages of fast driving speed and convenient construction. A rectangular roadway with bolts and cable support has become the most important design scheme for the coal mining roadway. With the continuous increase of coal mining depth, the support strength of mining roadways continues to improve. The full-length anchoring bolt can not only provide the surface force but also effectively prevent the deformation of the shallow surrounding rock of the roadway, which has become a powerful measure to improve the support strength. However, because of the complexity of the surrounding rock stress distribution of a rectangular roadway, the stress of its full-length anchoring bolt is obviously different from that of regular section roadways such as circular, oval, and straight wall semicircular arch, which has attracted the attention of many coal mine engineers and technicians (Lv et al., 2018; Mei et al., 2020).
Many scholars at home and abroad have carried out significant research on the mechanical properties of full-length anchoring bolts through theoretical analysis, numerical simulation, laboratory tests, or field tests. Wang et al. established the dynamic response model of full-length anchorage bolts. Based on structural dynamics and the explosion spherical wave theory, they calculated and analyzed the variation characteristics and distribution law of axial stress and shear stress of bolts with time under a blasting dynamic load (Wang et al., 2018; Zou and Zhang, 2021). Wang et al. systematically studied the mechanical characteristics of the full-length anchorage bolt under different working conditions, developed the anchor algorithm, carried out numerical tests, and analyzed the effects of continuous deformation magnitude, crack parameters, and confining pressure-drawing conditions on the distribution of the axial force and shear stress of the full-length anchoring bolt. Li et al., based on the deformation of the surrounding rock, established the bolt-surrounding rock interaction model, and deduced the analytical expressions of the distribution of axial force and shear stress along the bolt body during the normal support process and critical failure of the bolt (Wu et al., 2018; Zhao et al., 2020). Chang et al. proposed a simplified method to analyze the interaction between full-length anchoring bolts and rock mass in circular roadways under hydrostatic stress field. In this process, the relative motion between the rock mass and bolt is determined by considering the interfacial shear stiffness. In addition, the elastic elongation of the bolt is also considered. The rock bolt interaction is simulated in the initial and final states (Cheng et al., 2015; Chang et al., 2019). Zhou et al. proposed a numerical model based on the double exponential curve shear slip-model of the anchorage interface and the linear strengthened elastoplastic constitutive model of the bolt, and verified the model through the pull-out test (Cui et al., 2021). Chen et al. established an analytical model to study the load transfer characteristics of the full-length anchoring bolt and verified the theoretical model by the field pull-out test. It is found that the axial load of the bolt attenuates from the loading end to the free end, which is independent of the pull-out load (Chen et al., 2020). Zou et al. proposed a dynamic bond-slip model to describe the dynamic evolution characteristics of the bond strength of the bolt rock interface, and deduced the analytical solutions of the shear stress distribution, load-displacement relationship, and relative displacement of the bolt considering the free end slip (Jin-feng and Peng-hao, 2019). Aghchai et al. studied the interaction between the full-length anchoring bolt and slurry and the surrounding rock in the pull-out test, considered different stages such as complete bonding and partial anchoring, and analyzed and obtained the load-displacement curve of the anchor head (Aghchai et al., 2020). Liu et al. considered the combined action of axial force and shear force of the bolt, and proposed an improved prediction method for the shear strength contribution of full-length anchoring bolts (Liu and Li, 2020). Liu et al. established the analytical model of the interaction between the bolt and surrounding rock, deduced the control differential equation of load transfer, obtained the stress distribution of the anchor body, and proposed the calculation method of the bolt considering the shear damage of the anchorage interface based on the finite element method (Liu et al., 2017; Lyu et al., 2018). Liu and Li analyzed the load distribution and deformation characteristics of the deflection section of the full-length anchoring bolt, and established the structural mechanics model. Based on the force method equation and deformation coordination relationship, the analysis method of the influence of axial force and shear force at the intersection of the bolt and joint surface on the stability of the rock slope is established, and the influence of bolt inclination on the joint surface is discussed (Liu and Li, 2017; Li and Liu, 2019). There are many similar research results, such as those achieved by Liu et al., (2017) and Sun et al. (2021). Although the existing studies have carried out detailed research on the mechanical properties of full-length anchoring bolts and have achieved rich research results, the existing research methods seldom consider the influence of the roadway section shape and roadway surrounding rock deformation characteristics on the full-length anchoring bolt. This leads to many conclusions which cannot be directly applied to production practice.
To sum up, this study refers to the existing research results, fully considers the section shape of the mining roadway and the deformation of the surrounding rock of the mining roadway, establishes and solves the mechanical model of the bolt through the stress analysis of the bolt, and deduces the mechanical formula for calculating the axial force and shear stress of the bolt. Based on the engineering background of 1,131(1) working face of the Zhujidong coal mine in the Huainan mining area, the variation law of axial force and shear stress of full-length anchoring bolts in the middle of the roof and side of a rectangular roadway with the advance of the driving face is analyzed. The change of axial force of full-length anchoring bolts during roadway driving is observed by the force measuring bolt, which verifies the correctness of theoretical analyses. It provides a theoretical basis for bolt support design.
2 BOLT MECHANICS MODEL
It is assumed that the surrounding rock is an isotropic elastomer without considering the influence of an anchoring agent. At the same time, it is assumed that the bolt is a one-dimensional elastomer without considering the transverse deformation of the bolt. It is assumed that the stress and displacement of the bolt are continuous at the anchorage surface. The coordinate system is established as shown in Figure 1, and mechanical model is obtained for calculating the axial force and shear stress of the bolt by analyzing the stress of the bolt and deformation of the surrounding rock.
[image: Figure 1]FIGURE 1 | Stress diagram of the bolt and surrounding rock.
In Figure 1, [image: image] shows the working resistance of the bolt; [image: image] indicates the action load of the bearing plate on the surrounding rock; and [image: image] represents the equivalent circle radius of the bearing plate. Figure 1 also shows the rectangular coordinate system x-y and the cylindrical coordinate system [image: image] used to establish the model and their corresponding relationships.
2.1 Stress Analysis of the Bolt
The stress of the bolt is shown in Figure 2. [image: image] shows the axial force of the bolt; [image: image] shows the shear stress on the surface of the bolt body; [image: image] represents the interface between the anchorage section and the non-anchorage section; and [image: image] shows the arbitrary section in the anchorage section. The axial force [image: image] of the bolt is constant in the non-anchorage section and its value is the same as the working resistance [image: image]. In the anchorage section, it is an unknown function about z. The shear stress [image: image] is 0 in the non-anchorage section and an unknown function about z in the anchorage section.
[image: Figure 2]FIGURE 2 | Bolt stress diagram.
The bolt body from the end of the anchor to the section [image: image] is taken as the research object. In the cylindrical coordinate system, the direction of shear stress in Figure 2 is negative. According to the balance condition of the force system, the relationship between the axial force [image: image] and shear stress of [image: image] can be obtained as follows:
[image: image]
In Eq. 1, [image: image] represents the radius of the bolt. The elastic modulus of the bolt is much larger than that of the surrounding rock and the cross-section of the bolt is much smaller than that of the roadway. Therefore, it can be assumed that the normal stress [image: image] on the cross-section of the bolt is evenly distributed. Then, the relationship between the axial force [image: image] and normal stress [image: image] is
[image: image]
According to the field observation data and the design requirements of the bolt support, the bolts are in the elastic state during roadway driving. Therefore, the relationship between the axial normal stress [image: image] and the axial strain [image: image] of the bolt is
[image: image]
In Eq. 3, E represents the elastic modulus of the bolt. Substituting Eq. 3 into Eq. 2, we can get
[image: image]
By substituting Eq. 4 into Eq. 1, the relationship between the bolt surface shear stress [image: image] and the bolt axial strain [image: image] is
[image: image]
The shear stress and strain of the surrounding rock at the anchorage surface are the same as the shear stress and axial strain of the bolt. Then, the shear stress and strain of the surrounding rock at the anchorage surface can be substituted into Eq. 5. By solving Eq. 5, the expressions of axial force and shear stress of the bolt are derived.
2.2 Effect Analysis of the Bearing Plate on Surrounding Rock
Assuming that the extrusion force of the bearing plate on the surrounding rock is uniformly distributed and there is no shear load on the surrounding rock, the force of the bearing plate on the surrounding rock is shown in Figure 3:
[image: Figure 3]FIGURE 3 | Force of the bearing plate on the rock wall.
In Figure 3, the calculation method of [image: image] and [image: image] are as follows:
[image: image]
In Eq. 6, [image: image] represents the area of the bearing plate. When the Love displacement function is taken in the form as shown in Eq. 7, the exact solution of the mechanical problem shown in Figure 3 can be obtained.
[image: image]
In Eq. 7, [image: image] and [image: image] are displacement functions, and the expression is
[image: image]
In Eq. 8, [image: image] () and [image: image] () represent the first kind of Bessel functions of order 0 and order 1; v represents Poisson’s ratio of the surrounding rock; e represents the base of the natural logarithm; and [image: image] represents the integral variable.
By substituting the Love displacement function Eq. 7 into Eq. 9, the displacement distribution law of the surrounding rock when it is squeezed by the bearing plate can be obtained.
[image: image]
In Eq. 9, [image: image] represents the Love displacement function and G represents the shear modulus of the surrounding rock. By substituting the displacement component of the surrounding rock obtained from Eq. 9 into the geometric equation, the strain tensor of the surrounding rock under the bearing plate extrusion can be obtained, and then the stress tensor of the surrounding rock can be obtained by Hooke’s law.
2.3 Deformation Analysis of the Surrounding Rock of Rectangular Roadways
Assuming that the stress distribution of roadway surrounding rock is a plane strain problem, the proposed complex function method is used to solve the strain distribution law of rectangular roadways (Muskhelishvili and Noordhoff, 1953; Feng et al., 2014; Tran Manh et al., 2015; Shen et al., 2017; Chang et al., 2020). The stress of a rectangular roadway is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Stress diagram of the rectangular roadway.
The stress distribution of the surrounding rock of a rectangular roadway can be characterized by two complex functions [image: image] and [image: image]. The form of complex functions [image: image] and [image: image] are
[image: image]
In Eq. 10, the function [image: image] represents the conformal mapping function from the outer domain of the rectangular roadway to the unit circle on the complex plane, and the solution method is shown in the literature (Nazem et al., 2015; Yuan et al., 2018; Baddoo and Crowdy, 2019; Badreddine et al., 2019; He et al., 2022). Analytic functions [image: image] and [image: image] satisfy Cauchy–Riemann conditions. The values of variables [image: image] and [image: image] are as follows:
[image: image]
In Eq. 11, [image: image] and [image: image] represent the coordinate components of the curvilinear coordinate system determined by the conformal mapping function [image: image]. The surrounding rock stress of the rectangular roadway is
[image: image]
In Eq. 12, [image: image], [image: image], and [image: image] represent the stress components in the curvilinear coordinate system. According to the method in the reference (He et al., 2022), the stress tensor in the rectangular coordinate system can be obtained. Then, the strain tensor of the surrounding rock can be obtained from the stress tensor.
2.4 Effect Analysis of the Bolt on Surrounding Rock
The load function [image: image] is used to equivalent the effect of the bolt on the surrounding rock. The load function is distributed along the axial direction of the bolt. It is an unknown function of variable z in the anchorage section and 0 in the non-anchorage section. The effect of the load on the surrounding rock is the same as that of the bolt on surrounding rock. The force of the load on the surrounding rock is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Schematic diagram of [image: image] acting on the surrounding rock.
Take microelements on the bolt for analysis. At this time, the surrounding rock [image: image] is under the action of the concentrated load [image: image], and when the Love displacement function is in the form shown in Eq. 13, the stress distribution law of the surrounding rock under the concentrated load [image: image] can be obtained by the following equation.
[image: image]
In Eq. 13, the function [image: image] is a known function and satisfies the following equation:
[image: image]
In Eq. 14, [image: image] and [image: image] are
[image: image]
Integrate Eq. 13 on the bolt body to obtain the Love displacement function:
[image: image]
Through Eq. 16, the effect of the distribution load [image: image] on the surrounding rock can be obtained, that is, the effect of the bolt on the surrounding rock. Substituting Eq. 16 into Eq. 9 can obtain the displacement component of the surrounding rock under the action of the bolt, and then obtain the stress and strain tensor of the surrounding rock under the action of the bolt as follows:
[image: image]
In Eq. 17, the sum of tensors [image: image] and [image: image] is a known quantity, which is only related to the function [image: image].
2.5 Calculation Formula of Axial Force and Shear Stress of Bolt
According to the uniqueness theorem of solution in elasticity, there is only one exact solution satisfying the corresponding boundary conditions. The contact surface between the bolt and the surrounding rock can be regarded as a boundary condition. When the surrounding rock is taken as the research object, it has two boundaries. The first is the free surface of the surrounding rock and the second is the contact surface between the bolt and the surrounding rock, that is, the anchorage surface. When the two boundary conditions are consistent, the stress-strain state in the surrounding rock is unique and determined. The boundary condition of the surrounding rock at the free surface is not affected by the bolt. When the anchorage surface does not slide, the stress and strain are continuous on the anchorage surface. The stress and strain on the anchorage surface meet both the mechanical equation of the surrounding rock and the mechanical equation of the bolt. Therefore, the stress and strain of the surrounding rock at the anchorage surface can be substituted into the mechanical equation of the bolt, and the functional equation with the distributed load function [image: image] as the unknown function can be obtained. The solution of the unknown function [image: image] can be obtained by solving this equation. The calculation formulas of the axial force and shear stress of the bolt can be obtained by substituting the obtained function [image: image] into the relevant formulas.
Substituting the values of stress and strain at the anchorage surface into Eq. 5, we can get
[image: image]
In Eq. 18, [image: image] and [image: image] are
[image: image]
Substitute Eq. 17 into Eq. 18 and simplify it to obtain
[image: image]
Eq. 20 is the first kind of Fredholm integral equation (Mesgarani and Azari, 2019; Khan et al., 2020), in which the function [image: image] is called the kernel of the integral equation and the function [image: image] is called the free term of the integral equation. The kernel function and free term are known functions and their expressions are
[image: image]
According to the relevant theory of integral equation, the outgoing load function [image: image] can be solved from Eq. 20. Substituting the load function obtained from the solution into Eq. 19 and then substituting the second equation of Eq. 19 into Eq. 4, the expression of the bolt axial force can be obtained
[image: image]
Substituting Eq. 22 into Eq. 1, and then differentiating and sorting Eq. 1, the expression of the surface shear stress [image: image] can be obtained by 
[image: image]
By substituting the stress variables of the surrounding rock under different engineering conditions into Eq. 18, the distribution curves of the bolt axial force and shear stress under the corresponding engineering conditions can be obtained.
2.6 Effect of the Driving Face and Working Face
The schematic diagram of a driving roadway is shown in Figure 6. When the roadheader cuts out the complete roadway section, some bolts are installed immediately to support the roadway, and its position is shown at point A of Figure 6. At this time, the surrounding rock is supported by the front coal wall without deformation or the deformation is very small, which can be ignored compared with the deformation of the surrounding rock in the later stage. When it is far away from the coal wall, as shown at point B, the bolt is affected by the deformation of the surrounding rock and the axial force of the bolt changes (Chang et al., 2021).
[image: Figure 6]FIGURE 6 | Schematic diagram of the driving roadway.
[image: image] is used to indicate the influence range of the driving face. It is assumed that at point A, the surrounding rock is not deformed, and at point B, the surrounding rock reaches a stable state. The creep of the surrounding rock and other factors are not considered in this study. According to the numerical simulation results and on-site roadway deformation observation data, the exponential function is used to describe the strain of the surrounding rock between point A and point B.
[image: image]
In Eq. 24, the parameter a1 reflects the severity of the surrounding rock deformation within the influence range of the driving face; l represents the distance between the bolt and the working face; [image: image] represents the strain tensor of the surrounding rock when it is not affected by the driving face; and [image: image] represents the strain tensor of the surrounding rock within the influence range of the driving face. By substituting [image: image] into Eqs 21, 22, 23, the distribution laws of the axial force and shear stress of bolts with different anchor lengths in a rectangular roadway during roadway driving can be obtained. Reference Chang et al. (2020) gives the stress distribution law of the roadway surrounding rock during working face mining. Under the influence of mining stress of the working face, the vertical stress of the roadway can be expressed as
[image: image]
In Eq. 25, function H( ) represents the Heaviside step function; l represents the distance from the working face; [image: image] represents the vertical pressure of the original rock; ks represents the vertical stress concentration coefficient at the peak of the abutment pressure; ls represents the peak position of the abutment pressure; and coefficients a2 and b2 are used to describe the change severity of the abutment pressure curve. We can obtain the horizontal stress [image: image] and shear stress [image: image] through the pressure measurement coefficient [image: image] and shear stress coefficient [image: image]. Similar to the influence of the driving face on the bolt, we can obtain the stress distribution of the bolt under the influence of the working face through Eq. 25.
3 ENGINEERING ANALYSIS
Based on the engineering background of 1,131(1) working face of the Zhujidong coal mine in the Huainan mining area, the distribution law of the axial force and shear stress of full-length anchoring bolts in a rectangular roadway during driving is studied. The mining roadway of 1,131(1) working face has a width of 5.2 m and a height of 3.2 m, which is supported by the bolt and a cable. The bolt support parameters are shown in Table 1 and the roadway section and support structure are shown in Figure 7.
TABLE 1 | Bolt support parameters.
[image: Table 1][image: Figure 7]FIGURE 7 | Schematic diagram of the roadway support scheme.
The roof and floor of 1,131(1) working face are mudstone, which is similar to the mechanical properties of a coal seam and can be combined. Through the measurement test of rock mechanical parameters, the shear modulus G of the surrounding rock is 1.72 GPa and Poisson’s ratio v is 0.21. According to the tensile test results of a bolt, the elastic modulus E of the bolt is 203 GPa. According to the in-situ stress test results, the vertical pressure of the roadway [image: image] is 14.35 MPa, the horizontal pressure [image: image] is 13.38 MPa, and the shear stress [image: image] is 0. Through the fitting and analysis of the field surrounding rock deformation data, [image: image] is taken as 20 m and parameter a1 is 3. The variation curve of the surrounding rock strain within the influence range of the driving face with the advance of the working face is shown in Figure 8A. According to Chang et al. (2020), let ks = 1.9, a2 = 0.1, and b2 = 0.03. Substitute the aforementioned parameters into Eq. 25 to obtain the abutment pressure curve, as shown in Figure 8B.
[image: Figure 8]FIGURE 8 | Influence of mining stress: (A) variation curve of the surrounding rock strain with an advance of the driving face; and (B) the abutment pressure curve.
Taking bolts A and B in the middle of the roof and side as examples, the evolution law of the axial force and shear stress of full-length anchoring bolts during driving roadway is studied. To verify the theoretical analysis results, during roadway driving, some force measuring bolts with the same mechanical parameters and geometric dimensions as the on-site bolts are used to replace bolts A and B to observe the axial force distribution of bolts. The force measuring bolt is shown in Figure 9A and the force measuring bolt installed on site is shown in Figure 9B.
[image: Figure 9]FIGURE 9 | Force measuring bolt: (A) force measuring bolt in the laboratory; and (B) force measuring bolt installed on site.
Six groups of axial force-monitoring points are arranged on each force measuring bolt and the distance between each group of axial force-monitoring points and the bearing plate is shown in Table 2.
TABLE 2 | Location of measuring points.
[image: Table 2]3.1 Distribution Law of Axial Force of Full-Length Anchoring Bolts in a Rectangular Roadway
By substituting the relevant data into the bolt mechanical model, the variation curve of the axial force of a full-length anchoring bolt in a rectangular roadway during roadway driving and working face mining can be obtained. The variation curve of the axial force of the bolts A and B with the advance of driving face and working face is shown in Figure 10.
[image: Figure 10]FIGURE 10 | Distribution law of the axial force of the bolt with the bolt body: (A) Variation law of the axial force of bolt A with the advance of the driving face; (B) Variation law of the axial force of bolt B with the advance of the driving face; (C) Variation law of the axial force of bolt A with the advance of the working face; and (D) variation law of the axial force of bolt B with the advance of the working face.
It can be seen from Figure 10 that for the full-length anchoring bolt in the middle of the roof and side of the rectangular roadway, the distribution law of its axial force along the bolt body direction is roughly the same. With the advance of the driving face, the axial force rapidly evolves from a monotonous decreasing trend to the change law of first increasing and then decreasing. But with the advance of the working face, the axial force increases first and then decreases. The axial force change of the bolt in the middle of the roof is gentler than that in the middle of the side. The maximum axial force point of the bolt quickly stabilizes at the neutral point from the orifice position with the advance of the driving face. The neutral point of the bolt in the middle of the roof is 0.75 m away from the orifice, and the neutral point of the bolt in the middle of the side is 0.40 m away from the orifice. The neutral point of the bolt on the roadway side is closer to the roadway surface. The working resistance of the bolt shows a monotonous increasing trend with the advance of the driving face and the working face.
3.2 Shear Stress Distribution Law of a Full-Length Bolt in a Rectangular Roadway
According to Eq. 23, the distribution curve of the shear stress of the bolt body can be obtained. The evolution curve of the shear stress of the bolt body with the advance of the driving face and the working face is shown in Figure 11. In Figure 11, the sub coordinate system is a local magnification of the main coordinate system.
[image: Figure 11]FIGURE 11 | Distribution law of the shear stress of the bolt with the bolt body: (A) Variation law of the shear stress of bolt A with the advance of the driving face; (B) Variation law of the shear stress of bolt B with the advance of the driving face; (C) the variation law of the shear stress of bolt A with the advance of the working face; and (D) variation law of the shear stress of bolt B with the advance of the working face.
It can be seen from Figure 11 that the evolution law of the shear stress in the middle of the roof and the bolt in the middle of the side is the same with the advance of the driving face and the working face. When there is no neutral point in the bolt, that is, when the bolt is installed in the surrounding rock, the shear stress of the bolt shows a monotonous increasing trend. When there is a neutral point in the bolt, that is, when the bolt is far away from the driving face, the shear stress of the bolt shows a monotonous decreasing trend. The variation range of the shear stress of the bolt in the middle of the side is greater than that of the bolt in the middle of the roof. The shear stress curve of the bolt intersects at one point, that is, the neutral point of the bolt, which indicates that the neutral point position of the bolt does not change during roadway driving and working face mining.
Comparing Figures 10, 11, it can be seen that when the shear stress of the bolt is less than 0, the axial force of the bolt decreases. When the shear stress of the bolt is greater than 0, the axial force of the bolt increases. On both sides of the neutral point of the bolt, the sign of the shear stress of the bolt is different, which is consistent with the neutral point theory.
3.3 Observation Results of Force Measuring Bolt
The mining roadway of 1,131(1) working face is driving for 4.8 m every day. After installing the force measuring bolt, it is observed twice on the first day and once every day, after that, for a total of 7 days. The observed data are shown in Figure 12.
[image: Figure 12]FIGURE 12 | Variation curve of the axial force of a force measuring bolt: (A) Force measuring anchor bolt A in the middle of the roof and (B) force measuring anchor bolt B in the middle of the side.
It can be seen from Figure 12 that the axial force distribution law of the bolt measured by the force measuring bolt is basically consistent with the axial force distribution law obtained by theoretical calculations. When the force measuring bolt is installed into the surrounding rock, the axial force of the bolt shows a monotonous decreasing trend. When it is far from the driving face, the axial force of the bolt increases first and then decreases. The maximum value is reached at the neutral point of the bolt. The neutral point of the roof force measuring bolt is between 0.52 and 1.04 m. The neutral point of the side force measuring bolt is about 0.46 m, which is consistent with the theoretical calculation results. The variation range of the axial force of the force measuring bolt in the middle of the roadway side is greater than that of the force measuring bolt in the middle of the roof. The working resistance of the force measuring bolt in the middle of the roadway side is less than that of the force measuring bolt in the middle of the roof, which is consistent with the theoretical calculation results. The correctness of the theoretical calculation results can be verified from the observation data of the force measuring bolt.
4 CONCLUSION
To study the evolution law of the axial force and shear stress of full-length anchoring bolts in a rectangular roadway during roadway driving and working face mining, considering the deformation of the surrounding rock, the mechanical model of the bolt is established and solved through the stress analysis of the bolt. Then, the mechanical formulas for calculating the axial force and the shear stress of the bolt are deduced. Taking the mining roadway of 1,131(1) working face in the Zhujidong coal mine as the engineering background, the evolution law of the axial force and the shear stress of the full-length anchoring bolt in the middle of the roof and the side of the rectangular roadway with the advance of the driving and the working face are analyzed. The theoretical analysis results are verified by the observation data of the force measuring bolt. The axial force distribution law of the bolt in the middle of the roof and the bolt in the middle of the roadway side is the same. When the bolt is installed, the axial force of the bolt decreases monotonically along the direction of the bolt. The axial force of the bolt first increases and then decreases along the direction of the bolt, and the maximum value appears at the neutral point. The neutral point position remains unchanged. The distribution law of the shear stress of the bolt body in the middle of roof and side is the same. The shear stress of the bolt shows a monotonous increasing trend along the direction of the bolt. At different distances from the driving face or the working face, the shear stress of the bolt converges at the neutral point. The variation range of the shear stress of the bolt body in the middle of the roadway is greater than that of the bolt in the middle of the roof.
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The problem of low digging efficiency and mining imbalance due to outdated digging technology and low degree of equipment intelligence has long existed in coal mine roadway excavation work. Lithology identification is the key to the intelligence of roadheading equipment. Accurate lithology identification significantly affects the automatic control of roadheader cutting conditions. Completing the identification of lithology in the process of rock wall cutting by a roadheader involved the following steps: building a tunneling experiment platform, making four rock specimens with different lithologies, completing the tunneling simulation experiments on four lithologies, obtaining current sensor data of four lithologies cutting, and finally proposing an intelligent lithology identification method of PSO-VMD-LSSVM. The research results show that the particle swarm algorithm (PSO) optimized the variational modal decomposition (VMD) with minimum envelope information entropy as the fitness function can realize the adaptive decomposition of the current signal of truncated motors. The signal reconstruction can increase the signal-to-noise ratio of the current signal by selecting the eigenmodal components according to the energy density and correlation coefficient criterion. The multi-scale fuzzy entropy is used as the eigenvector of the reconstructed current signal as the fuzzy entropy of different lithology cut-off motor currents has better differentiation at different scales. The least-squares support vector machine (LSSVM) is used to classify the feature vectors processed by custom decomposition parameter VMD and gives a recognition rate of 87.5%. The recognition rate increases to 97.5% for the feature vectors processed by PSO-VMD. The particle swarm algorithm optimizes the noise reduction via VMD to effectively improve the lithology recognition rate. The research results can provide a methodological reference for rock property recognition during rock cutting by a roadheading machine.
Keywords: particle swarm optimization, variational modal decomposition, minimum envelope entropy, multi-scale fuzzy entropy, least square support vector machine, identify rock properties
INTRODUCTION
Coal mining mainly involves underground mining, and several underground roadways are required to ensure continuous and efficient coal production. As the key technology of coal mine roadway, rapid roadway digging is directly related to the economy and safety of coal mine production, an important guarantee for high and stable coal production. Yin studied the damage characteristics of rocks, mainly based on semi-rock or whole rock, under the action of dynamic and static coupling to improve the safety of deep mining (Yin et al., 2019). Methods to avoid the overlying rock layers being affected by mining to prevent accidents were studied by analyzing mining techniques and the mechanical properties of rocks (Du et al., 2020a). Extensive research has been conducted to minimize the impact of mining and ensure the safety and efficiency of coal production (Yin et al., 2012). However, reducing the impact of mining using roadway boring machines must be studied to minimize blasting vibrations and ensure a high degree of safety even with continuous rapid digging. Roadheader excavation has gradually become the main method of roadway mining, but safe and efficient roadheading technology is still in the exploration stage. In the process of excavation, cut-off rock wall properties change drastically. However, the roadheader driver cannot promptly adjust the cut-off speed, cantilever swing speed, and other conditions according to the cut-off lithology because of limited vision due to excessive coal and rock dust. These limitations lead to unstable output of cutting motor, excessive wear of cut-off teeth, abnormal collapse of working face, thus significantly impacting mining, accelerating the damage and aging of the digging equipment, and affecting the safety of digging the working face. Therefore, if the rock properties can be identified in the excavation, the efficiency of excavation can be improved, the service life of the excavator can be prolonged, the safety of excavation can be guaranteed, and the impact on the working face can be reduced.
The problem of rock identification has been extensively studied since it was introduced in the 1960s (Li and Ouyang, 2017; Yang et al., 2020). There are two main methods classified according to the means used: direct detection and indirect detection. The direct detection methods are as follows: 1. The natural ray method (Wang S. et al., 2021) uses the ray intensity remaining after the ray penetrates the coal seam and determines the thickness of the top and bottom coal seams according to the attenuation law to achieve the purpose of identifying lithology. However, this method is difficult to operate and has a small adaptation range (K., H, Sampath et al., 2019); 2. The radar detection method (Wang et al., 2016) determines the top coal thickness based on the characteristics of the speed, phase, propagation time of the reflected electromagnetic wave and the frequency of the emitted wave. This method is applicable only if large differences exist in the coal and rock properties as the recognition rate is low if the coal and rock properties are similar. 3. Infrared detection method (Zhang et al., 2022) uses a highly sensitive infrared temperature sensor to measure the temperature difference change of the truncated part. The lithology is identified after applying algorithm classification and artificial ray detection methods (Zhang et al., 2017). In addition to these methods, there are terahertz spectroscopy methods (Wang et al., 2018). Direct detection methods are susceptible to environmental, terrain, and working conditions due to direct contact with different lithologies. These methods are also limited by low tolerance, small application range, minimal feature extraction effects, and low recognition accuracy.
Indirect electric parametric detection is an indirect detection method. It uses image detection (Gao et al., 2021; Wang and Zhang, 2020; Wang X. et al., 2021) and was used in the early 20th century in the United Kingdom and the United States. It has re-emerged now due to the development of artificial intelligence and lithology recognition methods. Different lithology pictures are analyzed using modern image detection techniques to identify the lithology. However, the method is susceptible to working surface dust, light, and other conditions. Rocks exhibit certain electrical properties such as cutting force (Dai, 2020), current (He et al., 2020), and working voltage (Wang et al., 2018). The acceleration sensor (Zhang et al., 2020) and acoustic emission sensor (Du et al., 2020b) also show different readings. These properties can form the basis for distinguishing different lithologies. This method has the advantages of strong anti-interference ability, wide application range, clear feature extraction, and fast recognition. Moreover, current acquisition requires only the placement of the current sensor at the truncation motor, which is easy to perform with little modification to the machine. In this paper, the current signal is processed and used to identify rock lithology.
A simulated excavation experiment platform is built to simulate the cutting process and obtain the current sensor data of the excavator working on different lithologies to realize the identification of rock properties while cutting rock walls to improve the excavation efficiency. The current data are firstly decomposed by adaptive variational modal decomposition and the components are reconstructed according to the energy density and correlation coefficient criterion, Next, the multi-scale fuzzy entropy is used as the current signal feature vector. Finally, the least-squares support vector machine (LSSVM) is used to classify the features to achieve the purpose of identifying different lithologies.
RESEARCH ON LITHOLOGY IDENTIFICATION METHODS
Variational Modal Decomposition
Variational modal decomposition (VMD) is a nonlinear signal processing method that determines the center frequency and bandwidth of each component by iteratively searching the variational model in the optimal solution to achieve the effective separation of each signal component. VMD can highlight the local characteristics of the data.
The constrained variational model constructed by the VMD algorithm is (Dragomiretskiy and Zosso, 2013):
[image: image]
Where [image: image] is the component of each mode, [image: image] is the central frequency of each mode component, [image: image] is the pulse function, and [image: image] is the number of modes obtained by decomposition.
To solve the variational problem, the model is converted into an unconstrained variational solution by introducing Lagrange multipliers [image: image] and multiplicative factors [image: image], where the extended Lagrange operator equation is:
[image: image]
Then the multiplier alternating direction method is used to search for the extended Lagrangian expression, and the updated equation for each modal component [image: image], central frequency [image: image], and Lagrangian operator is:
[image: image]
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If the following equation, with [image: image] is satisfied for a given discriminant accuracy, then VMD can be achieved.
[image: image]
Combined with the above VMD decomposition process, there are four main parameters: decomposition mode number [image: image], penalty factor [image: image], noise tolerance [image: image], and convergence error [image: image]. Among them, the decomposition mode number [image: image] and penalty factor [image: image] significantly influence the decomposition performance; the decomposition signal will be incomplete if the value of [image: image] is too small, while too large a value will lead to over-decomposition and modal mixing. [image: image] will be large when the bandwidth of decomposition mode is small, and the bandwidth of decomposition mode will be small if [image: image] is too large. Therefore, the key to determining the decomposition modes is to determine the decomposition mode number [image: image] and penalty factor [image: image] correctly.
Particle Swarm Algorithm Optimized Variational Modal Decomposition
The particle swarm algorithm (Kennedy and Eberhart, 1995; Eberhart and Kennedy, 2002) is a population-based evolutionary algorithm. The core idea of the algorithm is that each feasible solution is considered a “particle” and all solutions are scales of particles, each of which has an adaptation value determined by the fitness function. Each particle also has a velocity that determines its position and direction. These particles are updated iteratively in the solution space following the optimal particle value gbest and the individual extreme value pbest, and finally converge to the optimal solution. The velocity and position update is performed as follows:
[image: image]
[image: image]
where [image: image] is the dimension of the particle; [image: image] is the inertia weight, [image: image] and [image: image] are the learning factors, usually chosen between [0, 2], [image: image] and [image: image] are random values, and [image: image] is the constraint factor, which controls the weight of the velocity. The position change and velocity change should be constrained according to the actual situation so that they do not exceed the boundary values.
The number of decomposition modes [image: image] and the penalty factor [image: image] for VMD decomposition can be determined quickly using the particle swarm algorithm; however, this optimization process requires an objective function to qualify the optimization. The information entropy can well reflect the sparsity of the decomposition signal, and the magnitude of its value can reflect the uniformity of the probability distribution. The most uncertain distribution will have the largest entropy value. Information entropy is based on this concept. The envelope signal obtained after applying the demodulation operation on the signal gets processed into a series of probability distributions [image: image], and the entropy value calculated from it reflects the sparsity of the original signal. After the noise reduction process, the more the information contained, the smaller the minimum envelope information entropy is. In this paper, the minimum envelope information entropy is used as the fitness function of the PSO algorithm.
[image: image]
[image: image] is the envelope amplitude of the [image: image] th point of the modal signal after VMD decomposition, [image: image] is the length of the modal signal after VMD decomposition, and [image: image] is the normalized envelope of the modal signal.
[image: image]
[image: image] is the entropy of the envelope information of the k modal signals.
[image: image]
The minimum value of envelope information entropy of [image: image] modal signals is chosen as the minimum envelope information entropy, which is the adaptation function MEE. When the adaptation function reaches the minimum value, i.e., the minimum envelope information entropy reaches the minimum, the best decomposition modal number [image: image] and penalty factor [image: image] are determined to achieve adaptive decomposition.
Signal Reconstruction
When decomposing the current signal using PSO-optimized VMD, the sampling rate may be insufficient, and spurious intrinsic mode function (IMF) components may occur. This problem is addressed by combining energy density and correlation coefficient to reconstruct the components of the current signal truncated from different lithology acquisitions. The steps are as follows.
1) Perform energy analysis on the four components obtained and calculate the energy density of each IMF:
[image: image]
where Ek is the energy density of the [image: image]th energy mode, [image: image] is the length of the IMF, and [image: image] is the amplitude of the [image: image]th IMF component.
2) Analysis of the correlation between the IMF component and the cutting current signal.
[image: image]
[image: image] denotes the mathematical expectation, [image: image] is the mean of the IMF components, [image: image] is the mean of the original signal y, [image: image] is the standard deviation of the IMF components, and [image: image] is the standard deviation of the original current signal.
The average energy of the IMF components of the intercepted current signals of the four lithologies multiplied by the correlation coefficient. The three IMF components with the largest product are selected and superimposed to reconstruct the simulated current signals of the four lithologies.
Feature Extraction
The relevant features, such as the input for recognition, need to be extracted from the reconstructed current signal. Multi-scale fuzzy entropy is based on fuzzy entropy with the addition of scale factors. The fuzzy entropy value of the same time series under different scale factors, which can effectively overcome the defects of single-scale fuzzy entropy value, is used to measure the possible abrupt changes of time series to effectively measure the nonlinearity and complexity changes of the current signal. The algorithm description of multi-scale fuzzy entropy is:
1) Construct a new coarse-grained vector [image: image] for the reconstructed current signal [image: image], where [image: image] denotes the sequence length
[image: image]
Where [image: image] denotes the scale factor. When [image: image] [image: image] is the original time series.
2) Fuzzy entropy solutions of all time series [image: image] are converted into the corresponding scale factor function.
Rockiness Identification
The LSSVM is an improvement of the support vector machine, using equations instead of inequality constraints, and applying the linear least-squares criterion to the optimization of the loss function to improve the convergence efficiency, with the following process (Fu et al., 2021):
1) The training data set [image: image] in which xi is the [image: image]th input sample and [image: image] is the output variable, and the kernel function mapping is used to construct the regression function in the high-dimensional space as follows:
[image: image]
where [image: image] is the weight vector and [image: image] is the normal vector and b is the intercept of the hyperplane in the high-dimensional space.
2) According to the structural risk minimization criterion, [image: image] and [image: image] must be optimized. The optimization equations are:
[image: image]
Where [image: image] is the regularization parameter and [image: image] is the relaxation variable.
3) Construction of Lagrangian function
[image: image]
Here [image: image] is the Lagrangian multiplier corresponding to [image: image].
4) Find the partial differential for [image: image], [image: image], [image: image], [image: image], get the optimal value, and establish the regression function
[image: image]
where [image: image] is the kernel function.
In lithology identification with LSSVM, the choice of kernel function significantly influences the identification performance of LSSVM. It is known from the literature that the prediction accuracy of radial basis kernel function is higher (Jiang et al., 2016); hence, the radial basis kernel function is chosen as the kernel function of LSSVM in this paper.
[image: image]
Where [image: image] is the kernel width.
The flow chart of PSO-VMD-LSSVM based lithology identification method is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Flow chart of PSO-VMD-LSSVM algorithm.
CUT-OFF MOTOR CURRENT SIGNAL ACQUISITION
Experimental Platform for Simulating Roadheading
As shown in Figure 2, the roadheading experimental platform, mainly comprising the propulsion system, the cutting system, and the signal acquisition system, was built to obtain the current sensor data of the roadheader under different lithology cutting work. The propulsion system comprises a 0.75 kW servo motor as the cutting propulsion motor and two slide rails as the walking guide. The cutting system uses a 1.5 kW, 60:1 reduction ratio gear motor with a frequency converter to control the cutting drilling speed. A cutting head of the roadheader with equal proportional reduction is used as the cutting tool for cutting different rock properties. The signal acquisition system uses 1.4 J LT series three-phase AC sensor; the output is analog with a range: 0 ∼ 5 V and response time is under 1 ms. LabJack T7-PRO data acquisition card, used to collect the analog output of the current sensor, is connected to the upper computer; the upper computer processes and analyzes the collected current data.
[image: Figure 2]FIGURE 2 | Diagram of the tunneling experiment platform.
Lithology Specimen Production
When studying the damage process, the damage of rocks is related to the force and the different rock properties (Du et al., 2020c), and the difference of compressive strength, density, and elastic modulus of similar materials can be used as a basis for different lithologies (Liu et al., 2020). In this paper, four specimen blocks with four different lithologies were prepared with four different ratios to realize the identification of lithology in the process of cutting off rocks wall using a roadheader. We selected quartz sand as the aggregate, cement and gypsum as the cementing material, and borax as an additive, collectively in four ratios (Shi et al., 2015). After weighing, mixing, compacting, resting, and air-drying, four similar simulated specimens with different lithologies were prepared as shown in Figure 3; the ratios of the four lithologies and rock mechanical properties are shown in Table 1.
[image: Figure 3]FIGURE 3 | Four similar simulated specimens.
TABLE 1 | Four types of ratios and rock mechanical properties.
[image: Table 1]As seen from Table 1, the mastic sand ratio plays a major role in controlling the uniaxial compressive strength and elastic modulus of similar materials; these quantities decrease significantly with the increase of the mastic sand ratio. The density, compressive strength, and elastic modulus of similar materials made with the selected four ratios are uniformly large and different. Thus, the simulated specimens can represent four kinds of lithologies.
Digging Simulation Experiment
After the four pieces of specimens were left to air-dry and stabilize, the tunneling simulation experiment was carried out for the four specimen blocks with different lithologies by controlling the reducer motor parameters; the cutting head was rotated at a speed of 10 r/min and the propulsion motor at a propulsion speed of 0.5 m/min, as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Diagram of tunneling simulation experiment.
As shown in Figure 4, the four roadheader cut-off motor currents were obtained by conducting the tunneling simulation experiments on the four simulated rock specimens of different lithologies, using 2048 sampling points. The results of the cut-off motor current sampling for cut-off lithology 1 are shown in Figure 5.
[image: Figure 5]FIGURE 5 | Cut-off lithology 1 cut-off motor current sampling graph.
EXPERIMENTAL RESULTS AND DISCUSSION
To verify the effectiveness of adaptive modal decomposition, the current signal of the truncated motor on lithology 1 working steadily for 4s, is first subjected to variable modal decomposition with custom decomposition parameters. The input parameters are chosen as follows: decomposition modal number [image: image] = 3, penalty factor under [image: image] = 3000, noise tolerance [image: image] = 0 and convergence error [image: image] = 10−7, to obtain the decomposition results shown in Figure 6.
[image: Figure 6]FIGURE 6 | VMD with custom parameters to process the truncated lithology 1 motor current signal graph. (A) IMFs obtained by truncating the lithology 1 motor current signal by VMD processing with custom parameters (B) Spectrogram obtained by truncating the lithology 1 motor current signal by VMD processing with custom parameters.
As seen in Figure 6, using VMD with custom decomposition parameters will lead to no decomposition results at frequencies 0–70 Hz, incomplete signal decomposition, modal mixing at 114–138 Hz as the main frequency separation is not complete because the signal mainly contains the frequency signal and is not completely decomposed. Therefore, the particle swarm algorithm with the minimum envelope information entropy as the fitness function is used to optimize the selection of the parameters of the variational modal decomposition. The parameters of the particle swarm algorithm are initialized to the following values: dimension of particles, [image: image] = 2; r [image: image] = 0.8; learning factors [image: image] and [image: image] are 1 and 2, respectively; number of iterations = 15; particle population size = 30. The selection of VMD parameters is optimized, and the penalty factors of the four lithologies and the number of decomposition layers corresponding to the envelope entropy part of the selection point iteration curve are shown in Figure 7.
[image: Figure 7]FIGURE 7 | Truncation current decomposition parameters corresponding to the iterative process of envelope entropy. (A) Lithology 1 Lithology 1 current decomposition parameters corresponding to envelope entropy iterative diagram (B) Lithology 2 Lithology 1 current decomposition parameters corresponding to envelope entropy iterative diagram (C) Lithology 3 Lithology 1 current decomposition parameters corresponding to envelope entropy iterative diagram (D) Lithology 4 Lithology 1 current decomposition parameters corresponding to envelope entropy iterative diagram.
As seen in Figure 7, using PSO to optimize the VMD parameter selection first uses the envelope entropy as the objective function to randomly select the decomposition modal number [image: image] and penalty factor [image: image] as the initial positions of the particles, and then calculates the envelope entropy value corresponding to each particle position. Next, the optimization function continuously compares the envelope entropy values and selects the minimum value of the envelope entropy for each update and determines the parameters [image: image] and [image: image] at this minimum position as the local extremes. Finally, the global minimum as the final decomposition modal number [image: image] and penalty factor [image: image] are selected. The lithologies of the four truncated motor current simulation signals are determined by the particle swarm algorithm as the best decomposition parameters with different penalty factors, wit the number of decomposition layers set to 4. Under these parameters, the fitness function of the particle swarm algorithm, i.e., the envelope entropy, reaches the minimum.
The variable modal decomposition of the cutter motor current signal after the particle swarm algorithm optimizes the value of the excavator under the four different lithologies is shown in Figure 8.
[image: Figure 8]FIGURE 8 | Results of truncated motor current signal decomposition of PSO-VMD for four lithologies. (A) Lithology 1 IMFs (B) Lithology 1 Spectrogram (C) Lithology 2 IMFs (D) Lithology 2 Spectrogram (E) Lithology 3 IMFs (F) Lithology 3 Spectrogram (G) Lithology 4 IMFs (H) Lithology 4 Spectrogram.
As seen from the above figure, the PSO-VMD determines the optimal decomposition parameters modal number [image: image] and penalty factor [image: image]. The VMD decomposition of the truncated currents of the four lithologies achieves an adaptive and completely non-recursive decomposition, effectively separating each modal component of the four current signals and overcoming the problems of endpoint effects and modal component mixing, with a good decomposition effect.
The results of calculating the average energy density and correlation coefficient for the decomposed current signal eigenmode function are shown in Tables 2, 3.
TABLE 2 | Truncated motor current signal IMF component average energy density table.
[image: Table 2]TABLE 3 | Truncated motor current signal IMF component correlation coefficient table.
[image: Table 3]The average energy of the IMF components of the current signals of the four lithologies are correspondingly multiplied by the average energy. The three IMF components with the largest product are superimposed to reconstruct the current analog signals of the four lithologies. The signal-to-noise ratio before and after signal reconstruction is shown in Table 4.
TABLE 4 | Signal-to-noise ratio comparison before and after signal reconstruction.
[image: Table 4]The PSO-VMD reconstructs the eigenmodes based on the correlation coefficient and energy density to reduce the noise of the original truncated current signal (Liang et al., 2021).
After noise reduction of the current signal, multi-scale fuzzy entropy is calculated, with the scale factor set to 8 and the similarity tolerance limit of 0.15. Fifty sets of 8-scale fuzzy entropy are taken for each of the current signals truncated on the four lithologies to obtain a total of 200 sets of 8-scale fuzzy entropy. Part of the 8-scale fuzzy entropy is shown in Figure 9.
[image: Figure 9]FIGURE 9 | Fuzzy entropy values of the four current reconstruction signals with scale factor.
As seen from Figure 9, the fuzzy entropy values of lithology 1 and lithology 3 overlap when the scale factor is 2. When the scale factors are 3, 4, and 5, the scale factors of lithology 2 and lithology 4 do not differ much. Finally, when the scale factors are 5, 6 and 7, the scale factors of lithology 1 and lithology 3 are closer, but they do not overlap. In general, the multi-scale fuzzy entropy of each lithology is distinguishable and can be used as a feature vector for identifying these four lithologies.
Forty sets of 50 sets of multiscale fuzzy entropy for each lithology were randomly selected as the training set and 10 sets as the test set. Finally, the four lithologies are classified using a least squares support vector machine with kernel function as the radial basis function. Considering the regularization parameter [image: image] as 3.1 and the kernel width [image: image] as 10, the lithology was identified using LSSVM for the eigenvectors of the current signal with VMD of custom parameters; the recognition rate was 87.%. Further, the lithology was identified for the current signal optimized using PSO-VMD, and the final recognition rate was 97.5%. The recognition results are shown in Figure 10.
[image: Figure 10]FIGURE 10 | LSSVM recognition result graph. (A) LSSVM results for rockiness classification of current signals processed by VMD with custom parameters (B) LSSVM results for lithology classification of current signals processed by PSO-VMD.
As seen from Figure 10, using LSSVM to identify the lithology of the current signal processed by VMD with custom decomposition parameters, three of the ten test groups of lithology 1 failed to identify lithology 1 as lithology 3, and two of the test groups of lithology 3 identified lithology 3 as lithology 1, possibly due to the inconspicuous difference between the features of lithology 1 and 3 by multi-scale fuzzy entropy. While identifying the PSO-VMD processed current signals using LSSVM, only lithology 3 was identified as lithology 1 in one test group; the identification effect was better, and the recognition rate was improved by 10% relative to the custom parameter processed VMD.
In this study, we first obtained the eigenmode function by PSO-VMD, and then obtained the reconstructed current signal by summing the eigenmode function with energy density and correlation coefficient criterion. Multi-scale fuzzy entropy was used as the feature vector, and finally, the LSSVM was used to identify different lithologies. Further improvement of the recognition efficiency could be realized by applying other methods to improve the signal-to-noise ratio before and after noise reduction, or feature vectors with better differentiation between different lithologies.
CONCLUSION
Aiming to resolve the lithology identification problem of cut-off rock walls during excavation, we obtained current sensor data by building an excavation experiment platform and proposed an intelligent lithology identification method of PSO-VMD-LSSVM. The following conclusions are mainly obtained.
1) The particle swarm algorithm using the minimum envelope information entropy as the fitness function can optimize the parameter selection of the variational modal function of the current signal, ensuring that the parameters of the VMD can be selected adaptively.
2) The energy density and correlation coefficient criteria are used to reconstruct the modal components of the current signal after the VMD to increase the signal-to-noise ratio of the current signal.
3) Multi-scale fuzzy entropy is used as a feature vector for truncating the reconstructed current signal of different lithologies. It can be used as a feature vector for recognition because it has better differentiation for different lithologies under different scale factors.
4) The lithology classification by the LSSVM is performed for the VMD with custom decomposition parameters and the PSO-VMD; the recognition results are 87.5 and 97.5%, respectively. Thus, the PSO-VMD can improve the recognition rate of the LSSVM.
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During blasting excavation in deep rock masses, the in situ stress initially exerted on blast-created free surfaces is rapidly released along with rock cracking by blasting. The rapid stress release can initiate seismic waves transmitting through the medium. In addition to explosion loading, the rapid stress release occurring on blast-created free surfaces is another excitation source of the rock vibration generated in blasting excavation of deep rock masses. In this paper, a theoretical model of seismic wave radiation from a circular blasting excavation in a deep rock mass is first developed to study the frequency differences between explosion seismic waves and stress release-induced seismic waves. Based on this, variational mode decomposition (VMD) is then introduced to separate explosion seismic waves and stress release-induced seismic waves from coupled vibration signals in the frequency domain. By utilizing the VMD separation, the composition and the amplitude and frequency characteristics of the rock vibration monitored in an actual deep tunnel blasting are investigated. The theoretical analysis and field investigation show that the vibration frequency of stress release-induced seismic waves is significantly lower than that of explosion seismic waves. Due to the existence of stress release-induced seismic waves with lower frequency, the coupled vibration amplitude is increased and vibration frequency is reduced. The monitored rock vibration in the near field is dominated by explosion seismic waves. However, in the far field, stress release-induced seismic waves become the major component due to their lower frequency and slower attenuation with distance. Extra care should be taken for the stress release-induced seismic waves in the far field. The stress release-induced seismic waves can be effectively reduced through shortening blast-created free surface sizes and increasing blasthole lengths moderately.
Keywords: deep tunnel, blasting excavation, in situ stress release, rock vibration, variational mode decomposition
INTRODUCTION
In mining, hydropower and transportation industries, the excavation of deep tunnels is becoming common. Mponeng gold mine in South Africa, which is the deepest mine in the world, has extended down to a depth exceeding 4,350 m (Nex and Kinnaird, 2019). At present in China, there are about 47 coal mines and 32 metal mines excavated at depths between 1,000 and 2,000 m below the ground surface (Xie et al., 2019). The maximum depth of the diversion tunnels in the Jinping-II hydropower station reaches 2,525 m (Fan et al., 2021). Bayu tunnel on the Sichuan-Tibet railway is constructed underground with a maximum depth of 2,080 m (He et al., 2021; Ma and Liu, 2022). With regard to mining and construction at a great depth, the greatest challenge to engineering safety is that the rock mass is subjected to high in situ stress. At a depth greater than 2,000 m below the surface, the in situ stress caused by gravity alone can reach a level comparable to the rock mass compressive strength. According to the in situ stress measurements in South African gold mines, the maximum principal stress at a depth from 1,000 to 3,400 m ranges between 80 and 146 MP (Ogasawara et al., 2014). High in situ stress is the decisive force that causes severe rock damage and hazards in deep mining and construction, such as spalling, v-shaped notches, rockbursts and mine earthquakes (Siren et al., 2015; Xie et al., 2017; Yin et al., 2020; Du et al., 2021; Feng et al., 2021; Kaiser and Moss, 2021; Si et al., 2021; Yang et al., 2021).
When cavities are excavated underground in highly stressed rock masses, some of strain energy stored in the rock masses is released. Theoretical and experimental studies have demonstrated that the speed of the stress or strain energy release has an important effect on the subsequent rock responses (Carter and Booker, 1990; He et al., 2015; Yang J. H. et al., 2018; Li M. et al., 2020; Xu et al., 2020). (Miklowitz, 1978), (Carter and Booker, 1990), (Yang J. H. et al., 2018) and Xu et al. (2020) deemed that the transient release of the stress that was initially exerted on an elastic medium would initiate stress waves transmitting through the medium. Such stress fluctuations are unobvious or even not generated when a slower stress release occurs. For the current mining and construction in deep rock masses, drilling and blasting is still the main method for rock fragmentation and removal (Huo et al., 2021; Chen et al., 2022). During rock fragmentation by blasting, free surfaces are created almost instantaneously and meanwhile the in situ stress initially exerted on these faces is rapidly released. According to the observations by using high-speed photography, this process occurs over a period of several milliseconds or even less, depending on rock and explosive properties, confined conditions and blasthole layouts (He and Yang, 2018; Ding et al., 2021).
Related studies have shown that the rapid in situ stress release occurring during explosion or blasting could induce stress waves or seismic waves, leading to vibration in nearby structures (Toksöz and Kehrer, 1972; Carter and Booker, 1990; Lu et al., 2012; Yang et al., 2022). This phenomenon was first noticed in underground nuclear explosions. In underground nuclear explosion tests, horizontally polarized shear waves (SH and Love waves) were often observed along with P, SV and Rayleigh waves (Toksöz et al., 1965). Theoretically, in a horizontally layered, homogeneous and isotropic medium that is not pre-stressed, an explosive source with radial symmetry should not generate any SH and Love waves. Through numerous studies, it was found that in a pre-stressed rock medium, the rapid stress release along with explosion-induced rock fracture was responsible for the generation of the horizontal shear waves (Toksöz and Kehrer, 1972). (Press and Archambeau, 1962) studied the radiation pattern of the seismic waves due to an induced rupture in a stressed medium. His studies reveal that all the stress conditions give symmetric quadrupole radiation patterns. (Toksöz and Kehrer, 1972). researched the vibration magnitude of the seismic waves resulted from the release of tectonic strain energy during underground nuclear explosions. Their results show that the strain energy related vibration component of the surface waves can exceed the component due to the explosion itself in some cases.
In mining and construction blasts, the seismic waves and structural vibration due to in situ stress release also receive attention in recent years as the excavation depth and the in situ stress level increase. In surveying the rock vibration induced by blasting excavation of deep hydraulic tunnels, (Lu et al., 2012), and (Yang J. et al., 2018) observed that the vibration amplitude was higher than that expected when high in situ stress was present. Through numerical studies, they further concluded that if the in situ stress reached a level higher than 50 MPa, the rapid release of in situ stress could generate comparable vibration velocity to that caused by blast loading (Lu et al., 2012; Cao et al., 2016; Li C. et al., 2020) found that the vibration amplitude of the stress release-induced seismic waves also depended on stress release rates and paths. A non-linear stress release over a shorter period produces a greater vibration velocity. After summarizing these influencing factors, (Lu et al., 2017), developed a semi-empirical formula for predicting the peak particle velocity (PPV) of the stress release-induced seismic waves. In addition, Tao et al. (2013), Zhu et al. (2014), Li M. et al. (2020), and Tao et al. (2021) studied the rock damage responses under the disturbance of rapid in situ stress release. These studies also demonstrate that in mining and construction blasts under high in situ stress conditions, the rapid stress release occurring on blast-created free surfaces is an important dynamic disturbance that cannot be ignored.
It is seen that during blasting excavation in highly stressed rock masses, the monitored rock vibration includes not only seismic waves caused by explosion, but also seismic waves induced by rapid release of in situ stress. However, there is no obvious demarcation point between these two types of waves in the time domain because the in situ stress release on the excavation boundaries occurs along with rock fragmentation by blasting. This brings a great trouble to study the respective vibration component from the field monitoring data. Because of this, the above studies with respect to the stress release-induced seismic waves were conducted mainly by using numerical modeling methods, in which blast loading and stress release can be performed separately. There are few researches reported on the vibration composition analysis based on an effective separation of explosion seismic waves and stress release-induced seismic waves from monitored vibration signals. Recently, a novel variational method, called variational mode decomposition (VMD), was proposed in the field of tone detection, tone separation and noise robustness for decomposing a signal into different modes of unknown but separate spectral bands (Dragomiretskiy and Zosso, 2014). In comparison to existing decomposition models, like the empirical mode decomposition (EMD), the VMD model is theoretically well founded and still easy to understand. Furthermore, this model determines the relevant bands adaptively and estimates the corresponding modes concurrently, thereby properly balancing the errors between them. Due to these advantages, the VMD algorithm has been successfully applied to the identification and separation of rock fracturing microseismic signals form blasting vibration signals (Zhang et al., 2018).
In this study, a mathematical physics model of seismic wave radiation from a circular blasting excavation in a deep rock mass is first developed to analyse the frequency differences between explosion seismic waves and stress release-induced seismic waves. Then the VMD method is utilized to separate explosion seismic waves and stress release-induced seismic waves from the monitored vibration signals in the blasting excavation of the experimental tunnels in China Jinping Underground Laboratory (CJPL). The applicability of the VMD method in the separation is verified by a numerical test. Based on the separated results of the field monitoring data, the composition of the monitored vibration, and the PPV attenuation and frequency characteristics of the respective vibration are investigated.
THEORETICAL ANALYSIS OF ROCK VIBRATION INDUCED BY RAPID IN SITU STRESS RELEASE
In Situ Stress Release Process on Blast-Created Free Surfaces
In tunnel blasting, a row of blastholes are often detonated at the same time. The interactions of explosion-induced stress waves from adjacent blastholes encourage rock cracks to grow preferentially along the connecting line between the adjacent blastholes. The highly cracked zone between the adjacent blastholes becomes a preferential path for detonation gases to escape due to the weakest resistance. The high gas pressure causes the cracks to further extend in the direction of the connecting line. When the cracks between the adjacent blastholes are completely connected, a new free surface is created. It should be noted that in actual rock blasts, particularly in cut hole blasting and caving hole blasting, the shape of blast-created free surfaces are complicated because blast-induced cracks radiate around blastholes and interact with each other. To facilitate theoretical analysis, it is considered that the new free surface is generated along the center line of the blastholes in the same row, as shown in Figure 1. During the formation of the new free surface, the in situ stress initially exerted on this surface is rapidly released along with the blast-induced rock cracking. Therefore, the period of the in situ stress release occurring on blast-created free surfaces approximates the duration of the crack propagation through the zone between adjacent blastholes.
[image: Figure 1]FIGURE 1 | Diagram of the rapid in situ stress release occurring on blast-created free surfaces.
Cylindrical charges with detonation initiation at the bottom are commonly used in tunnel blasting. After the explosive at the blasthole bottom is detonated, detonation waves spread upwards at a limited velocity to fire the explosives at other locations. Affected by the propagation of the detonation waves, the dominant wave radiation in the near field of the blastholes is in the form of cone-shaped Mach waves, as shown in Figure 2. The Mach cone is described by the Mach number M = vd/vp and Mach angle θ = arcsin(1/M), where vd is the velocity of detonation and vp is the velocity of wave propagation in the rock medium. It is assumed that the blastholes in the same row are detonated precisely at the same time and generate the same Mach waves. When the Mach wave fronts reach the midpoint P of the connecting line, the zone between the adjacent blastholes is entirely covered by the Mach waves. Then the rock mass between the adjacent blastholes is fully cracked by the Mach waves and a new free surface is created. According to the propagation path of the Mach waves, when the cracks between the adjacent blastholes are completely connected, the length of the longest crack d is (Blair, 2010):
[image: image]
where L is the blasthole length, and S is the space between the adjacent blastholes.
[image: Figure 2]FIGURE 2 | Diagram of the mach cone formation around blastholes.
It is assumed that the blast-induced cracks grow at a constant velocity vf. Then the duration for the crack penetration between the adjacent blastholes, i.e., the period of the in situ stress release occurring on blast-created free surfaces can be estimated by tp:
[image: image]
The full-face blasting excavation of deep tunnels normally uses short blastholes with a length ranging from 1.5 to 5.0 m and a space varying from 0.5 to 1.5 m. The velocity of detonation vd = 5,500 m/s, the rock P-wave velocity vp = 4,000 m/s, and the stable crack propagation velocity vf = 0.25vp = 1,000 m/s are considered in this study. Then it is estimated from Eq. 2 that the period of the in situ stress release on blast-created free surfaces is in the range of 1.3–4.2 ms with respect to the short-hole blasting in deep tunnels. For the rock mass with a Young’s modulus E = 10–100 GPa, if the initial stress reaches a level of 20–50 MPa, the strain rate due to the rapid stress release over the period of 100–101 ms can attain 10−1–101 s−1. According to the classification standard of statics and dynamics (Aydan, 2017), this is a dynamic mechanical process in which the inertial force cannot be ignored. The studies of Carter and Booker (1990), Zhu et al. (2014), Yang J. H. et al. (2018) and Tao et al. (2021) also demonstrate that the rapid in situ stress release in a circular excavation generates stress fluctuations transmitting through the medium, as presented in Figure 3. The stress fluctuations give rise to higher circumferential stress and lower radial stress than the final static stress values in a transient time. This causes greater deviatoric stress and thus produces a larger compression-shear damage zone around the excavation under high in situ stress conditions. Beyond the damage zone, the stress waves continue to spread outward as elastic seismic waves, thereby inducing vibration in the surrounding rock mass.
[image: Figure 3]FIGURE 3 | Stress waves induced by the rapid in situ stress release in a circular excavation (Yang J. H. et al., 2018).
Theoretical Solution Procedure
The PPV characteristics of the rock vibration induced by the rapid in situ stress release have been reported in some literature (Cao et al., 2016; Lu et al., 2017). However, the frequency content of the stress release-induced seismic waves receives much less attention. This section focuses on investigating the frequency differences between explosion seismic waves and stress release-induced seismic waves so as to provide a basis for the following VMD separation between them. The investigation is based on the theoretical solution of the seismic wave radiation from a circular excavation reported by Carter and Booker (1990). To facilitate the theoretical solution, a hydrostatic in situ stress condition is considered. The rock medium is considered to be homogeneous, isotropic and linear elastic. Under these assumptions, the creation of a deep circular cavity by the removal of the stressed rock mass is mechanically equivalent to the application of a traction on the excavation boundary (Carter and Booker, 1990), as shown in Figure 4. The traction load starts from zero and then increases to the initial in situ stress σ0 over the short period tp. The impulsive traction load will induce stress waves to transmit through the rock medium. It is assumed that the explosion pressure and in situ stress are uniform along the blasthole axis. Then the circular excavation can be simplified as a plane strain problem. The motion of applying an impulsive traction load on a circular inner boundary under the condition of plane strain is governed by the equation:
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where u is the radial displacement, r is the distance to the center, t is time, and vp is the velocity at which P-waves pass through the rock medium. The quantity vp is given by:
[image: image]
where λ and G are Lame constants, and ρ is the rock density.
[image: Figure 4]FIGURE 4 | Equivalent model of a circular excavation under a hydrostatic in situ stress field.
The initial condition of the motion Eq. 3 is:
[image: image]
where a is the radius of the circular excavation.
The boundary condition of the motion Eq. 3 is the traction load on the inner boundary. It is determined by the path of the rapid in situ stress release occurring on blast-created free surfaces. Unfortunately, the stress release path has not been clearly figured out as the blast-induced crack initiation and growth is complicated. Since the cracks are assumed to spread at a constant velocity, therefore, a linear stress release path, in which the initial in situ stress is reduced from σ0 to zero at a constant rate over the period tp, is adopted in the theoretical solution. Under the action of in situ stress, it is conventionalized that the compressive stress is in positive and the tensile stress is in negative. Then the boundary condition is expressed as:
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where σr is the radial stress.
In order to obtain the complete solution to this problem, it is convenient to take a Laplace transform of the governing Eq. 3 as follows (Carter and Booker, 1990):
[image: image]
where the superior bar denotes a Laplace transform, and s is the Laplace transform parameter.
Taking Laplace transforms of the initial and boundary conditions and applying them to Eq. 7 yield (Miklowitz, 1978):
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with,
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where K1 is the second kind of the modified Bessel functions.
The vibrational waveform at any position is usually represented by the particle velocity history v(r, t). According to the velocity-displacement relationship [image: image], the Laplace transform of v(r, t) can be obtained by:
[image: image]
Eq. 10 gives the solution to the Laplace transform of the velocity history v(r, t) in terms of the modified Bessel function and its derivative. In order to recover the actual velocity history, Eq. 10 needs to be inverted. This can be achieved efficiently by using the numerical contour integration developed by Talbot (1979). The core of this algorithm is to construct a trapezoidal integration along a special contour, and then the results are obtained through resorting to the residue theorem. Details of the numerical inversion are given in the literature of Talbot (1979) and Cao et al. (2016).
Rock Vibration Induced by Rapid in Situ Stress Release
In the theoretical solution to the rock vibration induced by rapid in situ stress release, the following parameters are considered: E = 50 GPa, vp = 4,000 m/s, σ0 = 30 MPa, tp = 2.0 ms, and a = 2.0 m. Figure 5 presents the typical particle velocity history observed at the distance r = 5a = 10 m and the PPV variation with distance obtained from the theoretical solution. The peak vibration velocity due to the rapid in situ stress release reaches 84 cm/s on the excavation boundary at r = a = 2 m. With an increase in the distance, the PPV gradually decreases due to geometric spreading and damping attenuation. At the distance r = 5a = 10 m, the PPV is still as high as 25 cm/s. It exceeds the allowable PPV limit stipulated in the Chinese standard for hydraulic tunnels under blasting vibration, in which the PPV less than 15 cm/s is allowed. Therefore, the rock vibration caused by rapid in situ stress release cannot be ignored with regard to blasting excavation of deep tunnels under high in situ stress conditions.
[image: Figure 5]FIGURE 5 | Velocity history and PPV of the rock vibration induced by rapid in situ stress release. (A) Velocity history at r = 5a, (B) PPV variation with distance.
The in situ stress release occurring on blast-created free surfaces proceeds along with explosive detonation. The explosion load is another important source of the rock vibration caused by blasting excavation in highly stressed rock masses. The explosion seismic wave radiation from a circular excavation can also be solved theoretically through the above procedure provided that the explosion load is equivalently applied to the excavation boundary. This problem has been studied by Yang J. H. et al. (2018) when investigating the dynamic stress change and rock damage during blasting excavation in a deep circular tunnel. The velocity history of the explosion-induced rock vibration can be obtained by simply replacing Eqs 9, 10 with the following formulas:
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where Pe denotes the peak pressure of the equivalent explosion load on the excavation boundary, and tr and td are the rise time and duration of the explosion load. According to the research of Yang J. H. et al. (2018), Pe = 100 MPa, tr = 0.1 ms, and td = 0.9 ms are considered in this theoretical study.
Figure 6A shows the velocity histories of the explosion-induced rock vibration and the stress release-induced rock vibration at r = 5a = 10 m. At this distance, the PPV of the explosion seismic wave is much higher than that of the stress release-induced seismic wave, and the explosion seismic wave dominates the rock vibration at this position. Taking Fourier transforms of the velocity histories gives the amplitude-frequency spectra of these two types of waves, as shown in Figure 6B. For facility of comparison, the normalized amplitude, i.e., the ratio of the current amplitude to its maximum value is presented on the coordinate. For the explosion seismic wave, the vibration frequency is mainly distributed in the band 0–1,000 Hz. In comparison, the frequency distribution of the stress release-induced seismic wave is narrower, mainly lying within 0–400 Hz. The mean or center frequency fm normally serves as a characteristic frequency of the average spectral measure. The mean frequencies are 240 Hz and 91 Hz, respectively, for the explosion seismic wave and the stress release-induced seismic wave. In summary, the frequency of the stress release-induced rock vibration is significantly lower than that of the explosion-induced rock vibration at the same position. This is simply because the vibration frequency depends on loading or unloading rates, and the period of the in situ stress release is much longer than the rise time of the explosion load. The difference in the frequency content makes it possible to use the VMD method to separate explosion seismic waves and stress release-induced seismic waves from monitored rock vibration.
[image: Figure 6]FIGURE 6 | Comparisons of the explosion seismic wave (ESW) and the stress release-induced seismic wave (SRISW). (A) Velocity histories at r = 5a, (B) Normalized amplitude-frequency spectra of the velocity histories.
FIELD INVESTIGATION OF ROCK VIBRATION COMPOSITION FOR BLASTING EXCAVATION OF A DEEP TUNNEL
The above theoretical analysis demonstrates that during blasting excavation under high in situ stress conditions, the rapid stress release occurring on blast-created free surfaces can indeed generate non-negligible rock vibration. It also shows that the stress release-induced rock vibration is significantly different from the explosion-induced rock vibration in frequency content. In this section, the rock vibration composition and characteristics for blasting excavation in highly stressed rock masses are further analyzed by using field monitoring data. As mentioned earlier, the field data analysis relies on an effective separation of explosion seismic waves and stress release-induced seismic waves from the monitored vibration. In the present study, the VMD method is introduced in an attempt to achieve this separation. The VMD is a signal processing method based on the frequency domain, and hence the above frequency content analysis can provide a theoretical basis for the following VMD separation.
Site Description
The field rock vibration monitoring was carried out during the blasting excavation of the experimental tunnels in China Jinping Underground Laboratory (CJPL). CJPL is located in Jinping Mountain in Sichuan Province, China. It is the deepest underground laboratory currently in operation in the world. By utilizing the construction adit as the entrance, four groups of experimental tunnels and traffic tunnels and two connecting drifts are excavated for this underground laboratory, as shown in Figure 7. The excavation size of each experimental tunnel is 130 m long, 14 m wide and 14 m high. The drilling and blasting method is used in the excavation of the experimental tunnels. In order to minimize the adverse effects of blasting, the blasting excavation of the experimental tunnels is divided into three horizontal layers. Each layer has a height of 8.5 m, 4.0 m and 1.5 m, respectively.
[image: Figure 7]FIGURE 7 | Blasting design of the pilot tunnel and the arrangement of the vibration monitoring.
In the upper layer, a horizontal pilot tunnel measuring 8.5 m wide and 8.5 m high is first created in the middle prior to the two sides. The blasthole arrangement and detonation network for the pilot tunnel excavation are shown in Figure 7. The blastholes in an excavation cycle are detonated sequentially in seven delays with time intervals of 50–200 ms. Short holes with a length of 3.5 m and a diameter of 50 mm are used in the pilot tunnel blasting. The space between the adjacent blastholes in the same delay varies from 0.5 to 1.0 m. The tunnels and drifts in CJPL are excavated at depths greater than 2000 m, and the maximum excavation depth is 2,375 m. The in situ stress tests in the experimental tunnels show that the maximum principal stress reaches 50−70 MPa. For the pilot tunnel that is first excavated, it is a typical case of rock blasting excavation under high in situ stress. Therefore, in this case, the rapid in situ stress release occurring on blast-created free surfaces is likely to be an important excitation source to induce rock vibration.
Vibration Monitoring and Rock Vibration
During the blasting excavation of the pilot tunnel in No. Four experimental tunnel, four vibration sensors are installed inside the surrounding rock mass of the traffic tunnel to monitor the rock vibration, as shown in Figure 7. At each monitoring point, a triaxial velocity sensor is used to measure the transverse, vertical and longitudinal velocity histories. A total of five tests were carried out in the rock vibration monitoring. The distance from the monitoring points to the explosion source varies from 20 to 80 m.
The monitored vibration velocity histories at each point include seven sub-waveforms, corresponding to the seven delays of blasting mentioned above. Among these sub-waveforms, the one caused by the cut hole blasting in the first delay has the maximum vibration velocity due to its dense charge and lack of sufficient free surfaces. Furthermore, in this delay, the blasting excavation boundary (the connecting line of the blastholes in the first delay) is subjected to the highest in situ stress. The rock vibration resulted from the rapid stress release is also the most obvious in this delay. Therefore, the sub-waveforms produced in the cut hole blasting in the first delay are chosen for the following analysis. Figure 8 presents the velocity histories of the sub-waveforms recorded at No. One monitoring point in the first test. These waves are body waves as the monitoring points are placed inside the surrounding rock mass. Under this scenario, the interference of surface waves on the following analysis can be eliminated.
[image: Figure 8]FIGURE 8 | Velocity histories monitored on site during the cut hole blasting. (A) Transverse component, (B) Vertical component, (C) Longitudinal component.
Separation Method: Variational Mode Decomposition
The vibration waveforms presented in Figure 8 contain explosion seismic waves and stress release-induced seismic waves. These two types of waves do not have an obvious demarcation point in the time domain, but have a significant difference in the frequency domain. Because of this, the VMD method, which is based on the frequency domain, is utilized to separate the explosion seismic waves and the stress release-induced seismic waves from the monitored vibration waveforms. The VMD method is a novel, entirely non-recursive and adaptive variational method for decomposing an input signal into a discrete number of intrinsic mode functions (Dragomiretskiy and Zosso, 2014). The VMD model looks for an ensemble of modes that reconstruct the given input signal optimally, and each mode is band-limited around a center frequency. In this model, the relevant bands are determined adaptively and the corresponding modes are estimated concurrently, thereby balancing the errors between them properly. Compared with the EMD model, the VMD model is theoretically well founded and overcomes the problems of modal aliasing and boundary effects in the EMD. In addition, it gets rid of the requirement of predefining base functions that are used in the wavelet approaches.
The goal of VMD is to decompose an input signal f(t) into K discrete sub-signals (intrinsic mode functions), uk(t), which have specific sparsity properties when reconstructing the input signal. The bandwidth of each mode is chosen to be its sparsity prior. Each mode is considered to be mostly compact around a center frequency ωk(t), which is determined along with the decomposition. The intrinsic mode function uk(t) is defined as an amplitude-modulated-frequency-modulated signal, written as:
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where Ak(t) is the instantaneous amplitude of uk(t), and φk(t) is the instantaneous phase, and t is time.
In order to assess the bandwidth of each mode and reconstruct the given input signal exactly, the sum of the bandwidths of all modes is required to be minimized and the sum of all modes should be equal to the input signal. Then the resulting constrained variational problem is expressed as (Dragomiretskiy and Zosso, 2014):
[image: image]
where {uk} = {u1, … , uK} and {ωk} = {ω1, … , ωK} are respectively the shorthand notations for the sets of all modes and their center frequencies, δ(t) is the Dirac distribution function, j is the imaginary unit, and *denotes convolution.
In addressing the constrained problem, a quadratic penalty term α and a Lagrangian multiplier λ(t) are introduced to render the problem unconstrained. The combination of these two terms benefits both from the nice convergence properties of the quadratic penalty and the strict execution of the constraint by the Lagrangian multiplier (Dragomiretskiy and Zosso, 2014). Consequently, the augmented Lagrangian equation La is obtained as follows:
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The solution to the original constraint problem Eq. 14 is the saddle point of the augmented Lagrangian equation in a sequence of iterative sub-optimizations (Rockafellar, 1973). The solutions of the sub-optimizations are the following:
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where ω is the frequency, the superscript ^ denotes a Fourier transform, and τ is the update parameter of the Lagrangian multiplier.
The solutions of the sub-optimizations are plugged into the alternating direction method of multipliers (ADMM) algorithm to update the modes and their center frequencies and search for the saddle points. Then the optimal solution to the constrained variational problem is obtained, and the input signal is decomposed into an ensemble of band-limited modes and their center frequencies. The steps for the complete optimization of VMD are as follows. First, an original signal f(t) and the total number of modes to be decomposed K are input. Then the mode functions [image: image], center frequencies [image: image] and the Lagrangian multiplier [image: image] are initialized, and n = 0 is assigned. The third step is to iterate n←n + 1 and update [image: image], ωk and [image: image] respectively by using Eq. 16–18 for k = 1, … , K. The iteration and update processes end and K mode functions are output until the following convergence condition is satisfied,
[image: image]
where ε is the tolerance of convergence. In this study, ε = 10−7 is considered.
Verification of the VMD Separation
The VMD is a robust signal decomposition method in the frequency domain that can adaptively seek the optimal bandwidth and center frequency for each mode. In this study, the VMD is introduced in attempt to decompose the monitored rock vibration signals mentioned above into explosion seismic waves and stress release-induced seismic waves. Before performing VMD separation on the field monitoring data, the applicability of the VMD method in the vibration separation needs to be verified. The theoretically calculated seismic waves as shown in Figure 6A are simple in waveforms and frequency content, which are quite different from the rock vibration measured on site. Therefore, the theoretical waveforms are incompetent to verify the applicability of VMD in the vibration separation. With regard to the field monitoring vibration, it is coupled waveforms that contain explosion seismic waves and stress release-induced seismic waves. The respective vibration waveforms cannot be measured directly and compared with the VMD separation results. In this regard, numerical modeling is an optimal approach as it can simulate both the respective vibration waves and the coupled vibration waves. Furthermore, the simulated vibration waveforms through three-dimensional modeling are more similar to the measured vibration signals. Therefore, a numerical test is conducted in this study to verify the applicability of VMD. In the verification, the simulated coupled vibration caused by the combined actions of explosion loading and rapid in situ stress release is first presented. Then the VMD method is employed to decompose the coupled vibration into explosion seismic waves and stress release-induced seismic waves. Finally, the separated waves are compared with the simulated vibrations respectively caused by explosion loading and stress release.
We have carried out a three-dimensional modeling of the rock vibrations caused by explosion loading, rapid stress release and their combined actions for the blasting excavation of the pilot tunnel in CJPL. The numerical modeling is performed in the FEM software ANSYS/LS-DYNA by using its implicit and explicit solutions in sequence. The initial in situ stress is first pre-loaded on the exterior boundaries of the numerical model. Then the implicit solver in ANSYS is launched to compute the element stress and deformation. These information is transmitted to the explicit program LS-DYNA to initialize the stress and deformation of the explicit elements. After that, the explosion load is applied and the stress initially exerted on the blast-created free surfaces is rapidly released in a specific path. The explicit solver in LS-DYNA is finally implemented to compute the element velocity under the dynamic loads. The geometric model, material parameters, loads and boundary conditions, simulation procedures and verification of the modeling have been given detailedly in our previous publication (Yang J. et al., 2018). Therefore, these details about the numerical modeling are not repeated in this paper.
Figure 9 presents the simulated vibration velocity histories caused by the combined actions of explosion loading and rapid in situ stress release for the cut hole blasting. These simulated waveforms agree well with the field monitoring vibration (Yang J. et al., 2018). These waveforms as the input signals are decomposed in the following by using the VMD method for its applicability verification. In the VMD decomposition, it is crucial to choose an appropriate K for the number of the decomposed intrinsic mode functions. If K is too small, it will result in insufficient decomposition of the input signals, and some characteristic information may be submerged. In contrast, an excessive K value will cause undue decomposition, leading to modal aliasing. According to the above theoretical analysis, the rock vibration generated in the blasting excavation of highly stressed rock masses involves two motivation sources, explosion loading and rapid stress release. Therefore, K = 2 is considered in this decomposition. The intrinsic mode functions obtained by the VMD decomposition are sub-signals arranged from low frequency to high frequency. The frequency of the stress release-induced vibration is much lower than that of the blasting vibration. Then the first-order intrinsic mode function is the sub-signals for the stress release-induced vibration, and the second-order mode is the sub-signals for the blasting vibration.
[image: Figure 9]FIGURE 9 | Simulated vibration velocity histories caused by the combined actions of explosion loading and rapid stress release. (A) Transverse component, (B) Vertical component, (C) Longitudinal component (Yang J. et al., 2018).
Figure 10 presents the separated explosion seismic waves and stress release-induced seismic waves from the simulated coupled vibration shown in Figure 9. The respective vibration waves obtained by the numerical modeling are also given in this figure for comparison. It is seen that the separated waveforms based on the VMD method agree well with the numerical results, whether in vibration amplitude, frequency or duration. The PPV and center frequency of the respective vibration waves are summarized in Tables 1, 2 respectively. For the explosion seismic waves, the relative differences between the VMD separation and the numerical simulation do not exceed 14% in the PPV and 7% in the center frequency. For the stress release-induced seismic waves, the maximum relative differences are 18% in the PPV and 4% in the center frequency. These qualitative and quantitative comparisons show that the VMD method can realize an effective separation of explosion seismic waves and stress release-induced seismic waves from the coupled vibration. In the following, this method is applied to the field monitoring vibration signals. Based on the VMD separation, the composition and characteristics of the rock vibration caused by the blasting excavation of the pilot tunnel are analyzed.
[image: Figure 10]FIGURE 10 | Comparisons between the separated seismic waves based on VMD and the simulated seismic waves. (A) Transverse component, (B) Vertical component, (C) Longitudinal component.
TABLE 1 | PPV of the respective seismic waves obtained by the numerical modeling and the VMD separation.
[image: Table 1]TABLE 2 | Center frequency of the respective seismic waves obtained by the numerical modeling and the VMD separation.
[image: Table 2]Vibration Composition and Characteristics
The VMD separation is performed on the monitored vibration signals in Figure 8, obtaining the velocity histories of the explosion seismic waves and the stress release-induced seismic waves, as shown in Figure 11. At No.1 observation point in the first test, the transverse, vertical and longitudinal PPVs of the explosion seismic waves are 1.79 cm/s, 2.38 cm/s and 1.26 cm/s, respectively. For the stress release-induced seismic waves, the corresponding PPVs are 1.57 cm/s, 2.39 cm/s and 0.77 cm/s, respectively. At this point, the vibration amplitude of the stress release related seismic waves approaches or even exceeds the amplitude of the blasting vibration. Clearly, for the blasting excavation of the deep tunnels in CJPL, the rapid in situ stress release occurring on blast-created free surfaces is an important motivation source that causes vibration in the surrounding rock. This is mainly due to the high in situ stress field in this project.
[image: Figure 11]FIGURE 11 | Seismic waves separated from the monitored vibration signals. (A) Transverse component, (B) Vertical component, (C) Longitudinal component.
Taking Fourier transforms on the the velocity histories in Figure 11 gives the normalized amplitude-frequency spectra of the separated seismic waves, as shown in Figure 12. For the explosion seismic waves, the frequency is mainly distributed in the band from 200 to 600 Hz. The center frequencies of the transverse, vertical and longitudinal components are 413.4 Hz, 310.0 Hz, and 326.9 Hz, respectively. In comparison, the frequency band of the stress release-induced seismic waves is much narrower, mainly in the band from 0 to 300 Hz. Its center frequency is lower accordingly, with 101.4 Hz, 88.9 Hz, and 97.6 Hz for the three components. In conclusion, the vibration frequency of the stress release-induced seismic waves is significantly lower than that of the explosion seismic waves. This coincides with the theoretical calculation result above.
[image: Figure 12]FIGURE 12 | Normalized amplitude-frequency spectra of the separated seismic waves. (A) Transverse component, (B) Vertical component, (C) Longitudinal component.
Figures 11, 12 present the separated seismic waves and their spectra for the vibration signals recorded at No.1 monitoring point in the first test. The vibration signals monitored at the other points and tests are also decomposed into explosion seismic waves and stress release-induced seismic waves by the VMD method. After decomposition, their PPV and characteristic frequency are listed in Table 3. For ease of presentation and comparison, the peak velocity given in this table is the PPV of the resultant velocity, and the characteristic frequency is the average of the center frequencies of the three velocity components. Among the twenty monitoring points in the five tests, there are ten points where the stress release-induced seismic waves exceed the explosion seismic waves in the resultant PPV. The average center frequency of the explosion seismic waves is mostly higher than 250 Hz. While with regard to the stress release-induced seismic waves, the average center frequency mainly lies between 70 and 200 Hz. Admittedly, at very few monitoring points, the average center frequency of the explosion seismic waves falls between 200 and 250 Hz. The average center frequency of the stress release related seismic waves at a few points also falls within this band. However, at the same monitoring point, the average center frequency of the stress release related seismic waves is always obviously lower than that of the explosion seismic waves. This shows the conclusions obtained from Figures 11, 12 are also valid for the vibration signals measured at the other points.
TABLE 3 | PPV and average center frequency of the separated seismic waves.
[image: Table 3]From the comparison between the coupled seismic waves and the explosion seismic waves, it is seen that the rock vibration amplitude is increased and the vibration frequency is reduced due to the stress release-induced seismic waves. Clearly, this coupling effect causes the seismic waves arising from the blasting excavation of deep tunnels to be more harmful to structures than the shallow tunnel blasting under the same blasting design. From the perspective of the mechanical process, the explosion seismic waves are generated first, followed by the stress release-induced seismic waves. Because the two types of seismic waves arrive the monitoring points at different time and also they have different wavelengths, the peak velocity attainment time is different for the respective seismic waves. Therefore, the PPV of the coupled seismic waves is less than the sum of the PPVs of the respective seismic waves.
It is generally acknowledged that the PPV of the explosion seismic waves decays with distance as per a power function (Yilmaz, 2016; Rodríguez et al., 2021). For comparison, the PPV attenuation of the stress release-induced seismic waves is also considered to follow the power function law. Fitting the discrete PPVs at the twenty monitoring points in Table 3 by using a power function yields the empirical attenuation laws for the respective seismic waves, as shown by the curves in Figure 13. It is well known that during seismic wave propagation in a rock medium, the seismic attenuation factor Q will change the relative frequency content of the spectrum as the travel distance increases. Amplitudes at high frequencies decay faster than amplitudes at low frequencies. This causes high-frequency vibration to decay faster with increasing distance. Because the vibration frequency of the stress release-induced seismic waves is lower than that of the explosion seismic waves, the PPV of the stress release-induced seismic waves decays more slowly with distance. Within 20 m distance from the explosion source, the peak velocity of the stress release-induced seismic waves is smaller than that of the explosion seismic waves. However, as the distance further increases, the stress release-induced vibration exceeds the blasting vibration due to its slower attenuation. In the far field beyond 20 m distance, the stress release-induced seismic waves become the major component of the rock vibration. It is common knowledge that low-frequency vibration is more damaged to structures than high-frequency vibration at the same PPV. Therefore, extra care should be taken for the stress release-induced rock vibration with lower frequency, particularly in the far field.
[image: Figure 13]FIGURE 13 | PPV attenuation with distance of the separated seismic waves.
Figures 13, 14 presents the average center frequencies of the respective seismic waves at various monitoring points. Likewise, power functions are employed to best fit these discrete frequency values. The average center frequency of the stress release-induced seismic waves is significantly lower than that of the explosion seismic waves. For both, the average center frequencies decrease with an increase in the travel distance. However, the decreasing amplitudes are not significant, especially for the stress release-induced seismic waves since the distance span of vibration monitoring is only 60 m. From the comparison between the attenuation indexes of the fitted power functions, the average center frequency of the explosion seismic waves declines faster with increasing distance. This is because the explosion seismic waves have higher frequency, and rock mediums contribute to propagation of low-frequency seismic waves by filtering high-frequency seismic waves.
[image: Figure 14]FIGURE 14 | Dependence of average center frequency on distance of the separated seismic waves.
DISCUSSION
The above theoretical analysis and field investigation show that the stress release-induced seismic wave is an important component of the rock vibration generated in blasting excavation of deep tunnels. During the blasting excavation of the pilot tunnel in CJPL, the explosive with a density varying from 950 to 1,300 kg/m3 and a velocity of detonation ranging from 3,500 to 5,500 m/s is used. In the cut hole blasting, the blasthole diameter is 50 mm, the explosive column diameter is 32 mm, and the space between the adjacent blastholes is 0.5 m. From these blasting parameters, it can be estimated that the equivalent explosion pressure on the blasting excavation boundary varies from 40 to 130 MPa (Yang J. et al., 2018). The in situ stress in this project reaches 50−70 MPa. The rock mass near the blasting work face may be subjected to higher in situ stress due to local stress concentration. Therefore, the rapid stress release occurring on blast-created free surfaces can produce a comparable vibration velocity to the explosion loading. Moreover, the seismic waves induced by the rapid stress release decay more slowly with distance. Then it is quite possible that the stress release-induced rock vibration exceeds the blasting vibration in the far field. Overall, the explosion seismic waves dominate the near-field rock vibration, and the stress release-induced seismic waves can become the major component of the far-field rock vibration. Therefore, during blasting excavation of deep tunnels under high in situ stress, the seismic waves caused by the rapid stress release cannot be ignored. Unfortunately, this concern has not attracted sufficient attention in current blasting design and vibration control for deep tunnel blasting.
In current vibration control of tunnel blasting, the widely used measures are to reduce charge weight and optimize charge structures to achieve the purpose of minimizing the explosion-induced vibration. This is certainly adequate for blasting of shallow tunnels. However, during deep tunnel blasting under high in situ stress, it may be necessary to reduce the stress release-induced vibration. According to the theoretical solution formula in Eq. 10, the rock vibration caused by the rapid stress release depends on the in situ stress level σ0, the stress release period tp, the size of blast-created free surfaces a, and the rock properties vp. As the stress level and the size of blast-created free surfaces increase, the velocity of the stress release-induced vibration increases accordingly. The vibration velocity decreases with an increase in the period of the stress release. Intact rock masses with higher P-wave velocity generate greater vibration velocity than loose rock masses. The in situ stress level and the rock properties cannot be easily changed. However, the size of blast-created free surfaces and the period of the stress release can be adjusted through designing blasthole arrangements and detonation sequences.
With regard to the cut hole blasting of the pilot tunnel in CJPL in Figure 7, the size of blast-created free surfaces can be reduced through changing the number of the blastholes detonated in the first delay. If ten blastholes (five holes on each side) are detonated in the first delay, the vertical side length of the blast-created free surfaces will be reduced from 4.5 m to 2.0 m. The equivalent excavation radius under the same area will be shortened from 1.7 m to 1.1 m accordingly. In the theoretical model in Section 2, when the circular excavation radius is changed from 1.7 m to 1.1 m, the vibration PPV due to the rapid stress release decreases from 18.8 cm/s to 8.6 cm/s at 10 m distance, as shown in Figure 15A. A significant reduction of 54% is reached in the PPV. Furthermore, as the excavation radius decreases, the vibration frequency becomes higher, as presented in Figure 15B. This shows that reducing the size of blast-created free surfaces can achieve effective control of the stress release-induced rock vibration.
[image: Figure 15]FIGURE 15 | Velocity histories and amplitude-frequency spectra of the stress release-induced vibration under different excavation radiuses. (A) Velocity histories at r = 10 m, (B) Normalized amplitude-frequency spectra of the velocity histories.
According to Eq. 2, the period of the rapid stress release occurring on blast-created free surfaces relies on the blasthole length and space for a given rock mass. The blasthole arrangement at a larger length and space generates a longer period, corresponding to a smaller vibration velocity. As mentioned earlier, short blastholes with a length ranging from 1.5 to 5.0 m and a space varying from 0.5 to 1.5 m are normally used in the full-face blasting of deep tunnels. The blasthole length is much greater than the blasthole space in size. Therefore, in Eq. 2, the period of the rapid stress release is dominated by the blasthole length. In the cut hole blasting of the pilot tunnel in CJPL, the blasthole length of 3.5 m is used. If the blasthole length is changed from 3.5 m to 5.0 m, the period of the stress release will be prolonged from 2.7 ms to 3.8 ms. Based on the theoretical model in Section 2, the PPV of the stress release-induced vibration under the different blasthole lengths is shown in Figure 16. When the blasthole length is increased from 3.5 m to 5.0 m, the PPV at 10 m distance is reduced from 19.7 cm/s to 13.4 cm/s, with a reduction of 32%. Clearly, increasing the blasthole length moderately is effective in extending the stress release period and reducing the stress release-induced rock vibration.
[image: Figure 16]FIGURE 16 | PPV of the stress release-induced vibration under different blasthole lengths.
The above discussion indicates that in deep tunnel blasting, smaller blasting excavation boundaries and larger blasthole lengths are conducive to control the rock vibration due to the rapid in situ stress release. However, a larger blasthole length means a greater explosive charge weight if the charge density remains constant. It will increase the rock vibration caused by the explosion loading. Therefore, in order to determine an optimal blasthole arrangement for minimizing the coupled rock vibration, the combined effects of explosion loading and rapid stress release need to be analyzed. In this regard, the theoretical model developed in this paper is limited. For example, the detonation propagation along explosive columns and the effect of blasthole length on explosion seismic wave radiation cannot be considered. Furthermore, the interval time between the initiation of explosion loading and the start of rapid stress release cannot be accurately determined. In the similar theoretical model developed by Yang J. H. et al. (2018), it is considered that the in-situ stress release begins when the explosion pressure falls to a level equal to the initial stress on excavation boundaries. However, this is a rough estimation because the microscopic rock fracture between adjacent blastholes, which fundamentally causes in-situ stress release, is not handled properly. Alternatively, the numerical modeling is a more promising approach, in which explosive detonation, rock fracture between adjacent blastholes and in situ stress release on blast-created free surfaces can be reproduced.
CONCLUSION
During blasting excavation of deep tunnels under high in situ stress, the in situ stress initially exerted on blast-created free surfaces is rapidly released along with rock fragmentation by blasting. The theoretical analysis conducted in this study shows that the rapid in situ stress release can induce considerable seismic waves, resulting in vibration in surrounding rock masses. The vibration frequency of stress release-induced seismic waves is significantly lower than that of explosion seismic waves. The difference in the frequency content makes it possible to separate explosion seismic waves and stress release-induced seismic waves from monitored vibration signals. The VMD method is demonstrated to be an effective approach to achieve this separation. Based on the VMD separation, the composition and characteristics of the rock vibration monitored in the cut hole blasting of the pilot tunnel in CJPL are investigated. The field monitoring data investigation shows that the rock vibration amplitude is increased and the vibration frequency is reduced due to stress release-induced seismic waves. The rock vibration in the near field is dominated by explosion seismic waves. In the far field, stress release-induced seismic waves become the major composition due to their lower frequency and slower attenuation with distance. Through shortening blast-created free surface sizes and increasing blasthole lengths moderately, the rock vibration caused by the rapid stress release can be effectively reduced.
The purpose of this study is to reveal the composition and characteristics of the rock vibration generated in blasting excavation of deep tunnels through theoretical analysis and field investigation. It has been demonstrated that under high in situ stress, the seismic wave due to the rapid stress release is an important vibration component. The structural responses and safety criterions under the coupling of explosion seismic waves and stress release-induced seismic waves need to be studied in future research.
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Aiming at the mining disaster of a thick hard roof, based on the analysis of the mining instability influence of the thick hard roof, this study constructs the mining bearing mechanical model of the thick hard roof by using mechanical theory and obtains the mechanical distribution equation of mining bearing and energy accumulation, the mining instability energy release equation, and the dynamic load response equation of a hydraulic support in the working face, as well as the dynamic load response characteristics of the hydraulic support in the working face, putting forward the technical countermeasures for the strong dynamic pressure control of the thick hard roof in the working face. This research shows that 1) the larger the overburden load and suspension span of the thick hard roof, the more serious the mining bearing state and energy accumulation evolution; the greater the rock thickness and elastic modulus of the thick hard roof, the greater the flexural stiffness of the roof, resulting in the increase of the roof mining limit breaking span, which indirectly aggravates the mining bearing state and self-energy accumulation evolution; 2) the dynamic support resistance of the hydraulic support is composed of the dynamic support resistance caused by the release of elastic energy accumulated by mining of the thick hard roof, the work done by the overlying load, and the static support resistance caused by the direct roof gravity; 3) the dynamic support resistance caused by the work of the overlying load accounts for the highest proportion, followed by the dynamic support resistance caused by the release of mining elastic energy by the thick hard roof; the cause of mining instability and the strong dynamic pressure of the thick hard roof lie in the large span of the mining suspended roof, and the large-scale mining suspension structure of the thick hard roof leads to a high overlying load and large accumulated energy; and 4) the mining instability of the thick hard roof leads to a strong dynamic load response of the hydraulic support; adopting pre-splitting and roof cutting technology to reduce the breaking span of the thick hard roof and reducing the impact dynamic load caused by mining instability of the thick hard roof can effectively eliminate the potential safety hazard of overlimit bearing of the hydraulic support.
Keywords: large space stope, thick hard roof, mining instability, energy accumulation and dispersion, hydraulic support, dynamic pressure disaster
INTRODUCTION
The geological conditions of the thick hard roof in coal mines are becoming more and more common, the dynamic pressure of mining instability of the thick hard roof is particularly strong, and the hidden danger of the strong dynamic pressure disaster in the working face is serious. In many coal mines in Inner Mongolia, the deep coal measure strata generally contain thick and hard strata dominated by fine sandstone and conglomerate, which have a large thickness, high strength, and no obvious bedding fissures. In the deep part of coal measure strata, the thick and hard rock stratum forms a plate beam bearing structure with a long-span suspension and is difficult to collapse; once the plate beam bearing structure reaches the bearing limit, it will cause a strong dynamic pressure impact on the stope space, which is a serious threat to the safe and efficient mining of coal mines.
In order to ensure the safe and efficient mining of coal mines, many scholars pay special attention to the problem of mining pressure disasters under thick hard roof conditions. In terms of mining disaster analysis under thick hard roof conditions and by the investigation and measurement of the ground pressure in the working face with a thick hard roof, it is concluded that a phenomenon of the strong ground pressure exists in the working face with a thick hard roof, a large number of elastic properties are accumulated in the thick and hard rock itself with the coal and rock volume under it, and the mining instability of the thick hard roof has a hidden danger of inducing rock burst and air blast disaster in the working face (Christopher and Michael, 2016; Iannacchione and Tadolini, 2016; Tan et al., 2019). Through the analysis of the stope ground pressure behavior under thick hard roof conditions, it is revealed that the instability of the thick and hard rock structure in a large space stope leads to the strong ground pressure behavior of the working face, and the classification evaluation model of the ground pressure strength is established to guide the prediction and pre-control of the ground pressure disaster in hard roof coal seam mining (Xia et al., 2017; Dou et al., 2020; Gao et al., 2020). Some scholars have carried out microseismic monitoring of the overlying rock of the stope under thick hard roof conditions, analyzed the vibration response of the mining fracture of the overlying rock of the stope, and revealed the elastic release and propagation characteristics of its accumulation caused by the mining fracture of the thick and hard roof (Lu et al., 2015; Zhang et al., 2017). Facing the disaster problem of mining instability of the thick hard roof, some scholars have carried out technical countermeasures such as solid filling and blasting roof cutting and achieved good engineering results, avoiding the disastrous disturbance of the thick hard roof structure instability on the stope and roadway (He et al., 2012; Zhang et al., 2016). The stability analysis of the working face hydraulic support under the condition of the thick hard roof was carried out Based on the key layer theory and composite beam mechanical model, a calculation method of the static resistance of the support in a fully mechanized top-coal caving face is proposed (Zhao et al., 2017). By analyzing the influence of mining instability of the thick hard roof on the stability of the hydraulic support in the working face, it is concluded that the support stiffness is positively correlated with the support resistance. Manual roof cutting is adopted to reduce the fracture length of the roof and cooperate with it to achieve the purpose of roof control (Yu et al., 2013; Song et al., 2020). By analyzing the pressure behavior characteristics of the hydraulic support of the working face when the thick hard roof is broken, this study reveals the impact dynamic pressure behavior of the mining failure of the basic roof of the thick and hard rock stratum on the lower direct roof and support and proves that the dynamic load of the working face is much greater than the pressure effect of the hydraulic support caused by the static load (Yang et al., 2017). In the analysis of the mining instability mechanism of the thick hard roof, some scholars have successively adopted the elastic foundation orthogonal beam model, fixed beam mechanical model, and composite beam structure model considering a horizontal force to study the mechanical mechanisms of mining instability of the hard roof in a stope, such as bending deformation, instability span, and stress transfer of the hard roof (Jiang et al., 2016; Zuo et al., 2017; Zhang et al., 2020). According to the bearing mechanical characteristics of the thick hard roof, scholars use the elastic foundation beam model to analyze the distribution characteristics of deflection, bending moment, and energy accumulation of the hard roof (Li et al., 2007; Gu et al., 2018). Some scholars also use the medium-thick plate theory and finite element method to analyze the mining stress and fracture evolution of the hard and thick roof in the stope space (Xie et al., 2016; Yang et al., 2020). At present, many research studies mainly analyze the hard roof slab in the stope space as a thin beam or a thin plate structure but it is not applicable to the hard rock stratum with large thickness. Although some scholars use the elastic mechanic's solution method to analyze the fixed supported thick beam or fixed supported medium and thick plate structure, the fixed support boundary is different from the clamped support boundary constraint of the actual situation, and the analyzed mining energy accumulation and fracture instability position of the thick hard roof are deviated from the actual situation; the spatial state equation analysis method and finite difference analysis method of the plate structure are complex, difficult to study in depth, and have a little advantage in popularizing and using engineering technology. Therefore, the mechanical model suitable for the analysis of the mining bearing capacity of the thick hard roof still needs to be further studied.
To sum up, many scholars have made a lot of research achievements in the study of mining disasters under thick hard roof conditions. However, the mining disasters under the conditions of a thick hard roof, such as the energy accumulation and dispersion evolution before and after the mining fracture of a thick hard roof, the mining instability of the thick hard roof, the difference between dynamic and static pressure, and the strong dynamic load response of the hydraulic support in the working face, need to be further analyzed and studied. Therefore, combined with engineering examples, based on the analysis of the mining influence characteristics of thick hard roof conditions, this study constructs the mechanical model of mining bearing structure of thick hard roof by using the mechanical analysis method of single generalized displacement thick beam and the mechanical theory of semi-infinite elastic foundation beam and analyzes the mechanical law of mining bearing and energy accumulation of thick hard roof. According to the energy principle, the mechanical equations of energy accumulation and dispersion of thick hard roof and dynamic load response of hydraulic support in a large space stope are deduced, the dynamic load response of hydraulic support for mining instability of thick hard roof in working face is analyzed, and then the technical countermeasures for the strong ground pressure control of thick hard roof are put forward. This study provides a reference for the strong dynamic pressure behavior of similar thick hard roofs and the dynamic pressure bearing analysis of hydraulic support.
ANALYSIS OF MINING INSTABILITY CHARACTERISTICS OF THE THICK HARD ROOF IN THE WORKING FACE
Engineering General Situation of the Working Face With the Thick Hard Roof
In the 61304 fully mechanized top-coal caving face in the Tangjiahui coal mine, the 6# coal seam is the main coal seam; the minable thickness of this coal seam is 16.8 m, the average dip angle of the coal seam is 2°, the strike length of the working face is 2,141 m, the dip width is 240 m, the fully mechanized mining height is 4.5 m, and the caving height is 12.3 m. The occurrence structure of the coal measure strata is shown in Figure 1; the direct roof of the main mining coal seam is 4.5 m thick argillaceous rock, and the overlying basic roof is 15.8 m thick fine sandstone, which is mainly composed of a 4# coal seam, sandy mudstone, medium-grained sandstone, and fine sandstone; among the aforementioned rock layers, mudstone, sandy mudstone, and medium-grained sandstone layers show obvious bedding fracture development, argillaceous weak cementation, locally mixed with loose conglomerate, and the overall strength is low but the fine sandstone layer is thick, hard and has high mechanical strength. There is a hidden danger of strong dynamic pressure disaster caused by mining instability of the long-span suspended roof.
[image: Figure 1]FIGURE 1 | Coal stratum histogram of the working face.
Influence Characteristics of Mining Instability of the Working Face Under the Thick Hard Roof
By investigating the ground pressure behavior of the mined working face in the Tangjiahui coal mine, it is found that during the mining process, the direct roof of mudstone collapses with the top-coal caving mining, as shown in Figure 2, the thick hard roof of fine sandstone overlying it presents a plate beam suspension-bearing structure with long-span suspension and is difficult to collapse. The breaking and instability of the bearing structure of the thick hard roof cause the strong dynamic ground pressure at the moment, which poses a serious threat to the safety of mining, support equipment, and operators of the working face.
[image: Figure 2]FIGURE 2 | Schematic diagram of mining dynamic pressure of the thick hard roof in the fully mechanized top-coal caving face.
In view of the mining influence of thick hard roof conditions, combined with relevant ground pressure theory and engineering experience, the mining instability influence of the thick hard roof in the working face is analyzed from four aspects: bearing state, spatial structure, instability energy release, and dynamic and static pressure difference:
(1) From the analysis of the stope space, after mining in the longwall coal face of fully mechanized top-coal caving, spatial mining suspended roof structure with a suspended span of 60–80 m and transverse width of 240 m is formed. Once this large area of the suspended roof is unstable, it will show an air impact on the mining space.
(2) From the aspect of roof bearing, the thick and hard roof has a large thickness and relatively high strength, so it has a strong mechanical bearing capacity; in the process of on-site face mining, the thick and hard roof presents a safety risk situation of difficult collapse and large hanging span.
(3) From the analysis of the difference between the dynamic and static pressure, compared with the mining instability of the general thin and weak strata, the mining instability pressure of the thick and hard roof is strong, especially the impact dynamic load of the thick and hard roof at the low position of the stope space is particularly obvious to the dynamic pressure of the working face below.
(4) From the analysis of the pressure behavior of the working face, the instability of the long-span suspension structure will cause mining instability and dynamic load behavior of the broken rock block below and the hydraulic support of the working face, resulting in a large safety deviation between the resistance of the hydraulic support calculated according to the static load and the actual situation.
According to the above safety impact analysis, the problem of strong dynamic pressure disaster of the thick and hard roof urgently needs to be studied and solved, including how to pre-judge the mining instability impact of the thick and hard roof, how to evaluate the dynamic pressure-bearing stability of the hydraulic support in the working face, and what is the key to control the display of the strong dynamic pressure of the thick and hard roof. Therefore, the analysis of energy accumulation and dispersion evolution of the thick hard roof and dynamic load response of the hydraulic support in a large space stope is of great value to solve the problem of strong dynamic pressure disaster of this kind of a thick and hard roof.
MECHANICAL MODEL ANALYSIS OF MINING BEARING CAPACITY AND ENERGY ACCUMULATION OF THE THICK HARD ROOF
Based on the analysis of the influence characteristics of mining instability of the thick hard roof in the working face, this study considers the thick and hard rock roof as the research object, carries out the mechanical model analysis of mining bearing and energy accumulation of the thick hard roof, and reveals the characteristic law of mining bearing and energy accumulation of the thick hard roof, which provides a research basis for the analysis of mining instability and dynamic pressure influence of the thick hard roof in a large space stope.
Construction of the Mining Bearing Mechanical Model of the Thick Hard Roof
In order to reasonably analyze the mechanical evolution mechanism of mining bearing and energy accumulation of the thick hard roof, based on the MARCUS simplified algorithm, this study constructs the mechanical model of mining bearing of the thick hard roof by using the mechanical analysis method of a single generalized displacement thick beam and the mechanical theory of the semi-infinite elastic foundation beam, as shown in Figure 3.
[image: Figure 3]FIGURE 3 | Schematic diagram of the mining bearing mechanical model of the thick hard roof. (A) Mechanical state of the mining bearing capacity of the thick hard roof. (B) Mining bearing state of the thick hard roof along the mining direction. (C) Analysis model of mining stress of the thick hard roof.
In order to facilitate the solution and analysis of the mechanical model, the following basic assumptions are made for the mining bearing mechanical model of the thick hard roof:
(1) According to the analysis of the law of stope roof activity, for the longwall mining of underground coal mines, the span width ratio of the stope space roof is small and the flat strain beam structure can be used for mechanical analysis.
(2) Consider the middle of the exposed area before the mining fracture of the thick hard roof as the origin of the mechanical coordinate system; then, the mining direction along the working face is the X-coordinate axis and the vertical direction is the W-coordinate axis, as shown in Figure 3B.
(3) Set the overhang span of the thick hard roof as lBX in the established mechanical coordinate system; then, the location of the mining overhang area in the stope space is (−lBX/2, lBX/2) and the mining bearing area is (lBX/2, +∞).
(4) In the mining exposed area (−lBX/2, lBX/2), the stress state of the thick hard roof can be regarded as a beam structure under a uniform load, and the overlying load pBX of the roof in the exposed area is composed of its own rock load and the overlying soft coal and rock load.
(5) Considering the large thickness span ratio of the thick hard top slab beam structure in the mining exposed area, the mechanical analysis of the thick beam structure with a single generalized displacement is carried out by using the mechanical model of the thick beam structure.
(6) In the mining bearing area (lBX/2, +∞), the thick hard roof is constrained by the upper and lower strata and presents the mechanical characteristics of the sandwich bearing, as shown in Figure 3B; according to the analysis of the activity law of the stope roof, the upper and lower strata of the stope thick hard roof can be regarded as the elastic foundation structure and analyzed with the mechanical model of the semi-infinite elastic foundation beam structure.
(7) In the deep part of the mining bearing area, the mining stress load on the upper boundary and the foundation reaction load on the lower boundary interact with each other, so it can be regarded as the mutual balance and offset of forces in the mechanical analysis, thereby simplifying the analysis of the mining bearing mechanical model of the thick hard roof, as shown in Figure 3C.
Analysis of the Mining Bearing Mechanical Model of the Thick Hard Roof
According to the mechanical model shown in Figure 3C, the unit-wide strip of the thick hard top slab along the mining direction (x-axis) of the working face is considered as the research object, and the basic mechanical equation of the thick beam structure using a single generalized displacement method (Ke, 2000) is as follows:
[image: image]
where wBX is the deflection of the thick hard roof in the mining exposed area along the mining direction; pBX is the overlying load composed of its own gravity load and the transmission load of the overlying weak rock stratum along the mining direction; θBX is the bending angle of the thick hard roof in the mining exposed area along the mining direction; MBX is the bending moment of the thick hard roof in the mining exposed area along the mining direction; FSBX is the shear force of the thick hard roof in the mining exposed area along the mining direction; E is the elastic modulus of the rock stratum—in plane strain problem, E = E/(1−v2); I (=bd3/12) is the polar moment of inertia; b is the structural width of the thick hard roof strip, taking unit width 1; d is the thickness of the thick hard roof; T (= 5Ebd/[12 (1+v)]) is the shear stiffness of the rectangular strip with the thick hard roof; and v is Poisson’s ratio—in a plane strain problem, v = v/(1−v).
From the last equation of Eq. 1, the deflection equation of a single generalized displacement of the thick hard roof can be established, and the general solution is as follows:
[image: image]
where B1X, B2X, B3X, and B4X are undetermined coefficients.
Substituting Eq. 2 into equations (1)–(3) of Eq. 1, and sorting out.
[image: image]
In the mining exposed area (−lBX/2, lBX/2), the stress bending of the thick hard roof is axisymmetric along the centerline (x = 0), which shows that [image: image], [image: image].
Solution: B1X = 0; B3X = 0
In Eq. 3, only B2X and B4X are unknown coefficients to be determined.
In the mining bearing area of overburden (lBX/2, +∞), the mechanical equation of the elastic foundation strip structure is as follows:
[image: image]
where wAX is the curvature of the thick hard roof in the mining bearing area along the mining direction and k is the elastic foundation stiffness of the upper and lower boundary strata in the mining bearing area of the thick hard roof.
Let [image: image]; Eq. 4 is sorted as follows: 
[image: image]
In the mining bearing area, the general solution equation of deflection under the elastic foundation state of the thick hard roof is as follows:
[image: image]
where: [image: image]; [image: image]; [image: image]; and [image: image].
In the mining bearing area, the mechanical analysis of the semi-infinite thick hard roof can still be analyzed according to the slender strip structure of elastic foundation as follows:
[image: image]
where θAX is the curvature of the thick hard roof in the mining bearing area along the mining direction; MAX is the bending moment of the thick hard roof in the mining bearing area along the mining direction; and FSAX is the shear force of the thick hard roof in the mining bearing area along the mining direction.
The mechanical equation of the semi-infinite thick roof strip structure in the mining bearing area is as follows:
[image: image]
Currently, A1X and A2X are undetermined coefficients.
At the end of the mining exposed area, the stress and deformation of the thick hard roof meet the static equivalent, that is, on both sides of the position (x= lBX/2).
[image: image]
Substituting Eqs 3 and 8 into Eq. 9, we obtain the following equations:
[image: image]
The coefficients are as follows:
[image: image]
The bending deformation equation of the thick hard roof in the stope space along the working face direction (X-axis) can be sorted out as follows:
[image: image]
[image: image]
Similarly, the bending deformation equation of the thick hard roof in the stope space along the transverse direction of the working face (Y-axis) is as follows:
[image: image]
[image: image]
and
[image: image]
Based on the Marcus simplified algorithm, the orthogonal slab structural units along the mining direction (X-axis) and the transverse direction (Y-axis) of the working face meet the following requirements:
[image: image]
Substituting Formulas 11–16, the result is as follows:
[image: image]
Based on the MARCUS simplified algorithm, given that [image: image], let [image: image]; then, the strip loads of the thick hard roof structure along the working face direction (X-axis) and the strip loads along the working face transverse direction (Y-axis) are respectively, as follows: 
[image: image]
According to the energy principle, the integral equation of the elastic energy accumulation density U of the strip structure of the thick hard roof is as follows:
[image: image]
where κ is the curvature of the strip member.
According to the physical equation of the linear elastic strip member, it can be seen that
[image: image]
According to the geometric equation of the strip member with a linear elastic medium, it can be seen that
[image: image]
Simultaneously, Eqs 14–16 are sorted as follows:
[image: image]
According to the bending moment equation under the mining bearing of the thick hard roof of the mining overburden derived from Eqs 3 and 8, and substituting them into Eq. 23, the elastic energy accumulation density equation under the mining bearing state of the thick hard roof is as follows:
[image: image]
Mechanical Law of the Mining Bearing Capacity and Energy Accumulation of the Thick Hard Roof
Using the example analysis, the mechanical characteristics of the mining bearing capacity and energy accumulation evolution of the thick hard roof are revealed. The assumptions for example analysis are the following: lBX = 60 m, d = 10 m, b = 1, E = 4 GPa, v = 0.2, k = 1000 MN/m, and pBX = 1 MPa. The above parameters are, respectively, substituted into the deflection equation (Eq. 12), bending moment equation (Eq. 13), and elastic energy accumulation density (Eq. 24) to analyze the influencing factors of the mining bearing capacity of the thick hard roof. The calculation results are shown in Figures 4–7.
(1) Influence of the Overlying Load on the Mining Bearing Capacity of the Thick Hard Roof.
[image: Figure 4]FIGURE 4 | Mechanical influence characteristics of the overlying load in the mining exposed area on the mining bearing capacity of the thick hard roof. (A) Distribution characteristics of bending deflection. (B) Distribution characteristics of stressed bending moment. (C) Distribution characteristics of elastic energy accumulation.
As shown in Figure 4, with the increase of the overburden transmission load, the mining bearing state and energy accumulation of the thick and hard roof are significantly intensified, leading to a more serious and hidden danger of mining instability of thick and hard roof; from the mechanical distribution characteristics of mining bearing, the bending force and accumulated energy of the thick and hard roof are mainly concentrated in the middle and both ends of the mining exposed area; among them, the position near the end of the suspended area (1–5 m away from the boundary of the suspended area) is the key position to judge the mining failure and instability of the thick and hard roof.
(2) Influence of the Mining Suspension Span on the Mining Bearing Capacity of the Thick Hard Roof.
As shown in Figure 5, with the increase of the overhang span, the bearing load of the thick and hard roof in the mining overhang area increases, and the bending degree and accumulated energy density of the thick and hard roof show an increasing evolution. The mining energy accumulation of the thick and hard roof is particularly sensitive to the increase of the overhang span.
(3) Influence of the Rock Stratum Thickness on the Mining Bearing Capacity of the Thick Hard Roof.
[image: Figure 5]FIGURE 5 | Mechanical influence characteristics of the mining suspension span on the mining bearing capacity of the thick hard roof. (A) Distribution characteristics of bending deflection. (B) Distribution characteristics of stressed bending moment. (C) Distribution characteristics of elastic energy accumulation.
As shown in Figure 6, the greater the thickness of the rock stratum, the greater the bending stiffness of the rock stratum, making the thick and hard roof have a stronger bearing and energy accumulation capacity; although the bending degree of the thick and hard roof decreases and the peak value of the bending moment does not change significantly, excessive energy accumulation will cause strong mining instability and dynamic pressure in the stope space, and the bending moment in the mining bearing area shows the characteristics of weakening convergence distribution.
(4) Influence of the Rock Elastic Modulus on the Mining Bearing Capacity of the Thick Hard Roof.
[image: Figure 6]FIGURE 6 | Mechanical characteristics of the influence of the rock stratum thickness on the mining bearing capacity of the thick hard roof. (A) Distribution characteristics of bending deflection. (B) Distribution characteristics of stressed bending moment. (C) Distribution characteristics of elastic energy accumulation.
As shown in Figure 7, the influence of the elastic modulus of the rock stratum on the mechanical bearing capacity of the thick and hard roof is similar to the influence characteristics of the thickness of the rock stratum, and the bending stiffness of the rock stratum itself is improved, which leads to the increase of the mining breaking limit span. Accordingly, the mining instability energy and impact dynamic pressure are more intense when the mining instability occurs.
[image: Figure 7]FIGURE 7 | Mechanical influence characteristics of the rock stratum elastic modulus on the mining bearing capacity of the thick hard roof (A) Distribution characteristics of bending deflection. (B) Distribution characteristics of stressed bending moment. (C) Distribution characteristics of elastic energy accumulation.
To sum up, the thick hard roof has the characteristics of a strong bearing capacity and large accumulation of mining energy, and the working face is strongly affected by the dynamic pressure; the greater the thickness and elastic modulus of the thick hard roof, the greater its flexural stiffness, and the ultimate breaking span of the thick hard roof increases; with the increase of the overhanging span and overlying load of the thick hard roof, its mining bearing state and energy accumulation are evidently intensified.
INFLUENCE OF THE ACCUMULATED ENERGY RELEASE OF THICK HARD ROOF MINING ON THE DYNAMIC LOAD OF THE HYDRAULIC SUPPORT IN THE WORKING FACE
Elastic Energy Release of Mining Failure and Instability of the Thick Hard Roof
According to the distribution characteristics of the mining bearing capacity and energy accumulation evolution of the thick hard roof given in the Mechanical Law of Mining Bearing Capacity and Energy Accumulation of the Thick Hard Roof section, the tensile fracture of the upper boundary of the thick hard roof is selected as the judgment condition of mining fracture instability, and its bending expression is as follows: 
[image: image]
where [σt] is the tensile strength of the thick hard roof rock stratum.
By substituting the bending moment equation (Eq. 13) of the thick hard roof into Eq. 24, the discrimination equation of mining failure and instability of the thick hard roof is obtained.
[image: image]
The example analysis shows that the mining breaking span and mining suspension span are not in the same position, and the mining limit breaking span lAB of the thick hard roof can be calculated by Eq. 26. At the moment of mining breaking and instability, the elastic energy accumulated by the mining bearing of the thick hard roof is released due to breaking and instability, which is transformed into the instability kinetic energy of the broken block, and the mining elastic energy of the thick hard roof within the range of (−lABX/2, lABX/2) is integrated, the elastic energy release equation UwJBDX of the thick hard roof breaking instability is obtained from the equation.
[image: image]
By integrating the above formula, the elastic energy release equation UwJBDX of mining failure and instability of the thick hard roof is obtained as follows:
[image: image]
Dynamic Load Response of the Hydraulic Support in the Working Face Under Thick Hard Roof Conditions
As shown in Figure 8, the mining instability of a thick hard roof leads to the release of elastic energy accumulated by the thick hard roof. At the same time, with the work done by the overlying load, they are jointly converted into the mining instability kinetic energy of the thick hard roof, forming a dynamic load impact on the directly broken roof below; the impact dynamic load is transmitted to the hydraulic support of the working face along the longitudinal direction to form the dynamic pressure of the working face.
[image: Figure 8]FIGURE 8 | Schematic diagram of the dynamic load response mechanical analysis of the hydraulic support in the working face.
According to this force transmission characteristic, the dynamic load response of the hydraulic support in the working face with an accumulated energy release of thick hard roof mining is analyzed, and the energy balance equation before and after mining instability of the thick hard roof is established according to the energy conservation:
[image: image]
where VABX is the kinetic energy of mining failure and instability of the thick hard roof, [image: image]; KZJD is the stiffness of the coal rock direct roof; ΔwZJDX is the movement of the thick hard roof instability.
Solution: 
[image: image]
Eq. 29 is substituted into Eq. 28, and it is concluded that the impact dynamic load QZJD caused by the mining instability of the thick hard roof on the direct roof is as follows:
[image: image]
It should be noted that due to the mining fracture and block hinged rotation shown in Figure 2 when the thick hard roof is unstable, part of the accumulated energy released by the thick hard roof mining is transmitted to the goaf floor and the other part is transmitted to the coal and rock direct roof at the hinged points at both ends. Therefore, the effective impact dynamic load borne by the direct roof above the working face is QZJD =QABX/4.
As shown in Figure 9, the dynamic load response analysis of the hydraulic support in the working face is based on the hydraulic support in the middle of the working face. In the mining space of the working face, the mining impact dynamic load at each point of the thick hard roof will have a superimposed impact on the dynamic load transmission of the hydraulic support. In view of the influence of the mining space, this study analyzes the influence of dynamic load superposition of the middle support of the working face with the idea of semi-infinite body mechanical analysis under uniformly distributed load conditions.
[image: Figure 9]FIGURE 9 | Schematic diagram of the hydraulic support in the middle of the working face affected by impact dynamic load superposition.
Considering the top of the hydraulic support in the middle of the working face as the origin o, the horizontal direction along the working face is the Y-axis, and the vertical direction is the Z-axis. The impact dynamic load QZJD can be calculated by Eq. 31; considering that the hydraulic support resistance of the longwall working face is composed of the gravity load of the direct roof of coal and rock and the effective impact dynamic load transmitted from the direct roof, in which the gravity load GZJD of the inclined rectangular block of the direct roof of coal and rock carried by the roof of the support is as follows: 
[image: image]
where lZJ is the top control distance of the hydraulic support of the working face; βZJD is the direct roof breaking angle of coal and rock; rZJD is the average unit weight of the direct roof of coal and rock; g is the acceleration of gravity; and bZJ is the center distance of the support.
To sum up, the dynamic load response estimation equation FZJ of the hydraulic support in the working face with the thick hard roof is established as follows:
[image: image]
where L is the width of the working face; η is the attenuation coefficient of dynamic load transmission of the direct roof rock medium η≥1, and the greater the η, the greater the attenuation degree of the dynamic load (Gao et al., 2007; Jiang et al., 2015); and s is the dynamic load transfer efficiency. According to the analysis of the propagation efficiency and attenuation law of vibration energy in the literature (Gao et al., 2007; Jiang et al., 2015), the dynamic load transfer efficiency is generally 1/100–1/10.
Considering in this calculation η = 1.0 and s = 1/20, the dynamic load response estimation equation FZJ of the hydraulic support of the working face under the condition of a thick hard roof is obtained by integrating Eq. 34:
[image: image]
Dynamic Load Response Characteristics of the Hydraulic Support in the Thick Hard Roof Working Face
Based on the example analysis given in the Analysis of the Mining Bearing Mechanical Model of the Thick Hard Roof section, the dynamic load response characteristics of the hydraulic support in the working face under thick hard roof conditions are revealed. It is assumed that lAB = 60 m, lZJ = 6 m, bZJ = 1.75 m, dZJD = 16 m, βZJD = 70°, rZJD = 1600 kg/m3, η = 1.0, s = 1/20, L = 240 m, and g = 10 m/s2; the above parameters are substituted into Eqs 26, 28, 31, 32, and 34 to calculate the dynamic resistance of the hydraulic support. The calculation results are shown in Figure 10.
[image: Figure 10]FIGURE 10 | Influence characteristics of the dynamic pressure of the working face hydraulic support under thick hard roof conditions. (A) Influence of the overlaying load on the thick hard roof. (B) Influence of the thick hard roof span. (C) Influence of the thick hard roof thickness. (D) Influence of the thick hard roof on the elastic modulus. (E) Influence of the direct top thickness. (F) Influence of the hydraulic support top control distance.
As shown in Figure 10, in the dynamic resistance composition of the hydraulic support, the dynamic resistance caused by the work of the overlying load accounts for the highest proportion, followed by the accumulation and release of elastic energy of the thick hard roof, and the static resistance caused by the direct top gravity accounts for the lowest proportion. The cause of formation analysis shows that the thick hard roof has a strong bearing capacity and carries a large transmission load of the overlying soft rock stratum in the process of mining.
From the analysis of the influence characteristics of various factors, as shown in Figures 10A,B, the dynamic resistance of the hydraulic support caused by the release of elastic energy increases with the increase of the overlying load and the span of the thick hard top plate, and the dynamic resistance caused by the work of the overlying load increases uniformly.
As shown in Figures 10C,D, the greater the thickness and elastic modulus of the thick hard roof, the dynamic resistance caused by the release of elastic energy shows an accelerated decreasing trend, while the increasing trend of the dynamic resistance caused by the work of the overlying load is not evident, but the greater the thickness of the rock stratum, the higher the bending stiffness of the roof, under the condition of the same rock stratum strength, the greater the limit mining breaking span of the thick hard roof, which leads to the increasing influence of the breaking instability of the thick hard roof on the dynamic resistance of the hydraulic support, as shown in Figure 10B.
As shown in Figure 10E, the thicker the direct roof of coal and rock, although the static resistance caused by the direct roof gravity is increased, it plays a prominent role in buffering and dissipating the unstable dynamic load of the thick hard roof. The dynamic resistance of the hydraulic support caused by the release of elastic energy and the work of overlying load shows a slow decreasing trend, and the dynamic resistance of the hydraulic support finally shows a slow decreasing trend, which alleviates the load of the hydraulic support of the working face to a certain extent and is conducive to improving the dynamic pressure influence of the working face.
As shown in Figure 10F, with the increase of the top control distance of the hydraulic support, the dynamic and static resistance of the hydraulic support increases, which increases the bearing burden of the hydraulic support.
From the aspect of rock pressure control of the thick hard roof, the overlying load, thickness, elastic modulus, and the thickness of the direct roof of the thick hard roof belong to the geological conditions of coal and the rock stratum. It is difficult to carry out artificial technical transformation and the technical and economic value is not high, while the span of the thick hard roof and the distance between hydraulic supports can be controlled by artificial technology, and the suspension span has the most serious impact on the mining instability and strong dynamic pressure of the thick hard roof. Adopting pre-splitting and roof cutting technology to regulate the suspension span is an effective technical way to realize the strong dynamic pressure control of the thick hard roof.
TECHNICAL COUNTERMEASURES FOR PREVENTION AND CONTROL OF GROUND PRESSURE IN THE THICK HARD ROOF WORKING FACE
Dynamic Load Response Analysis of the Hydraulic Support in the Thick Hard Roof Working Face
Combined with the engineering conditions of the 61304 fully mechanized top-coal caving face in the Tangjiahui coal mine, E = 4 GPa, v = 0.2, d = 15.8 m, σt = 5.5 MPa, pB = 0.94 MPa, k = 1000 MN/m, lZJ = 7.1 m, bZJ = 1.75 m, dZJD = 16 m, βZJD = 70°, rZJD = 1600 kg/m3, η = 1.0, s = 1/20, L = 240 m, and g = 10 m/s2; the aforementioned parameters are substituted into Eqs 26, 28, 31, 32, and 34 to calculate the dynamic resistance of the hydraulic support. The calculation results are shown in Figure 10.
The calculation results show that the dynamic resistance caused by the mining instability of the thick hard roof in a 61304 fully mechanized top-coal caving face to the hydraulic support of the working face is 20322 kN (relative pillar pressure: 52 MPa) and the working resistance of the ZF18000/28/45 working face hydraulic support selected on-site is 18000 kN, which is less than the dynamic resistance of the working face hydraulic support calculated theoretically; at present, the support does not meet the bearing stability requirements of the thick and hard basic mining instability dynamic pressure. In view of the safety problems of underground coal mining engineering, this study suggests adopting pre-splitting and roof cutting technology to transform the basic mechanical bearing state of the thick hard roof, shorten the mining breaking span of the thick hard roof, and reduce the dynamic pressure appearance strength of the thick hard roof.
Technical Countermeasures for Roof Cutting and Pressure Relief of the Thick Hard Roof Working Face
Comprehensively considering the coal measures and geological conditions of a fully mechanized top-coal caving face and the actual situation of top-coal caving mining, the technical scheme of blasting top cutting in the initial mining stage of the fully mechanized top-coal caving face is designed, as shown in Figure 11.
[image: Figure 11]FIGURE 11 | Schematic diagram of blasting roof cutting technology at the working face (A) Layout of roof cutting blasting in the working face. (B) Layout of roof cutting blasting in the mining roadway. (C) Layout of roof cutting blasting in the cut tunnel.
The top cutting blasting drilling hole is arranged at the side of the roadway 500 mm behind the cutting hole of the working face, and within the range of the mining roadway 50 m away from the cutting hole mining coal wall and 500 mm near the side of the coal pillar with Φ 70 mm × 4000 mm and drilling spacing of 800 mm. The two-way shaped charge blasting technology is adopted. The outer diameter of the long axis of the specially shaped charge tube is 49 mm, the outer diameter of the short axis is 41 mm, and the tube length is 1500 mm. The explosive is a grade II coal mine emulsion explosive with a specification of Φ 35 × 300 mm/roll; the blasting hole is sealed with blasting mud, and the blasting network connection is connected in series with a detonating cord.
Feedback on the Bearing Effect of the On-Site Hydraulic Support
The mining starts from the cutting hole of the working face, and the pressure bearing condition of the hydraulic support of the fully mechanized top-coal caving working face after the roof cutting on-site is monitored. The hydraulic support is selected in the middle of the working face (52#, 70#) and near the end of the working face (31#, 118#), as shown in Figure 11 to collect the ground pressure monitoring data. The data acquisition results of ground pressure monitoring are shown in Figure 12.
[image: Figure 12]FIGURE 12 | Pressure monitoring of the working face hydraulic support (starting from the coal wall of the cut roadway).
As shown in Figure 12, since the coal wall of the cut roadway began to be mined, the resistance of the working face 31# support increases at 27–30 m of mining, with the maximum working resistance of 37.6 MPa and the duration of the pressure of 16 h; the working face 52# support shows the phenomenon of increasing resistance at 27–29 m of mining, with the maximum working resistance of 37.3 MPa and the incoming pressure lasts for 4 h; the working face 70# support shows the phenomenon of increasing resistance at 26–28 m of mining, with the maximum working resistance of up to 38 MPa and the incoming pressure lasts for 2.5 h; the working face 118# support shows the phenomenon of increasing resistance at 27–29 m of mining, with the maximum working resistance of 33.6 MPa and the incoming pressure lasts for 21 h; after that, at a position of 57–60 m, the resistance of hydraulic supports increased again and the working resistance was 39–44 MPa.
The on-site monitoring results show that the ground pressure of the roof cut occurs when the mining is 26–30 m, that is, the thick hard roof of the working face is broken and unstable, and the maximum dynamic incoming pressure of the hydraulic support of the working face is 38 MPa (i.e., dynamic resistance: 14500 kN) which is less than the working resistance of the hydraulic support of the working face (working resistance of the hydraulic support of the ZF18000/28/45 working face is 18000 kN), the hydraulic support of the on-site working face has stable bearing and no equipment damage; by monitoring the subsequent mining stage, the dynamic incoming pressure of the hydraulic support of the working face is in the range of 43 MPa (i.e., dynamic resistance: 13800–16400 kN), the blasting roof cutting scheme of the fully mechanized top-coal caving face has achieved the expected ground pressure control effect and avoided the safety disaster of strong dynamic pressure caused by the mining instability of the thick hard roof.
CONCLUSION

(1) The greater the thickness and elastic modulus of the thick hard roof, the greater the flexural stiffness and the ultimate breaking span of the thick hard roof increases; with the increase of the overhanging span and overlying load of the thick hard roof, its mining bearing state and energy accumulation are obviously intensified.
(2) The dynamic resistance of the hydraulic support in the working face with a thick hard roof is composed of the dynamic resistance caused by the release of elastic energy accumulated by the mining of the thick hard roof and the work of the overlying load, as well as the static resistance caused by the direct roof gravity; among them, the dynamic resistance caused by the work of the overlying load accounts for the highest proportion, followed by the dynamic resistance caused by the release of elastic energy accumulated by the mining of the thick hard roof.
(3) The cause of mining instability and strong dynamic pressure of the thick hard roof lies in the large-span mining suspension. The long-span mining suspension structure of the thick hard roof leads to a high overlying load and serious energy accumulation and dispersion evolution, and strong dynamic load impact at the moment of mining instability.
(4) Controlling the breaking span of the thick hard roof by adopting pre-splitting and roof cutting technology reduces the impact dynamic load caused by mining instability of the thick hard roof, and effectively, eliminates the potential safety hazard of over limit bearing of the hydraulic support.
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Coal burst disaster is easily triggered by mining-induced fault unloading instability involving underground engineering. The high-static stress environment caused by complex geological structures increases the difficulty in predicting and alleviating such geological disasters caused by humans. At present, the mechanism of coal burst induced by mining-induced slip fault under high-stress conditions still cannot be reasonably explained. In this study, the burst accidents occurring near mining-induced slip fault under high-stress conditions were carefully combined, and the “time–space–intensity” correlation of excavation, fault, and syncline and anticline structure of the mining areas was summarized. On this basis, the rotation characteristics of the main stress field of the fault surface subjected to mining under high-stress conditions and the evolution law of stress were analyzed. Last, based on the spectrum characteristics of mining-induced tremors, the first motion of the P-wave, and the ratio of Es/Ep, the source mechanism behind mining-induced fault slip under high-stress conditions was revealed. The results demonstrate that the coal burst triggered by the fault slip instability under high-stress conditions is closely related to the excavation disturbance and the fold structure. Mining activities trigger the unloading and activation of the discontinuous structural surface of the fault, the rotation of the stress field, and the release of a large amount of elastic strain energy and cause dynamic disasters such as coal bursts. The research results in this study are helpful to enrich the cognition of the inducing mechanism of fault coal burst.
Keywords: coal burst, mining-induced stress, fault slip, stress rotation, source mechanism
INTRODUCTION
Coal burst can generally be classified into three types, i.e., the fault-induced type, the coal pillar-induced type, and the strain-induced type (Kaiser et al., 2000), in which fault-induced coal burst is caused by the superposition of the mining-induced quasi-static stress in the fault coal pillar and the seismic-based dynamic stress generated by fault activation (Cai et al., 2020). Coal burst triggered by mining-induced fault slip (CBTMIFS) refers to the dynamic phenomenon that the deep excavation activities lead to the fault’s transformation from a locked state to an activated state, consequently resulting in sudden instability accompanied by violent energy release (Pan, 1999). Unlike natural earthquake induced by fault activation, mining activities are a key factor in the occurrence of CBTMIFS (Ortlepp and Stacey, 1992). A strong mining tremor of magnitude 5.2 in 1997 is considered one of the largest seismic events recorded at the Klerksdorp mine in South Africa, and the analysis result of ground motion parameters indicates that the violent earthquake was attributed to an existing fault slip in the region (McGarr et al., 2002). In 2005, 112 shallow earthquakes were recorded during the construction of the MFS Faido tunnel in Switzerland, which were felt strongly on the ground and caused considerable damage to the tunnel. The focal mechanism solution was consistent with the strike and tendency of natural fault (Husen et al., 2013). On November 3, 2011, the F16 thrust fault was activated at the Qianqiu coal mine in Yima, Henan Province, China, causing 10 fatalities and trapping 75 miners. On March 27, 2014, another devastating burst accident of magnitude 1.9 in this coal mine caused 6 fatalities and trapped 13 miners. The accident investigation report pointed out that the key factor of the accident was slip activation of the thrust fault (Cai et al., 2018). The abovementioned dynamic disasters closely related to human mining activities have attracted extensive attention from the media and the public. If the internal mechanism of CBTMIFS can be revealed, important ideas can be provided for predicting and remitting the risk of such engineering disasters.
Different from the brittle shear deformation of faults, the fold structures such as syncline and anticline reflect the continuous ductile deformation of rocks under crustal movement and sedimentation (Suppe, 1983). Both faults and folds are widely distributed in nature, often in the same tectonic unit. For large-scale crustal movements, multiple fold and fault structures interact and mutually transform through interlayer slip, uplift, and fold during the long historical tectonic movement and sedimentation process, and the specific forms include fault-related fold, fault-transition fold, fault-propagation fold, fault-detachment fold, imbricate structure, wedge structure, and interference structure(Bieniawaki, 1967). For the medium- and small-scale production range of mining areas, the frequent geological movement dominated by ancient stress leads to the complex regional tectonic stress field. Therefore, it will be more difficult to investigate the disaster-triggering mechanism of the mining-induced fault slip under a high-stress engineering background.
In order to clarify the occurrence mechanism of CBTMIFS in geological anomaly areas, plenty of studies have been carried out through theoretical analysis, laboratory experiment, numerical simulation, and field experiment,including the mechanical response and mineral composition of fault gouge (Morrow and Byerlee, 1989), hydraulic pressure and stress state of the fault zone (Segall and Rice, 1995), slip and failure criterion of fault (Fan and Wong, 2013), and energy accumulation and release law of the fault surface (Zhao and Song, 2013). On this basis, the key scientific issues condensed include the following: 1) How engineering dynamic disturbances, such as blasting, TBM excavation, hydraulic fracturing, geological drilling and rockburst, natural earthquake, driving load, and continuous explosion, will lead to slip, failure, and even instability of faults in high-stress geological anomaly areas? 2) What response characteristics will be caused to the stress field, vibratory field, and energy field of surrounding rock in the adjacent production area once the fault instability occurs in the high-stress geological anomaly area?
Relevant studies suggest that local high-stress concentration is likely to occur and develop when the mining working face or the excavation boundary is close to the fault in the high-stress geological anomaly area, and the corresponding burst risk increases (Cook, 1976; Blake and Hedley, 2003; Yin et al., 2014). When the fault approaches the critical stress state, the normal stress and the shear stress decrease sharply due to the reduction of intergranular force and the contact fracture of particles, and the evolution of fault state depends on the initial stress condition and excavation process (Wu et al., 2017; Yin et al., 2012). Field observations and theoretical analysis show that the development height of mining-induced fault rupture and slip is controlled by the magnitude and direction of principal stress, while the intensity of seismic events is related to the stratum matrix and local fractures involved in the rupture process (Duan et al., 2019). At the same time, many investigations have explored the response behavior of faults to static and dynamic load disturbances by changing stress conditions in laboratory tests. Marone (1998) pointed out that static friction and aging strengthening of faults are systematic responses that depend on loading rate and elastic coupling. Li et al. (2011) simplified the normal behavior of faults to elastic stiffness, adopted the coulomb-slip model to characterize the shear behavior of faults, and conducted a quantitative study on the propagation and attenuation law of seismic waves in discontinuous rock masses. Bai et al. (2021) introduced the displacement-related moment tensor method to reproduce the phenomenon of mining-induced fault slip of coal mine site in numerical simulation.
To sum up, the stress distribution and evolution characteristics of conventional fault activation instability have been well researched on. However, there are few studies on CBTMIFS under high-stress environments, and the existing research results ignore the influence of mining quasi-static loading and unloading stress paths and ground motion stress on the fault slip instability. Therefore, it is necessary to further study the mechanism of CBTMIFS under high-stress conditions, for providing guidance for the monitoring and prevention of coal bursts induced by fault instability.
SITE DESCRIPTIONS
Geological Structures
Mengcun coal mine mainly mines 4# coal seam, where is located in Binchang coal district, Shaanxi province, China, with a mining depth of 620–750 m. The 401101 working face is the first working face of the Mengcun coal mine, with a length of 2090 m and a width of 180 m. The layered fully-mechanized sub-level caving mining technology is adopted. See Figure 1, the north wing, west wing, and east wing of the working face are solid coal, and there is a 200 m protective coal pillar between it and the main entry group. The development roadway includes five main entries, which are no.2 return air main entry, no.2 belt main entry, band conveyer main entry, no.1 belt main entry, and no.1 return air main entry from north to south, with a width of coal pillars between the entries of 35 m. The average thickness of 4# coal is 20 m, and the average dip angle of the coal seam is 4°. The roof is mainly made of sandy mudstone, fine-grained sandstone, and coarse-grained sandstone, and the bottom plate is mainly made of aluminum mudstone which tends to expand when meeting water. After identification, 4# coal seam has strong burst liability, the roof has weak burst liability, while the floor has no burst liability.
[image: Figure 1]FIGURE 1 | 3D view of a mine’s working face, geological structure, ground stress and microseismic measurement point.
Tectonic Parameters
Xiejiazui anticline (B2), Yuankouzi syncline (X1), and F29 normal fault occur from west to east in the minefield area. The faults’ location between the syncline and anticline structures forms a special geological structure group, thus mainly controlling the gestation, evolution, and occurrence process of coal burst accidents in this region. Detailed geological and tectonic parameters are displayed in Table 1.
TABLE 1 | Major geological tectonic parameters of the minefield.
[image: Table 1]To further explore the influence degree of geological structure on the distribution of ground stress field in the mining area, three ground stress measurement points were arranged in the areas of central main entries, panel main entries, and the 401101 working face. Meanwhile, the ground stress of hollow inclusion was measured. As shown in Figure 2, the vertical stress in this area is the minimum principal stress, the results of three measurement points are basically consistent with the average stress level of the Binchang coal district and the Chinese mainland. Due to the presence of faults and fold structures, horizontal tectonic stress is the main stress component in the regional high-stress environment. The results of the three measurement points are obviously higher than the average stress levels of both the Binchang coal district and the Chinese mainland, especially the measurement point 3# is closer to the X1 axis and F29 fault, where σH/σV reaches 2.1. The results indicate that the closer it is to the fault and synclinal axis, the more abnormal its horizontal stress is.
[image: Figure 2]FIGURE 2 | Comparison diagram of ground stress results and in-situ stress values in Binchang mining area and Chinese mainland. (A) Vertical stress; (B) Max principal stress; (C) Horizontal principal stress.
As shown in Figure 3, four geological exploration boreholes, M2-1, M3-2, M4-2, and M5-2, were selected in the main entries and the 401101 working face to analyze the influence of the composite geological tectonic group on regional stratigraphic sediment characteristics. It can be concluded that: 1) The regional strata are mainly composed of alternately deposited fine-grained sandstone, medium-grained sandstone, coarse-grained sandstone, and sandy mudstone, and no thick whole layer of hard sand-gravel rock exists. 2) In the long process of crustal movement and evolution, stratum inversion and deletion occur frequently among the upper overburden strata. Affected by the extrusion tectonic stress in the east and west direction, faults and relative slips occur in weak coal seams, which are upright or inverted and thus form compression-torsion faults. The strata are obviously controlled by the tectonic movement of faults and folds. 3) Relatively, the difficulty of mining increases as the strata near the M4-2 borehole is not only squeezed by horizontal tectonic stress of fold, but also affected by vertical dislocation of the F29 normal fault, which results in the discontinuity of the strata, with stress concentration and energy accumulation. Therefore, unstable stratum deposition and phase transition provide a favorable external environment for frequent coal burst accidents in this region.
[image: Figure 3]FIGURE 3 | Stratigraphic map of the coupled fault-fold region near the 401101 working face. (A) Geological exploration boreholes of LW 401101; (B) Regional stratigraphic sediment characteristics.
COAL BURST HISTORY
The inducing process of coal burst is very complex, which is not only affected by geological structures such as folds and faults but also closely related to the mining activities involved (Zhang et al., 2017; Yin et al., 2019). Therefore, it is of great significance to clarify the relationship between coal bursts and geological structure and mining activities in this region. The mining of the 401101 working face started in June 2018 and ended in March 2020, during which a total of 10 coal burst accidents occurred. The SOS microseismic system was arranged in working face and main entries, which could monitor the vibratory signal in the mining process. The distance between the seismic source and the fault and the on-site failure range monitored when the burst occurred are presented in Figure 4, and the on-site burst failure is in Figure 5.
[image: Figure 4]FIGURE 4 | Map of the locations of the previous bursts and the faults of each main entries.
[image: Figure 5]FIGURE 5 | Pictures of burst failure of coal burst on site. (A) Floor bulge; (B) Equipment damage; (C) Support failure; (D) Roof caving.
Figure 4 demonstrates that all previous coal burst accidents have significant common characteristics: 1) Most of the coal bursts occurred in the main entry area, which is obviously inconsistent with the distribution law of mining-induced tremors commonly seen near the mining working face. 2) Most of the coal bursts occurred on the hanging wall of the F19 fault, while there are relatively few occurred on the footwall of the F19 fault, showing an obvious hanging wall effect. This is in agreement with the existing research conclusions: in the field of seismology, the hanging wall’s ground motion is stronger than the footwall, its vibration attenuation is weaker than the footwall, and its vibration distribution area is larger than the footwall in natural fault shear slip. 3) The minimum destructive microseismic energy detected during a coal burst is 2.6 E+04 J, and the corresponding failure range of the entry is only 3 m; the maximum microseismic energy is 3.5 E+05 J, and the corresponding failure range of the entry is 55 m, showing that the more elastic energy released during a coal burst, the greater the influence on entry stability. 4) The burst frequency and range of the five main entries are not completely consistent, the situation of <C> band conveyer main entry and <D> no.1 belt main entry is the most dramatic, showing the overall characteristics of multiple and repeated bursts. As shown in Figures 4A–E, considering different actual exposure of each entry of the F29 fault surface, especially when the band conveyer main entry passes through the fault, there is an obvious fracture zone between the hanging wall and the heading wall with a thickness of about 194 m, which has a negative effect on the stability of surrounding rock of the entry, it is speculated that the heterogeneity of coal burst frequency and intensity of each main entry is related to the heterogeneous evolution of shear stress along the F29 fault surface. 5) The occurrence of coal bursts is significantly affected by mining disturbance. Only one coal burst accident occurs after the stoppage of mining activities, suggesting that the frequent occurrence of coal bursts on the fault surface is closely related to mining activities. 6) The occurrence of coal burst is affected by B2 anticline to a certain extent, but it is affected by F29 fault and X1 syncline significantly. Especially in the composite area of F29 fault and X1 syncline, coal burst accidents occur intensively.
Figure 5 shows the entry damage caused by the coal burst. The overall damage characteristics can be divided into four categories: floor bulge, roof caving, support failure, and equipment damage. Floor damage can be divided into raising, side lifting, overall drum, and cracking; equipment damage can be divided into belt tilting, tub overturning, platform overturning, and pipeline falling; support failure can be divided into anchor slipping, cable overhanging, bolt shearing, and tray rushing out; roof caving can be divided into step sinking, drossy coal falling, roof separation, and roof falling. Different from conventional coal bursts, this kind of coal burst has significant shear seismic failure characteristics, with a more complex failure type, a larger failure range, and a higher failure degree.
Therefore, it is preliminarily inferred that the controlling factors of frequent coal burst accidents in the main entry area are as follows: influenced by bedding or lateral compression of regional strata, the compound tectonic condition of B1 anticline and X1 syncline provides a high-static-stress environment for the main entry area. The F29 fault with a drop of 15–18 m crosses diagonally both main entries and the 401101 working face. Under the tectonic influence, a large amount of elastic energy is accumulated of the fault surface, which lays an energy foundation for the occurrence of coal bursts. Human activities, including excavation, mining, and entry expansion, lead to different stress adjustment ranges and intensities and result in different degrees of damage in main entries. To further verify the rationality of the hypothesis, the stress evolution law on the fault during the mining process was analyzed by numerical simulation.
STRESS FIELD MODELING OF INTERFACE IN F29
Model Setup and Constrains
FLAC3D (Fast Lagrangian Analysis of Continua in 3 Dimensions) was employed to analyze the stress distribution of the fault surface of F29 and in the coal pillar around the main entries of the 401101 working face during the whole stopping period. The geometric dimension of the model is 3,000 × 1,000 × 600 m. Normal displacements are fixed at the base and the sidewalls of the model. In view of the complex layout condition that five main entries cross the F29 fault as well as coal rock seam, high-precision modeling shown in Figure 6 was realized by Rhino software, in which X1 syncline and B1 anticline generated 3D undulated strata through real coal floor contour lines for restoration. F29 fault was generated according to actual fault parameters with a fault surface dip angle of 75° and a height difference of 20 m. The strain-softening criterion was adopted to judge the yield state of materials and determine the physical mechanics parameters of both coal rock mass and fault slip surface. The parameters are listed in Tables 2, 3, respectively. As displayed in Figure 6, four monitoring points were successively arranged along the F29 fault surface in the model.
[image: Figure 6]FIGURE 6 | Sketch map of initial numerical simulation and measurement points.
TABLE 2 | Physical mechanics parameters of coal rock seam.
[image: Table 2]TABLE 3 | Physical mechanics parameters of the fault interface.
[image: Table 3]The steps of numerical simulation are as follows:
1) According to the real ground stress test results, 30 MPa horizontal stress and 20 MPa vertical stress were applied to the model to balance the initial ground stress field and complete the excavation of the development roadway and main entries.
2) The 401101 working face was excavated step by step. The stress distribution in the coal pillar near the main entries, and the normal stress and shear stress distribution of the F29 fault surface were monitored.
3) Taking σh = 30 MPa, σv = 20 MPa, and the lateral pressure coefficient b = 1.5 as initial values, the effects of different horizontal ground stress on normal stress and shear stress of the fault surface in the mining process were analyzed when b equals 0.5, 1, 1.5, 2, and 2.5, respectively.
Influence of Mining Activities on the Stress Distribution of the Fault Surface
Figure 7 presents the changes in stress evolution of the fault surface at P1, P2, P3, and P4 when the lateral pressure coefficient b is 0.5. The stress at each monitoring point evolves dynamically with the advance of the working face. The change laws of normal stress and shear stress between the monitoring points are different, indicating that the stress of the fault surface is not evenly distributed due to mining disturbance, which leads to the regional difference in burst risk.
[image: Figure 7]FIGURE 7 | Change laws of normal stress and shear stress with working face advance. (A) P1; (B) P2; (C) P3; (D) P4.
As illustrated in Figure 7A, due to mining disturbance, the normal stress and shear stress of the fault surface at P1 on the north side of the working face almost synchronously fluctuate sharply, in which the normal stress drops rapidly first and then recovers to a certain level with a fluctuation value of about 1.2 MPa; the shear stress first increases slightly and then decreases rapidly to a certain level, with a fluctuation value of about 3.0 MPa. As shown in Figure 7B, when the working face continues to advance, both the normal stress and shear stress at P2 on the south side of the working face show an upward trend, with a fluctuation value of shear stress of about 3.0 MPa, while that of normal stress of about 0.4 MPa. It suggests that the remote mining activities still have slight disturbance to the fault surface in a metastable state, which results in the instability of the fault with a quantity of originally accumulated strain energy, thus releasing strain energy outward, and this process is likely to induce coal burst accidents.
As illustrated in Figure 7C, when P3, located between no.2 return air main entry and no.2 Belt main entry, is 700 m away from the fault of the working face, the normal stress plunges, while the shear stress increases sharply. It is worth noting that the value of normal stress experiences a “positive-negative-positive” change process, suggesting that the main stress field of the fault surface rotates due to mining disturbance, which can be considered as a precursor of fault slip. As displayed in Figure 7D, due to the long distance between the working face and P4 located in the south of no.1 return air main entry, basically no stress response is generated during the whole mining process of the working face and the burst risk is relatively low, which is consistent with the situation that only one burst accident occurred in no.1 return air main entry.
Influence of Ground Stress on the Stress Distribution of the Fault Surface
To further investigate the inducing law of high stress caused by the fold structure to mining-induced slip fault, Figure 8 shows the change laws of normal stress and shear stress at P2 located between the 401101 working face and the main entry group with mining advancement under different ground stress conditions (that is, when the lateral pressure coefficient b is 0.5, 1.0, 1.5, 2.0, and 2.5, respectively). As can be seen from Figure 8, the evolution laws of normal stress and shear stress at this measurement point are basically consistent at different ground stress levels.
[image: Figure 8]FIGURE 8 | Change laws of normal stress and shear stress with mining working face advance at different ground stress.
When the horizontal stress is low while b is 0.5 and 1.0, the working face advances to about 400 m of the fault, the normal stress rises slightly, and the shear stress rises more sharply than the normal stress. When horizontal stress further rises, while b is 2.0 and 2.5 m, the normal stress of F29 fault shows a drastic downward trend, on the contrary, the shear stress dramatically increases, and the response time is advanced, showing that a high-stress environment provides a good condition for strain energy accumulation of the fault, which leads to a significant expansion of the range affected by mining activities. When the horizontal stress is higher, the value of the normal stress changes more from “positive value to a negative value and then to a positive value,” with higher intensity of energy accumulation and release, higher corresponding burst risk, and thus more likeliness of coal bursts. This conclusion reflects the mechanism of the fold structure on mining-induced fault slip.
MECHANISM OF COAL BURST REVEALED BY MS EVENTS
The focal rupture mechanism of coal rock spontaneous mining-induced tremors resembles that of natural earthquakes. In the past, people mainly used the occurrence mechanism of natural earthquakes to reveal the seismic source rupture process of most mining-induced tremors (McGarr, 1984; Gibowicz and Kijko, 1994). However, the geological structure, excavation environment, and overburden structure of a mine determine the particularity and complexity of the seismic source of a mining-induced tremor. Different causes of mining-induced tremors and different focal rupture mechanisms lead to the disparity in the energy release size of mining-induced tremors and in radiation modes of shake displacement wave field. As displayed in Figure 9, according to the seismic source acting force modes of mining-induced tremors and the relative position relationship between the coal rock failure area and the working face, mining-induced tremors can be simply divided into three types: tension type, implosion type, and shear type (Horner and Hasegawa, 1978; Hasegawa et al., 1989). The tension type and the implosion type are dominant, while the shear-type caused by a dynamic slip of fault is infrequent. At the same time, the waveform of mining-induced tremors contains abundant focal rupture mechanisms, and the application of seismology in the field of coal rock-burst rupture is beneficial for promoting the study of the focal rupture mechanism of mining-induced tremors. This section attempts to discuss the focal rupture mechanism of frequent coal bursts in the main entries from the aspects of spectrum characteristics of shake displacement, P-wave first motion, and the ratio of [image: image].
[image: Figure 9]FIGURE 9 | Typical tremor model. (A) Types of mining-induced tremors; (B) Patterns of P-wave radiation; (C) Directions of P-wave first motion.
Waveform and Frequency-Spectra Characteristics of Mining-Induced Tremors
The typical clear waveform monitored by the microseismic station of three typical tremor events “2019.09.12,” “2020.01.08,” and “2020.05.24” were selected to determine the main frequency segment by frequency-spectra analysis. In the process of propagation, the tremor wave carries important information that can reflect the characteristics of the stratum and the source, such as fault, fractured zone, geological acoustics characteristics, and focal mechanism characteristics, which are mainly reflected in the attenuation of seismic wave intensity, frequency structure characteristics, and local singularity of signal. In so many computing methods of fractal dimension, the box dimension index Dq is employed in this study to define the burst waveform.
Taking [image: image] as the minimum number of a square box with a side length of [image: image] covering a point set, then the box dimension of the point set is defined as
[image: image]
As shown in Figure 10, the spectrum of each burst event is noisy and sharp, the signal is complex, and there is a great difference between each channel, which indicates that the discontinuity surface of the F29 fault and the goal of the 401101 working face change the propagation characteristics of the seismic wave. Overall, the duration of typical seismic signals is about 2,500–3,500 ms, and the seismic velocity is about 2.0 × 10−4–6.0 × 10−4 mm/s. The frequency is mainly distributed between 0–30 Hz with the main frequency mostly lower than 10 Hz, and the middle and high-frequency components attenuate notably, reflecting a characteristic of “high energy and low-frequency” of mining-induced tremor waveform. The fractal dimension D of each channel ranges from 0.95 to 1.78, which fully indicates the disorder and complexity of these burst tremors. Different from small and medium energy mining-induced tremors, the burst mining-induced tremor has a more rapid process from fracturing to receiving signal, its amplitude of P-wave first motion is weak and even difficult to identify. Furthermore, its energy release and dissipation are more violent. Another evident feature is that the shear rupture waveform reflecting the tangential deformation of coal rock units is relatively developed, and the amplitude of S-wave first motion is obvious, which accords with the common shear seismic waveform characteristics (Du et al., 2021).
[image: Figure 10]FIGURE 10 | Typical burst waveform, frequency spectrum characteristics and fractal dimension. (A) The “2019.09.12” burst event; (B) The “2020.01.08” burst event; (C) The “2020.05.24” burst event.
Taking stations 1# and 10# in the “2019.09.12” burst event, stations 1# and 17# in the “2020.01.08” burst event, and stations 6# and 8# in the “2020.05.24” burst event as examples, the following phenomena can be observed. The coda waves of mining-induced tremor waveform monitored by them are relatively developed; the spectrum development shows a violent oscillation characteristic; the middle part of the waveform presents a shape of “inverted triangle graben”; and the whole waveform exhibits a nonlinear and multi-period disturbance characteristic. This corresponds to the ultra-low friction effect of faults and the dynamic activation instability of faults under the effect of dynamic load, which is consistent with the propagation characteristics of ultra-low-frequency, low speed, and high energy of over range pendulum-shaped waves under the effect of discontinuous and uncoordinated deformation of faults.
In addition, the waveforms monitored by station 10# in the “2019.09.12” burst event, station 14# in the “2020.01.08” burst event, and station 10# in the “2020.05.24” burst event still have secondary vibrations and even frequent vibrations after the end of the mainshock. The phenomenon of “main shock-after shock” reflects that these burst events have waveform characteristics like earthquakes induced by fault slip.
P-Wave First Motion of Mining-Induced Tremors
Byerly (1928) was the first to use the four-quadrant distribution of the compression and expansion of P-wave first motion to explore the nature of the seismic source, and he believed that the direction of P-wave first motion on the vibration sociogram was directly related to the seismic source force. As the physical image of the waveform was clear and not affected by the crustal velocity structure, it can be employed to preliminarily determine the focal mechanism solution (Herrmann, 1975). The coal rock mass fracture, such as horizontal tension fracture of the roof, longitudinal separation, and roof caving, generates the compression P-wave leaving the seismic source and the front part pushing outward. The P-wave first motion received by the microseismic station is “+,” and this kind of tremor belongs to a typical tension type. The vibration, such as roof rotation instability and coal pillar compression fracture, generates the expansion P-wave pointing to the seismic source and its front part pulling outward. The P-wave first motion received by the microseismic stations is “−,” and this kind of coal rock-induced tremor belongs to a typical implosion type. In coal rock tremors, such as roof shear rupture, masonry beam structure slip instability, dynamic burst of coal pillar, and mining-induced fault activation, the P-wave first motion is distributed in four quadrants in space, which is in line with the focal rupture mechanism of a typical double-couple source. They can be regarded as shear-type (Gibowicz et al., 1990; Du et al., 2020a). Mining-induced tremors of this type whose failure process is intense with more vibratory energy released and the highest burst risk.
Since the arrangement of each microseismic station is affected by the fluctuation of the coal seam and does not have a planar position relationship with the tremor events, the confirmed P-wave first motion of mining-induced tremors is not only simply upward or downward, but also should be determined according to the spatial position relationship between specific tremor events and corresponding stations.
The P-wave first motion of previous burst events is displayed in Table 4. It can be seen that: 1) the P-wave first motions of the same station in different burst events are not completely the same, indicating that the microseismic waveform can fully reflect the characteristics of mine geological structure, mining environment, and overburden structure. 2) The P-wave first motions of different stations in the same burst event are different, including compression P-waves and expansion P-waves with roughly the same proportions. Each burst event distributes in four quadrants, which is consistent with the focal rupture mechanism of a typical double-couple source. However, some channels were too far away from the source to receive an effective waveform. Moreover, as some stations were affected by mining activities with much background noise, the accurate direction of the P-wave first motion cannot be recognized.
TABLE 4 | P-wave first motion of previous burst events.
[image: Table 4]Ratio of Es/Ep of Mining-Induced Tremors
The limitation of the P-wave first arrival method is that the closer the source is to the fault discontinuous surface, the weaker the P-wave is and the more difficult it is to identify the direction of the first motion. In the process of focal mechanism research in the Ruhr mining area, Germany, researchers found that the energy ratio of shear wave (S-wave) to compression wave (P-wave) is an important indicator to reveal the rupture mechanism of surrounding rocks. In recent years, with abundant on-site failure cases, many studies have been conducted on the discrimination criterion for determining the mechanism of coal rock mass fracture based on the distribution of the ratio of Es/Ep (Cai et al., 1998; Hudyma and Potvin, 2010; Kwiatek and Ben-Zion, 2013; Li et al., 2014). Subsequent studies demonstrate that the S-wave radiation energy is much larger than the P-wave radiation energy in earthquakes induced by fault slip (Boatwright and Fletcher, 1984), and that this kind of earthquake is dominated by shear failure. The P-wave and S-wave energies detected by the MS system can be calculated by using thefollowing equation (Mendecki, 1997):
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where [image: image] and [image: image] are the radiation energies of P-wave and S-wave, respectively; [image: image] is the rock density; [image: image] and [image: image] are the wave velocities of P-wave and S-wave, respectively; [image: image] is the distance between the station and the source; [image: image] is the duration of the source; and [image: image] is the square of the far-field corrected radiation direction of the velocity pulse. In this study, the burst mining-induced tremors whose Es/Ep is larger than 10 in each channel are regarded as shear rupture; those whose Es/Ep is smaller than three are regarded as tension rupture and those whose Es/Ep ranges from three to 10 are regarded as mixed rupture (Wang et al., 2019; Du et al., 2020b; Wang et al., 2021).
Attenuation correction in the frequency domain was carried out for the body wave frequency spectrum detected in each channel of all burst events, and frequency integration was carried out for the velocity power spectrum to estimate the radiation energy fluxes of P-wave and S-wave and to further identify the rupture type. According to the results given in Figure 11, the basic rules are as follows: 1) The distance and path between each station and the source are different, and the difference in attenuation of seismic wave results in different P-wave and S-wave energies at each station. The closer it is to the source, the shorter the vibration time, and the less the attenuation, therefore the higher the energy monitored by the station; otherwise, the farther away from the source, the lower the energy monitored. The energy of the same source detected in different stations can differ by up to two orders of magnitude. 2) All the [image: image] in each channel of signal waveform of previous burst accidents in Mengcun coal mine are smaller than [image: image] with the value of [image: image] / [image: image] ranging from 3.01 to 65.69. The burst tremor waveform channels whose Es/Ep is smaller than three account for 1.28%, those with Es/Ep that lie in the range of 3–10 account for 19.23%, and those whose Es/Ep is greater than 10 account for 79.49%. Such a result demonstrates that the mining-induced tremors in the main entry area are mainly shear type and mixed type, which accords with the focal mechanism of CBTMIFS.
[image: Figure 11]FIGURE 11 | Es/Ep in each channel of previous burst events.
Based on the aforementioned analysis, the cause of the frequent destructive mining-induced tremors in the main entry area can be concluded as follows: The mining stress affects the F29 fault in a closed state, releasing the clamping normal stress of the long-term geological tectonic movement on the normal-line direction of the fault surface, which results in a rapid rise of shear stress of the fault surface and the “activation” of the previously stable fault. The slip dislocation of the fault surface in the main entry area gives rise to shear failure, which leads to slip instability of the fault and dynamic burst failure to the entries.
At the same time, it should be noted that different from the common burst failure induced by pushing mining across faults on the working face, this kind of burst failure mainly occurs in the main entries far from the working face, rather than on the working face. Research shows that more than 91% of coal burst events occur in the two lanes ahead of the working face, which seems to be in contradiction with the research object of this study. The coal rock mass in the fault area is weakened by pre-pressure relief measures in advances such as large diameter coal drilling, coal blasting, and roof pre-splitting blasting during entry excavation and mining, which undermines the F29 fault structure to a certain extent. The release of massive accumulated elastic energy lowers the degree of stress concentration and energy accumulation in the process of mining on the working face when crossing fault. However, the main entries, as the development roadway that needs to be used for a long time, lack the condition of frequent construction pressure relief engineering to ensure sufficient entry support effect. Consequently, coal stress becomes highly concentrated at the junction of the main entries and the fault. Under the influence of mining stress and tectonic stress, the hanging wall and the heading wall of the fault slip relative to each other, releasing massive strain energy instantly.
In addition, different from the common tension-type mining-induced tremors caused by roof stretching and implosion-type tremors by coal pillar compression, the frequency of fault slip is lower than that of the former two, but the vibration energy released is more and the failure is greater due to the volume of rock mass reaching the limit state at the source is larger (the potential source radius is larger).
CONCLUSION
Through the establishment of numerical simulation and the analysis of the microseismic signal characteristics of the burst events, the dynamic evolution characteristics of normal stress, and shear stress on the fault surface of the working face during the mining process, the influence of different horizontal stresses on the evolution of the stress field and energy field of fault slip, and the P-wave first motion and focal mechanism revealed by the ratio of [image: image] based on the spectrum characteristics of shake displacement are investigated, respectively. The main conclusions are as follows:
1. The geological structure leads to significant abnormal horizontal stress in the accident area, and the stratum deposition is obviously controlled by the tectonic movement of faults and folds, leading to stratum inversion, and deletion of overburden. The faults under high-stress conditions provide a favorable external environment for frequent coal burst accidents.
2. Different from common coal burst accidents in the working face, coal burst accidents induced by mining fault slip under high-stress conditions have significant shear seismic failure characteristics, i.e., with more complex failure type, larger failure scope, and higher failure degree. The failure characteristics in common are as follows: the hanging wall effect is obvious; the more energy released during a coal burst, the more destructive it will be to the entry; the heterogeneous stress evolution of the fault surface leads to the characteristics of multiple and repeated bursts of the entry.
3. The normal stress and shear stress on the fault surface show a dynamic heterogeneous evolution due to mining unloading, and the normal stress gradually decreases with mining, while the shear stress increases gradually due to shear slip, and the change rate of shear stress is greater than that of normal stress. The value of normal stress experienced a “positive-negative-positive” change process with mining, indicating that the main stress field on the fault surface rotates due to mining disturbance. This can be regarded as the precursor of fault slip. Under different initial ground stress levels, the higher the horizontal stress is, the higher the normal stress and shear stress on the fault surface will be. Besides, the greater the strain energy accumulated before the fault slip and released now of the slip is, the higher the corresponding burst risk will be.
4. The microseismic signals of burst accidents feature “high energy and low frequency,” and the value of the fractal dimension D is high, and the S-wave is relatively developed, which accords with the characteristics of the shake displacement spectrum of typical shear mining-induced tremors. The P-wave first motion of each channel is distributed in four quadrants, which conforms to the focal rupture mechanism of a typical double-couple source. According to the [image: image] ratio of burst waveform, the destructive mining-induced tremors are mainly shear and mixed types.
Therefore, it can be concluded that frequent destructive tremors in the main entry area are caused by the mining stress affecting the F29 fault in a closed state, releasing the clamping normal stress of the long-term geological tectonic movement in the normal-line direction of the fault surface. Resultantly, the shear stress of the fault surface rises rapidly, and the previously stable fault becomes activated. The slip dislocation of the fault surface in the main entry area gives rise to shear failure, which leads to slip instability of fault and dynamic burst failure of the entries. The research conclusions disclose the mechanism of CBTMIFS under high-stress conditions, which is of great significance to further enriching the cognition of the inducing mechanism of fault coal burst.
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Coal is China’s main source of energy, and its production causes a certain degree of air, water, and land resource pollution. Therefore, it is necessary to compare environmental pollution caused by different mining methods. When mining underground coal resources, different mining methods have different levels of environmental impacts. To identify the mining method with the least environmental impact, different mining methods were evaluated by means of a life cycle assessment using Simapro 9.0.0 software. The Ecoinvent v3 database was used to provide background data, and the results were calculated using the Eco-indicator99 method. The findings show that for a 20 m coal column, respiratory inorganics were identified as the dominant impact category based on normalized results, followed by fossil fuels, carcinogens, and climate change. The contribution analysis indicated that electricity and coal mining are fundamental in contributing to these significant impact categories and should be of particular concern. According to the sensitivity analysis, reducing mining activities and increasing extraction efficiency and use are the primary responses to addressing environmental pollution, followed by reducing environmental pollution caused by electricity and steel production. In addition, a summary comparison of the single scores of different mining methods suggests that the environmental burden of pillarless mining is the lowest, and as the width of the coal pillar gradually increases, its single score shows a trend of increasing and then decreasing. Therefore, the single score of non-pillar mining is the lowest compared to that of other mining methods and can be the optimal mining method. This study can provide a scientific basis for the selection of green mining and underground coal resource mining methods.
Keywords: life cycle assessment, coal production, optimal mining method, environmental impact, green mining
1 INTRODUCTION
Coal mining processes in the world’s major coal-producing countries are distinctive, with the negative environmental impacts caused by resource consumption and waste emissions varying among mining methods. Therefore, it is essential to choose an optimal mining method that makes the best use of resources and reduces the environmental burden. In recent years, the national demand for green and high quality industrial development has led researchers to focus on the safe and efficient production of coal. Reducing the environmental impact of the mining industry has also received increasing attention.
Coal will remain China’s primary energy source in the future. For a long time, coal mining in China has generally adopted the longwall mining technology system of digging the return roadway in advance at both ends of the return workings and leaving sections of coal pillars to protect the roadway (Zhen et al., 2019). The emergence of pillarless mining technology has initiated an essential change in coal mining technology in response to the low coal extraction and high roadway boring rates of the traditional pillar retention. This technology is achieved by mining coal while maintaining the original return roadway and retaining it for continued use in the next section of the workings, without leaving section guard coal pillars, thereby resulting in pillarless mining. Evaluating these two mining processes using different methods has received national and international research interest. Dubiński and Turek (2007) argued that the absolute safety and efficiency of production should be considered while minimizing its negative impact on the environment. Therefore, it is important to establish a management system that aims to prevent pollution and comply with environmental protection laws. A key requirement of environmental management is the continuous assessment of environmental activities (Staš et al., 2015). Currently, coal mining impact assessments focus on some of the most critical impacts caused by the processes involved (Burchart-Korol et al., 2016). Methane emissions into the atmosphere, drainage, and mining waste are important negative environmental impacts of coal mining (Kugiel, 2010), and methane is one of the most significant natural hazards of underground coal mining operations (Krause and Krzemień, 2013; Krause and Smoliński, 2013; Turek, 2010). Drainage is another important environmental impact of underground coal mining. In addition to natural water inflow, water supplied to the mine for processing is also essential (Jonek-Kowalska and Turek, 2013; Pluta and Dulewski, 2006). Furthermore, the disposal of mining waste requires the consideration of multiple environmental and economic aspects (Kowalska, 2014).
Life cycle assessment (LCA) is known as the cradle-to-grave approach to environmental assessment (Ma et al., 2010; Zhu, 2004) and is one of the most standardized methods for estimating the environmental burden associated with certain products. The Society of Environmental Toxicology and Chemistry (SETAC, 1993; Fava et al., 1993) defined LCA as a process of objectively evaluating the environmental impact of products, processes, and activities by identifying and quantifying energy and material use and the resulting environmental waste emissions. It evaluates the impact of energy and materials used on the environment by identifying and quantifying the resulting environmental waste emissions to find ways to improve them. The International Organization for Standardization (ISO 14040, 2006) defines LCA as one of the branches of system evaluation that analyzes environmental impacts in three main areas, namely, resource consumption, ecological health, and human health. While these studies have addressed the direct environmental impacts of mining activities, their methods did not indicate the indirect impacts on their inputs and outputs. Compared to environmental impact assessment or environmental auditing, LCA is superior because it broadens the boundaries of the system to include the loads or impacts of a product or process throughout its lifetime rather than only the emissions and waste generated by the manufacturing process (Yingshun, 2009). LCA is an environmental assessment method that quantifies the consumption of natural resources and emissions of pollutants during the production phase of a product and also assesses the process of making raw materials and analyzes the disposal of the product as waste at a later stage (Blengini et al., 2012). Previous studies have used LCA for iron ore, uranium, gold, copper, and aluminum (Ferreira and Leite, 2015; Haque and Norgate, 2014; Awuah-Offei et al., 2008; Spitzley and Tolle, 2004), as well as copper, nickel, and zinc (Suppen et al., 2006) for mineral extraction and processing. However, as each mineral corresponds to specific geological, mining, and processing conditions, the environmental impact of extracting each mineral product differs and, therefore, requires a specific individual analysis (Norgate and Haque, 2010). Awuah-Offei and Adekpedjou (2011) provided an overview of the applications, challenges, and current applications of LCA in the mining industry; lack of awareness and tools to perform LCA; definition of different functional units; and difficulty in the scope of the purpose of the analysis and selection of environmental impact categories (Awuah-Offei and Adekpedjou, 2011). Durucan et al. (2006) developed an LCA model of mining that incorporated mine production, processing, waste treatment and disposal, rehabilitation, and aftercare into an LCA framework, a tool that enabled an integrated representation of mining systems. Burchart-Korol et al. (2016) developed a model that combined SimaPro software with the Intergovernmental Panel on Climate Change and ReCiPe methods to assess impact categories, such as greenhouse gas emissions, human health, ecosystems, and resources. Tao et al. (2021) conducted a LCA of a typical coal mine in China, which identified the main impact categories of the mine and key processes contributing to the main impact categories.
The studies described above have led to many useful conclusions, and the LCA standard approach, based on ISO 14044, reveals that impact categories vary depending on the mining process (Mahmud et al., 2018; Farjana et al., 2018; ISO 14040, 2006). In summary, there remains a lack of research on the LCA of underground coal mining processes for different mining methods; thus, an optimal mining method has not yet been identified.
2 MATERIALS AND METHODS
2.1 Life Cycle Assessment Method
The LCA methodology is a tool for assessing the environmental consequences of a product or an entire activity throughout its life. A complete LCA consists of four integral components, namely determination of purpose and scope, inventory analysis, impact assessment, and life cycle interpretation. LCA includes the following: identification and quantification of energy and resource use and environmental emissions to air, water, and land; characterization of technology quality and quantity; evaluation of the consequences of environmental impact analysis; and assessment of opportunities for environmental burden reduction and implementation. In this study, LCA was analyzed using SimaPro software, an internationally recognized database containing a large amount of data such as the Ecoinvent database and the input-output database, which is directly connected to the Eco-indicator 99 and ReCiPe Midpoint databases and contains well-known LCA calculation methods such as Eco-indicator 99 and ReCiPe Midpoint. The database provides a rich background of data, and the calculation methods are more efficient and accurate for quantitative calculations. Therefore, this software is widely used in the life cycle inventory assessment (LCIA) of coal mines.
In this study, quantitative calculations were performed using the Eco-indicator99 method, reflecting the direct and indirect environmental impacts of different mining methods. In this method, the inventory results were grouped into 11 impact categories, namely respiratory organics, respiratory inorganics, climate change, radiation, ozone layer, ecotoxicity, acidification/eutrophication, land use, minerals, and fossil fuels. When life cycle inventories of different mining methods are assigned to these impact categories, the results of the characterization analysis can reflect the relative contribution of each of these processes to the impact category. A normalized analysis reflects the specific value of each input unit in the overall environmental impact and allows for a comparison between different life cycles. Consequently, both aspects provide a clear picture of the environmental impacts of the different mining methods (Figure 1).
[image: Figure 1]FIGURE 1 | Life cycle assessment flow chart.
2.2 Functional Unit and System Boundary
Before an LCA evaluation, selecting functional units and delineating system boundaries are essential steps. The selection of functional units is ultimately used to compare and analyze the LCA results and provide an accurate quantitative reference for the inputs and outputs of the relevant processes that have been investigated (ISO 14040, 2006). The main role of the functional units is to provide a uniform measure of input and output in a mathematical sense, providing a frame of reference for the relevant inputs and outputs to ensure comparability of the LCA results. With reference to the measurement size of the data in the Ecoinvent database, this study used the mining of 1 kg of coal as a functional unit; thus, all inputs and outputs were based on the mining of 1 kg of coal. The study was divided into two mining methods, namely non-pillar (reserved coal pillar width of 0 m) and reserved coal pillar mining, where the reserved coal pillar width was 5, 10, 20, and 25 m. All the input and output units were determined, and the environmental impacts caused by different mining methods in coal mining were evaluated.
There are complex subsystems interconnected with a production system and interconnected as subsystems with other production systems, making it is very difficult to identify all the interconnected inputs and outputs. Figure 2 shows the system boundary, which includes three subsystems, with the production of materials and energy within the system boundary and the production of equipment and maintenance of equipment not included within the boundary.
[image: Figure 2]FIGURE 2 | System boundary of the coal production life cycle.
2.3 Life Cycle Inventory Analysis
The life cycle inventory (LCI) is the basis for LCIA and for improving and optimizing engineering practices. The inventory analysis is an iterative process. Production data and waste emissions from coal with different mining methods are monitored. Where information is insufficient, data are supplemented by referencing government planning documents and literature, in addition to background information on production materials and energy sources provided by the Ecoinvent database. All the data were measured in functional units of 1 kg of coal mining. The LCI is given in Table 1, where the data on material production, energy consumption, and direct emissions are calculated on a functional unit basis.
TABLE 1 | Life cycle inventory (Values were presented per functional unit).
[image: Table 1]Daily production parameters, operating procedures, and direct emissions are the main sources of field data, which are monitored by specialist departments studying coal mines. Data, including those on steel and wood, were derived from operating procedures and emissions from direct emissions, in addition to raw data such as electricity and sulfur dioxide, which were referred from existing research in China (Tao et al., 2021). The Ecoinvent database is one of the most advanced life-cycle inventory databases, covering basic data from China and other countries and providing background data on the production of energy and raw materials (Ecoinvent Center, 2015).
The LCI is the collection of the data required at each stage of the life cycle and calculation of the data collected. The collection process is the most labor-intensive part of the process. It involves not only the production of the materials and energy required for the different mining methods, materials, and energy consumed in various processes, but also the collection and calculation of data on various waste emissions.
3 RESULTS
3.1 Characterized Results
The LCIA directly reflects the environmental relevance of all inputs and outputs. In this study, the environmental impact results were classified into 11 impact categories according to the Eco-indicator99 method and included carcinogens, respiratory organics, and respiratory inorganics. The parameters involved in the LCI, such as material production, energy consumption, and waste emissions, were assigned to these impact categories in the SimaPro software calculations to obtain the LCIA results.
In the Eco-indicator99 method, normalization and weighting were performed in levels within the damage categories. The three damage categories were as follows:
1. HH, human health (unit: DALY = disability-adjusted life years, which means different disabilities caused by diseases are weighted).
2. EQ, ecosystem quality (unit: PDF × m2 × yr; PDF = Potentially Disappeared Fraction of plant species).
3. R, Resources (unit: MJ surplus energy and additional energy requirement to compensate for lower future ore grade).
Table 2 provides the LCIA results, from which the potential impact of each impact category can be understood. For example, the impact values for carcinogens were 7.710E-08, 8.961E-08, 8.748E-08, 8.429E-08, and 8.270E-08 DALY for mining methods at 0, 5, 10, 15, 20, and 25 m coal pillar widths, respectively.
TABLE 2 | Life cycle impact assessment results (characterized results).
[image: Table 2]In the characterized results, all impact categories were counted at 100% to provide a more intuitive analysis of the proportion of each process in each impact category. However, the results of this study do not allow for an intuitive identification of which impact category or process has the greatest impact on the overall environment. Only which unit or process contributes the most to a particular impact category can be observed. Using a 20 m coal pillar as an example, Figure 3 shows the characterized results for each unit or process in the coal mining process. Figure 4 shows the characterized results for coal mining at pillar widths of 0–25 m.
[image: Figure 3]FIGURE 3 | Characterized results of LCIA taking 20 m coal pillar as an example.
[image: Figure 4]FIGURE 4 | Characterized results of LCIA (overall comparison).
All units or processes contribute in some way to each of the 11 impact categories, and the share of each unit in particular impact categories is clearly demonstrated in Figure 3. For example, electricity was found to make a substantial contribution to the impact of carcinogens, followed by steel. Pollution is not only related to direct emissions but also to the production of materials and energy at the previous level. In this way, the magnitude of the contribution of the impact units or processes in each of the 11 impact categories could be visualized. The contributions of the impact categories, impact units, and systems for the remaining coal pillar width mining processes were similar to those for the 20 m pillar width mining process; therefore, they were not repeated here.
The 11 impact types of coal mining at five coal pillar widths were compared centrally (Figure 4), with the most severe mining method for each impact type being counted at 100% in the comparison process. The impact of the remaining mining methods on each impact type was compared according to the most severe mining method. The environmental impact of each mining method could only be compared for one impact type, but it was seen that the environmental impact of pillarless mining is the lowest for each impact type, and therefore, the overall environmental contribution of pillarless mining is also the lowest. Based on this method, Figure 4 shows a comparison of the characterized results for coal mining at 0–25 m pillar widths, with each influence category increasing and then decreasing as the width of the coal column increases. The 5 m coal pillar mining method led the way for each impact type, and therefore, had the greatest overall environmental impact, followed by the 10, 20, and 25 m pillar width mining methods. The overall environmental impact of pillarless mining was the lowest. The proportion of respiratory organic impacts for each mining method was the highest compared to the other impact types in coal-free pillar mining, mainly because of organic particulate matter generated by blasting during the coal-free pillar mining process. Conversely, the 5 m coal pillar mining process had the highest impact of each category, mainly because the pillar was so small that it no longer had the capacity to carry the overlying rock seam. It required a large amount of steel, electricity, and wood to support the material in order to reach the carrying capacity of the mining and consumed a large amount of energy and material. As the width of the coal column increased, the ability to carry the overlying rock seam gradually increased, requiring less ancillary support material and energy, and the contribution to the environment from producing the corresponding energy and material gradually decreased, showing a gradual decrease in the contribution to the environment in each impact type.
3.2 Normalized Results
In the characterized results, it was not possible to directly observe the extent to which each impact category contributes to the overall impact. Therefore, a further standardized analysis was required, in which the contribution of each impact category to the overall process can be quantified and the magnitude of the contribution of the impact categories can be visually analyzed and compared. As an example of coal mining with a 20 m coal pillar width, respiratory inorganics caused the greatest environmental burden in the coal mining process, followed by fossil fuels, carcinogens, and climate change (Figure 5).
[image: Figure 5]FIGURE 5 | Normalized results of LCIA taking 20 m coal pillar as an example.
3.3 Contribution Analysis
3.3.1 Contributions of Subsystems
A contribution analysis plays an important role in an uncertainty analysis, where all contributions of individual processes are superimposed on the results of the contribution analysis calculation. By focusing on these processes, it is possible to reduce negative environmental impacts by identifying the production processes that play an important role in evaluating the results. Using a 20 m coal pillar width as an example, Figure 6 shows the characterized results of the three interacting subsystems in the coal mining process.
[image: Figure 6]FIGURE 6 | Characterized results of LCIA (three interacting subsystems).
The results showed that the three subsystems are responsible for most of the carcinogen, respiratory organic, respiratory inorganic, climate change, radiation, ozone layer, ecotoxicity, acidification/eutrophication, land use, mineral, and fossil fuel effects (Figure 6). The face mining system was responsible for the majority of these 11 impact categories and for a substantial proportion of all the impact categories. This mining system accounted for a substantial proportion of all impact categories and 98.5% of the impact in carcinogens, indicating that the face mining system is the largest contributor to each impact category of the three subsystems. In contrast to the face mining system, the preparation and pillar mining systems had a smaller environmental burden and contributed to all 11 impact categories.
3.3.2 Contributions of Processes
Respiratory inorganics, fossil fuels, and carcinogens were found to be the most significant impact categories (Figure 5), in addition to climate change, which has received much attention in recent years. Therefore, the categories described above were identified as key categories. In the analysis, the key processes affecting the key categories could not be accurately captured, and therefore, a process contribution analysis was conducted within the system boundary. The process contribution analysis was used to identify the critical processes within the main impact categories so that improvements can be made to reduce negative environmental impacts effectively (Figure 7).
[image: Figure 7]FIGURE 7 | Process contribution analysis results.
According to the process contribution results (Figure 7), electricity was the leading cause of respiratory inorganics, fossil fuels, and carcinogens, accounting for 94.9%, 60.8%, and 84.9%, respectively. The waste generated from coal-fueled thermal power generation, whose production process uses fuels, was the leading cause of respiratory inorganic, fossil fuel, and carcinogen impacts. The main contributor to climate change was coal mining, which is caused by large amounts of polluting gases such as CO2 and methane emitted into the air through the ventilation process.
4 DISCUSSION
4.1 Uncertainty Analysis
An uncertainty analysis examines how uncertainty in the input data affects the results of the model and helps to understand the importance of the data source or model. The dataset was drawn from the field, literature, and databases and then averaged together to create a combined dataset; therefore, it was necessary to conduct an uncertainty analysis to ensure its accuracy. The uncertainty analysis was conducted using Simapro 9.0.0 software. The input data were analyzed using the uncertainty analysis method in the Eco-indicator99 method with a 95% confidence level and displaying the mean, median, and standard deviation. The uncertainty results using a 20 m coal column and calculated using the Eco-indicator99 method are displayed in Table 3 and Figure 8.
TABLE 3 | Uncertainty analysis results based on the Eco-indicator99 method.
[image: Table 3][image: Figure 8]FIGURE 8 | Uncertainty analysis results using the Eco-indicator99 method.
For the 20 m coal pillar mining process, the results based on Table 3 show no significant change in the significant impact categories of carcinogens, respiratory inorganics, fossil fuels, and climate change. Figure 8 shows the results of the Eco-indicator99 based method for the 20 m coal column mining process, with the marked categories being carcinogens, radiation, and respiratory inorganics. By comparing the uncertainty of carcinogens with the other impact types, followed by radiation and respiratory inorganics, the uncertainty results for the remaining impact types were found to be low and have high stability compared to the uncertainty results for these three impact categories. For low uncertainty data, there is a high degree of stability, whereas for high uncertainty data, double-checking is required to ensure the accuracy of the data and provide a reference for future related studies.
4.2 Sensitivity Analysis
A sensitivity analysis can provide a basis for scientific decisions to reduce environmental burden. This is an indication of how changes in individual parameters and parameter sets affect the final results; that is, the importance or sensitivity of a parameter to the overall model can be determined by analyzing the impact of a change in the parameter when all other parameters are constant. The sensitivity analysis was conducted using Simapro 9.0.0 software, and the results were calculated using the Eco-indicator99 method. The results of the sensitivity analysis were calculated using the software and the methods described above. The sensitivity analysis was conducted for crucial impact categories and key processes based on functional units, reducing the input data for each key process by 5% and observing changes in the contribution of key impact categories. Taking 20 m coal pillar mining as an example, Figure 9 shows the sensitivity analysis results for the key processes.
[image: Figure 9]FIGURE 9 | Sensitivity analysis results of key processes.
The graph (Figure 9) demonstrated that that a 5% reduction in coal mining can provide significant environmental benefits for all impact categories, such as carcinogens, respiratory organics, respiratory inorganics, and climate change, with the rates of change being 5.03%, 4.70%, 5.04%, and 4.78%, respectively. The sensitivity of the coal mining process was high and particularly important because changes in coal mining have a greater impact on all impact types. When electricity consumption was reduced by 5%, the rates of change for respiratory inorganics, carcinogens, acidification/eutrophication, fossil fuels, and climate change were 4.75%, 4.25%, 4.01%, 3.04%, and 1.52%, respectively. Therefore, changes in electricity consumption have a greater impact on the important impact types and a higher sensitivity and are crucial for the important impact categories. When steel consumption was reduced by 5%, the rate of change was 4.94%, 2.77%, and 2.30% for the minerals, radiation, and ozone layer categories, respectively, with some sensitivity and importance for some of these impact categories.
Based on the results of the sensitivity analysis, to adopt scientific countermeasures for reducing the burden on the environment, the first step is to minimize the mining of coal resources. Coal mining has a greater burden on the environment, and scientific methods should be adopted to use clean energy as much as possible and improve the efficiency of the mining and utilization of coal. The consumption of electricity also has a significant impact on the environment; therefore, we should try to use less burdensome methods of power generation, such as wind power and water power generation, and improve the efficiency of electricity use. Finally, steel consumption damages the environment, and it is necessary to reduce the environmental impact of the steel production process and improve its efficiency.
4.3 Interpretation
With rapid economic development, environmental issues have become key global topics. As one of the primary energy sources, the production and consumption of coal has caused substantial environmental pollution. As different production methods are used, their impacts on the environment vary. This study investigated the environmental impact of underground coal resources under different mining methods and identified the production method with the least burden on the environment and, consequently, the optimal mining method.
The life cycle evaluation process is similar to different coal pillar mining methods, and this study used the mining method with a 20 m coal pillar left in place as an example of a life cycle evaluation of its production process. The characterization results (Figure 3) provide an understanding of the extent of each process for each of the 11 impact categories and the share of each unit in a particular impact type is also shown. For example, electricity makes the largest contribution to the impact of carcinogens, followed by steel. The results of the characterization of all coal pillar widths were compared (Figure 4), which initially concluded that the no-pillar mining method has the least environmental burden. A standardized analysis was then used to quantify the degree of impact of each impact category on the overall environment, with respiratory inorganics, carcinogens, and fossil fuels being the most dominant impact categories. With an understanding of the main impact categories, a contribution analysis was conducted to identify the face mining system as the subsystem with the greatest environmental burden through the contributions of subsystems and processes. The main processes affecting the main categories of impact were identified, with the main processes affecting respiratory inorganics being, for example, electricity. This analysis explains the main impact categories and processes and provides a basis for scientific decisions to reduce the environmental burden. However, to verify the accuracy of the data and provide a solid scientific strategy, uncertainty and sensitivity analyses were conducted. The sensitivity analysis results showed that a 5% reduction in the input data for the main impact processes would result in a greater environmental benefit. Therefore, with the mining method of leaving a 20 m coal pillar as an example, based on the above analysis, the mining method without a coal pillar was considered to have the least negative impact on the environment. Consequently, it was initially concluded that the mining method without a coal pillar is the optimal mining method. Respiratory inorganics, carcinogens, and fossil fuels were the most important impact types, and after determining the main impact, the main impact types were identified. The face mining system was the subsystem with the greatest environmental burden. Mining, electricity, and steel were considered to have high sensitivity or importance.
The main objective of this study was to determine the optimal extraction method. Using the 20 m coal pillar mining method as an example, the main categories of influence and processes affecting the mining method were recognized through characterized, normalized, and contribution analyses. The influence of respiratory inorganics had a greater weighting under the non-pillar mining method (Figure 4), mainly because of the blasting technique used in the non-pillar mining process, which generates more organic particles. The LCA process for the other mining methods is similar to the 20 m column mining method, and there is little difference in the primary impact categories and processes. The single score value for the mining method without coal pillars, that is, 0 m pillar width, was the smallest (Figure 10). Combined with the results of the characterization comparison, it is clear that mining without coal pillars has the lowest level of environmental impact, and therefore, mining without coal pillars is determined to be the optimal mining method. The final single score summary comparison shows that as the width of the coal pillar increases, the degree of negative environmental impact increases and then decreases. As the width of the pillar continues to increase to a certain width, the recovery methods used because of its increased carrying capacity change and the materials and energy used are reduced accordingly, making the mining process less environmentally burdensome. It is predicted that as the width of the pillar increases to a width equal to that of the working face, the mining method will be equivalent to pillarless mining, and the level of negative environmental impact will approach that of pillarless mining (Figure 10).
[image: Figure 10]FIGURE 10 | Comparison of the single score for different mining methods.
5 CONCLUSION
This study used LCA to select the optimal mining method for different coal pillar widths. A list of input and output stream data, with 1 kg of coal mined as a functional unit, was created using the SimaPro software and Ecoinvent database, and impact analyses were evaluated based on the list analysis. The Eco-indicator 99 method was used to assign the input and output data in the LCI to 11 different environmental impact types. Characterized, normalized, and contribution analyses were conducted using a 20 m coal pillar width mining method as an example. To verify the accuracy of the data and scientific decisions, an uncertainty analysis and summary comparison of the single scores of the different mining methods were conducted to obtain the optimal mining method and the environmental impact variations between the different mining methods. The following conclusions were obtained.
(1) Through characterized and normalized analyses, the degree of impact of each process on 11 impact types was obtained. It is tentatively concluded that mining without coal pillars has the lowest negative impact on the environment, and using the mining method with a 20 m pillar width as an example, it was found that respiratory inorganics, carcinogens, and fossil fuels are the most dominant impact types. The contribution analysis shows that the face mining system has the greatest environmental burden. The main influencing processes for respiratory inorganics, carcinogens, and fossil fuels is electricity, accounting for 94.9%, 60.8%, and 84.9%, respectively. The main process influencing climate change is coal mining, which accounted for 62.9% of the total.
(2) Uncertainty and sensitivity analyses were used to verify the accuracy of the data and provide accurate scientific decisions. The uncertainty analysis provides a basis for data accuracy. The sensitivity analysis results showed that when the coal mining process unit data are reduced by 5%, the rate of change of carcinogens, respiratory organics, and respiratory inorganics are 5.03%, 4.70%, and 5.04%, respectively. For a 5% reduction in electricity consumption process data, the rates of change for respiratory inorganics, carcinogens, and acidic/eutrophication are 4.75%, 4.25%, and 4.01%, respectively. For a 5% reduction in consumption process data for steel, the rates of change for minerals, radiation, and ozone layer are 4.94%, 2.77%, and 2.30%, respectively. A 5% reduction in input data for these three main impact types resulted in greater rates of change for the main impact categories, all of which would result in greater environmental benefits.
(3) A comparative analysis of the single score values for environmental burden shows that non-pillar mining had the lowest environmental burden and was determined to be the optimal mining method. As the width of the coal pillar gradually increases, the single score value for the environmental burden increases and then decreases. As the width of the coal pillar gradually increases to approach the width of the working face, the degree of negative environmental impact gradually approaches that of non-pillar mining.
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With the shortage of land resources, there has been a trend toward increasingly deep foundation pit engineering in urban areas. It is extremely important to reflect on the behavior and safety of deep foundation pits and conduct risk assessments in time. A nonhomologous and multi-indicator deep foundation pit risk assessment model was studied for nine types of nonhomologous on-site data monitored in the deep foundation pit. Based on the BIM (Building Information Modeling) technology, a family of monitored points was created that reflects the information on site from a deep foundation pit. The data visualization module was redeveloped by using Visual Studio 2019 to map the on-site data monitored to the components in the BIM model, which can visualize the data monitored in the BIM model of deep foundation pits. On this basis, the assessment of the safety level of deep foundation pits was realized in combination with a risk assessment model. Through the instance of the deep foundation pit of Zibo light rail, the analysis shows that the new visualization and risk assessment method can help construction workers locate dangerous units and formulate corresponding prevention and control measures better and faster.
Keywords: bim, deep foundation pit, digital shadow, visualization, risk assessment
1 INTRODUCTION
By the end of 2019, China’s urbanization rate had reached 60.6%. With a large number of people moving into cities, a large amount of infrastructure development is required. However, land resources are becoming increasingly scarce in cities. As a result, there are more and more deep foundation pits in the construction of infrastructure projects. Urban deep foundation pit engineering has two main characteristics: the first is that urban deep foundation pits are often adjacent to complex surrounding environments such as rail transit infrastructure, old buildings, and integrated underground pipelines; the second is the complex geological conditions, such as water-rich soft soil, soil-gravel composite stratum, fault zones, and intrusive rocks. The behavior and impact of urban deep foundation pit engineering on the surrounding environment have been studied by many scholars. Research has been carried out through theoretical calculations, on-site monitored, and numerical simulation (Yuan et al., 2019) on the stability of deep foundation pits during excavation and their impact on the surrounding environment; the results of these studies have guided the safe construction of urban deep foundation pits. The research approach of this study is to map the information of deep foundation pits to BIM through secondary development based on the BIM technology and to further visualize the behavior of deep foundation pits and assess the risk level of foundation pit engineering.
Building information modeling (BIM), is described as a shared digital representation of any built object’s physical and functional properties that serves as a trustworthy basis for decisions (ISO, 2016), has been transforming the architecture, engineering, and construction (AEC) business in many nations (Azhar, 2011). A construction project, in general, entails a number of stages, ranging from planning and design to building and upkeep. Because of its 3D modeling capability, data utilization and modification, and visualization capabilities, BIM may be used as a data management tool at any stage of the process. Practitioners in the AEC business began to use BIM in projects in the mid-2000s. Various studies on technical BIM challenges have been undertaken over the previous decade to increase BIM adoption. BIM research has become more diverse over the previous decade, with more developing technologies being integrated into BIM. For example, BIM can help with 3D printing implementation (Arayici et al., 2012) and has been used in the 3D printing of small-scale models and large-scale buildings (Wu et al., 2016). By combining 3D laser scanning with BIM, (Mahdjoubi et al., 2013) created a model to aid in the delivery of real estate services. (Wang et al., 2013) established a conceptual framework that combines BIM and augmented reality (AR) to allow for real time visualization of the physical context of any construction activity or task. (Tang et al., 2010) investigated strategies for automating the process of recreating as-built building information models from laser-scanned point clouds. (Cerovsek, 2011) reviewed the data exchange standards and features of over 150 AEC/O (Architecture, Engineering, Construction, and Operations) tools and digital models, and offered a framework for improving both BIM tools and schemata. However, limited efforts have been made to research the application of BIM visualization technology to practical engineering.
At present, the application of the BIM technology in the architectural field is mainly in the design stage to conduct top-down design, for detecting pipeline collisions, for engineering calculations, and for visual construction management at the construction stage. These functions are mainly realized by the built-in functions of the BIM software and users only need to learn how to use the software. (Oscar and Zhang, 2021) used the BIM model to analyze architectural design information; (Qi et al., 2021) conducted BIM modeling and UAV aerial oblique photography data collection for Huali Expressway; Furthermore, researchers have connected BIM and the Internet of Things (IoT) so that BIM can display on-site conditions (Lu et al., 2020; Zhao and Liu, 2021), perform a series of functions such as seismic assessment (Chen et al., 2020), and the mutual calling between finite elements (Wen et al., 2020) based on the BIM technology. The aforementioned applications have greatly promoted the digital and informatization development of intelligent engineering activities. With the further promotion and application of BIM, its existing conventional functions cannot serve current engineering requirements. The Construction Standard Regulation [2020] No. 8 issued by the Ministry of Housing and Urban-Rural Development in 2020 pointed out that the integrated application of the BIM technology should be accelerated during the total life cycle of new buildings. The development trend of BIM is to model the behavior of the buildings and perform safety assessments throughout their life cycle (Su et al., 2021). It is necessary to visualize monitored information obtained through sensors in the digital shadow created from a BIM. Meanwhile, it is necessary to further study the safety risk assessment methods and visualize the research results during the total life of the BIM digital shadow. It requires users to gain better capabilities to further develop the software platform. As an emerging technology, the BIM digital shadow technology can collect various data from a physical model in the real world, and map the information to an accurate digital model in the digital space to update the data with the physical model. It can not only achieve modeling but also a simulation of the life cycle. The application of BIM digital shadow for the assessment and visualization of the project’s behavior has rarely been reported.
This study aims to use the BIM digital shadow technology to map the on-site monitoring information to the BIM model of the deep foundation pit in real time, and to make the behavior assessment of the deep foundation pit through the relevant risk assessment model. In this study, an on-site family of monitored points of the deep foundation pits is created in a BIM model, and the Revit software is used to re-develop the data visualization module of the on-site monitored data; a risk assessment model considering conditional information entropy was established and embedded in the visualization development module; this module allows for the visualization of the deep foundation pit’s abnormal units and enables the comprehensive assessment of the risk grade. It has broken through the current application of calculation and collision in BIM and realized the visualization techniques of the deep foundation pits’ behavior, which can better provide support for the safety assessment throughout the construction’s life cycle.
2 PROJECT OVERVIEW
Zibo rail transit station can seamlessly transfer to a high-speed rail station. The embedded section of the station is about 740 m long and 23 m wide. The standard section excavation depth is 16.05–18.2 m and the end well excavation depth is 19.5–20.8 m. The deep foundation pit of the station has been constructed through the open-cut method. The north side of the site is the construction site of the high-speed railway station, and the rest is farmland. Concurrent construction projects around the site include a drop-off platform, a ramped bridge, a square east-west road, a station-overlying steel structure, and a bus station. The safety level of the deep foundation pit is level Ⅰ.
According to the design documents, the standard section of the main deep foundation pit enclosure structure in the field adopts the form of φ800@1000 bored pile plus an internal support enclosure. The station is equipped with three supports along the longitudinal direction and one support replacement is added to the end well. The first support adopts an 800 mm × 800 mm concrete support with a support spacing of about 5.0–9.0 m. The other supports are steel pipe supports with a diameter of 609 mm and a wall with a thickness of 16 mm and a spacing of about 3 m. The foundation pit at the entrance of the underground first floor adopts the structure of a pile plus anchor cable with a horizontal spacing of about 2 m. A double-row pile with a φ800@1000 enclosure structure is adopted near the pile foundation of the high-speed railway station building. The borehole histogram and support design of the standard section are shown in Figure 1.
[image: Figure 1]FIGURE 1 | The borehole histogram and support design of the standard section.
The lithological composition of the soil layer in the field is complex and the soil layer changes significantly, being cultivated soil, silty clay, silt, fine sand, medium sand, and round gravel soil (Li et al., 2022). According to the stratum distribution characteristics of the site, the permeability of the stratum in the site also varies significantly. The groundwater is slightly low confined (Zhu et al., 2022) and primarily recharged by lateral underground runoff with secondary downward surface water percolation (Wang et al., 2022). The stable groundwater table is at a depth of 19.48–20.34 m and the stable groundwater elevation is 4.93–5.66 m. Judging from the on-site excavation, no obvious groundwater was seen until the foundation pit was excavated to the bottom.
3 DIGITAL SHADOW AND VISUALIZATION TECHNOLOGY OF DEEP FOUNDATION PIT BEHAVIOR IN BIM
3.1 Creating a Family of Monitored Points in the BIM of the Deep Foundation Pit
At present, the monitoring of deep foundation pits is carried out by setting on-site monitored points (Wang et al., 2019). During the establishment of the deep foundation pit model in BIM, the monitored points and sensors cannot be displayed in the model (Tong et al., 2019). To reflect the monitored point information in the established BIM digital shadow, it is necessary to load the on-site monitored points and sensor information into BIM in the form of a family of monitored points. It is necessary to create a monitored family of points in the BIM of the deep foundation pit. According to deep foundation pit support design documents and monitored requirements, deep foundation pit monitored information generally includes data on pile deformation, the vertical and horizontal displacement of the pile top, subsidence (Wang et al., 2021), the horizontal and vertical displacement of the slope top, the axial force of the internal support, ground subsidence (Su et al., 2021), groundwater (Wu et al., 2021), and the subsidence of surrounding buildings, pipelines, and roads (Dou et al., 2021), etc. In this study, the family of monitored points was categorized as foundation pit slope top displacement, surrounding building subsidence, road and pipeline subsidence, deep soil displacement, and anchor rod (an anchor cable) axial force. All the aforementioned monitored points are collectively called monitored nails in the BIM. First, the plane coordinates and elevation of the monitored nails were set according to the geometric and spatial relationships of the components in the design drawings. Second, the monitored nails were assigned the material parameters of the different supporting components, and then the definitions were saved as a new monitored nails family. Third, the saved files of each of the families were loaded into the project file and the refined modeling was completed by changing the position of the axis net and the specific values of the elevation. The file of the family of monitored points in the BIM of the foundation pit was created according to the process shown in Figure 2. Based on the family file, the AutoCAD plan of the deep foundation pit supporting structure and the monitored point layout were imported into the Revit software to create a BIM digital shadow model of the deep foundation pit.
[image: Figure 2]FIGURE 2 | The creation process of the Revit family file.
3.2 Visualization of the Early Warning System for the Deep Foundation Pit Based on the Secondary Development of Revit
Revit provides a packaged API interface. By using Visual Studio 2019 and Revit SDK, the corresponding programming environment was selected to create the function plug-in. The specific steps are as follows:
1. In Visual Studio 2019, the source program of the visualization plug-in was compiled for the early warning alerts of the foundation pit and then files in the *. dll format was generated.
2. The external plug-in loading tool, Addin-In Manager, was added to the Revit software by installing the Revit SDK software. Then, the external plug-in loading tool was used to load the *. dll file and generate the plug-in loading files in the *. addin format.
3. The plug-in installation package was converted to the *.exe format using the Visual Studio 2019 software and the *. dll file and *. addin file were integrated into the plug-in installation package.
4. The created plug-in was installed.
5. The plug-in was used to import the data from MS Excel into the database of the BIM three-dimensional visualization model to provide on-site data support for visualization and risk assessment. The specific implementation path and key technologies of the aforementioned steps are shown in Figure 3.
[image: Figure 3]FIGURE 3 | The specific implementation path of the secondary development based on Revit.
4 COMPREHENSIVE RISK ASSESSMENT AND RESULT VISUALIZATION OF THE DEEP FOUNDATION’S BEHAVIOR
4.1 Comprehensive Risk Assessment of the Deep Foundation Pit’s Behavior
When monitoring the behavior of the deep foundation pit, the arrangement of all the monitored points is discrete (Liu et al., 2014). When only one of the multiple monitored indicators requires early warning at a certain point, further studies need to be performed to understand how to assess the risk level at the monitored point and categorize the warning level (Zheng et al., 2016). This study proposes a comprehensive assessment method considering information entropy and embeds the assessment model into the assessment module through secondary development to assess the risk of deep foundation pits and to visualize the assessment results. The effect is apparently obvious through on-site observation.
The steps to comprehensively assess the risk grade of deep foundation pit behavior are as follows:
1. For the deep foundation pit to be assessed, the monitored assessment indexes that affect the safety level of the foundation pit need to be determined to classify them.
Each assessment index is classified according to the corresponding foundation pit safety monitored specifications (GB 50911-2013, 2012) and actual conditions. The 9 indexes are shown in Table 1. The result of the safety classification of each index is shown in Table 1 (H is the depth of the foundation pit excavation; F is the prestress control value).
1. Then, we calculate the conditional information entropy, attribute significance, and weight of each assessment index according to Eqs 1, 2, and Eq. 3 to obtain a normalized weight matrix considering information entropy [image: image].
[image: image]
[image: image]
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2. The normalized weight matrix is [image: image].
TABLE 1 | Classification of the safety levels of each assessment index.
[image: Table 1]Among them, [image: image] is a set of non-empty finite sets, called the domain of discourse; [image: image] is a conditional attribute, which is expressed as an index that affects the safety state of the foundation pit in this paper, and the corresponding factor subset [image: image] is the equivalence class obtained by dividing the domain of discourse [image: image] with respect to [image: image]; [image: image] is a decision-making attribute, which is the safety state of the foundation pit in this study, and the corresponding factor subset [image: image] is the equivalence class obtained by dividing the domain of discourse [image: image] with respect to [image: image]; [image: image]; [image: image] is the conditional information entropy of the decision-making attribute [image: image] relative to the conditional attribute [image: image]; [image: image] represents the significance of the conditional attribute [image: image]; [image: image]; [image: image] represents the weight of the conditional attribute [image: image], reflecting the importance of [image: image] relative to the overall attribute in the entire assessment system; [image: image] represents the conditional information entropy of [image: image] relative to [image: image]. The weight indexes calculated according to the 9 indexes are shown in Table 2.
TABLE 2 | Weight calculation.
[image: Table 2]Then, the normalized weight matrix can be obtained:
[image: image]
3. Then, we identify whether each assessment index is a quantifiable factor and select the corresponding membership function to obtain the membership assessment matrix [image: image].
The selected assessment indexes are classified based on whether they are quantitative or qualitative. For the qualitative indexes, the Karwowski membership function (Ning et al., 2020) is used for classification while for the quantitative indexes, Eq. 4 is used. To unify the qualitative and quantitative classifications, a five-level classification is adopted, corresponding to the following: normal, basically normal, slightly abnormal, seriously abnormal, and malignantly abnormal.
[image: image]
Among them, [image: image] is the trapezoidal membership function of the quantitative index [image: image], indicating the degree of membership of [image: image] to the conditional attribute [image: image], and the closer [image: image] is to 1, the higher the degree of membership; the closer [image: image] is to 0, the lower the degree of membership; m is the number of selected n indexes minus the number of qualitative indexes.
Among the 9 indicators selected, only the groundwater level is not quantified according to the specifications so that qualitative methods are used to assess the membership degree of this index. Combining on-site geological conditions and on-site monitored data, the other indexes are classified according to Eq. 4 and the 9 selected assessment indexes are finally obtained as shown in Table 3.
4. According to Table 3, the membership degree assessment matrix is obtained: [image: image].
[image: image]
TABLE 3 | Assessment table of membership degree of the nine selected assessment indexes.
[image: Table 3]From the second and third steps, the comprehensive assessment matrix of the safety level of the deep foundation pit can be obtained by [image: image].
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5. Combining the principle of the maximum membership degree, the maximum value of the foundation pit safety grade assessment matrix [image: image] obtained is 0.7882. And combined with the assessment grade interval where the maximum value is located, the safety grade of the foundation pit can finally be determined. This study selects the assessment interval as shown in Table 4.
TABLE 4 | Division of the deep foundation pit safety grade interval.
[image: Table 4]It is seen in Table 4 that the comprehensive assessment of the foundation pitfalls within the interval (0.8, 0.6], which is relatively safe.
4.2 Visualization of the Comprehensive Risk Assessment of the Deep Foundation Pit’s Behavior
A deep foundation pit model was established in Revit and the secondary development plug-in, including monitored nails, foundation pit monitored, and management modular presented in Section 3 of this study, was loaded. The on-site monitored data was imported into BIM through the plug-in. The abnormal status of the foundation pit’s supporting unit caused by the deformation of the foundation pit due to excavation was displayed on the three-dimensional model after rendering, as shown in brown in Figure 4.
[image: Figure 4]FIGURE 4 | Details of the abnormal units and trend diagram of the abnormal units. (A) Indicator details, (B) Indicator change trend.
In the safety risk assessment and early warning interface, the monitored indexes were clicked to get the details of the monitored data; this data can effectively help construction staff locate dangerous units and take timely and correct remedial measures. In the 7th supporting unit of this foundation pit, the steel support axial force, horizontal displacement of the pile top, and displacement of the pile deformation exceed the specified range values, as shown in Figure 4. Clicking the trend on the interface allows one to see the trend of the abnormal unit in the next few days, which can help construction staff identify and analyze possible dangerous situations and take protective measures in time. The reason for the abnormality at the location of the 7th unit of the foundation pit was analyzed on-site. It may be that the inner steel support was not installed in time during the excavation of the foundation pit, resulting in excessive stress on the inner support at the adjacent location. Meanwhile, the vertical cast-in-place pile has no horizontal internal support force to restrict its lateral deformation so that the pile has a corresponding lateral displacement. Although the 7th monitored unit is abnormal, the results of the comprehensive risk assessment of the deep foundation pit based on conditional information entropy proposed in this study show that the foundation pit is in a relatively safe state on the whole. However, construction staff should combine the visualization method and the safe early warning system rendered through the BIM technology to install the internal steel support at the abnormal unit as soon as possible and apply sufficient prestress. In addition, the rate of on-site construction should be reduced, especially the speed of earth excavation, and then restored to a normal speed after the supporting measures have been put in place.
5 CONCLUSION
In this study, a comprehensive risk assessment method considering conditional information entropy through secondary development of Revit was developed; this risk assessment method can better facilitate application on-site. The conclusions are as follows:
(1) By establishing a connection between the monitored nails and the on-site monitored points in BIM, the deep foundation pit behavior could be reproduced in real time, and the true meaning of a deep foundation pit’s digital shadow based on the BIM technology was realized.
(2) Using the Revit software, an early warning management plug-in of the deep foundation pit was developed through Visual Studio 2019 and Revit SDK tools. The plug-in could achieve 3D modeling, data import, foundation pit calculation, safety level assessment, and visualization of abnormal units.
(3) The comprehensive assessment method based on conditional information entropy effectively and comprehensively assessed the risk of the monitored area of the deep foundation pit; some alerts were generated by a few individual monitored components; these alerts can effectively help the construction staff to identify and analyze possible dangerous situations and take protective measures in time.
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The advance area affected by mining (AAAM) of the Lijiahao coal mine is influenced by the superposition of the side and advance abutment pressure, and the roadway roof is considerably damaged. General support technology and equipment cannot economically and effectively maintain the stability of the roadway roof of AAAM. Through field detection, theoretical analysis, and numerical simulation, this study analyzes the structure of the surrounding rock, the evolution characteristics of the regional stress field, the distribution of the surrounding rock plastic zone, and the influencing factors of the plastic zone in the AAAM of the Lijiahao mine. The results show the following: 1) the direct roof and floor of the roadway comprise coal, siltstone, and sandy mudstone, which has low strength and can be easily broken. 2) The maximum and minimum principal stresses in the AAAM reach 2.3 and 1.5 times of in situ stress, respectively, and the ratio of the two stresses reaches 2–8, which causes the shape of the plastic zone of the surrounding rock to turn into a butterfly shape. 3) The principal stress direction of AAAM deflects at a large angle, which causes the deepest failure direction of the surrounding rock to rotate to the roof and floor of the roadway. Accordingly, a self-moving foldable support system is proposed to support the AAAM of the Lijiahao coal mine. The system will not support the roof repeatedly and is suitable for soft rock stratum. In addition, it can also adapt to the heave of roadway floor and avoid dumping. The mechanized operation of the system makes the roof support in AAAM more efficient and safer.
Keywords: support system, failure mechanism, advance area affected by mining, plastic zone, soft rock stratum
1 INTRODUCTION
In underground mines, the advance areas affected by mining (AAAM) are an important channel for pedestrians, ventilation, and equipment transportation (Du et al., 2014; Kang et al., 2016a). However, due to the superposition influence of the advance and side abutment pressures of the goaf, the roadway is often deformed and seriously damaged, and secondary support is required (Qian et al., 2010; Cai, 2020; Zhang et al., 2020). Numerous scholars have studied the stress evolution and failure characteristics of roadway surrounding rock in detail and have proposed the corresponding control technology and equipment. For example, Ma et al. (2015a, 2015b) and Zhao (2014) studied the partial stress field of deep mining roadways and revealed the asymmetric deformation failure mechanism of roadways. Moreover, they proposed the use of extendable anchor bolts and flexible anchor cables to support the roadways. Based on the stress evolution law of roadways under repeated mining and the asymmetric evolution characteristics of the plastic zone in the Shendong mining area, (Wu, 2018), (Wu, 2020), and Lv et al. (2019) revealed the malignant expansion mechanism of the plastic zone of the roadway surrounding rock and presented a hierarchical stability control system of the roadway surrounding rock. Yu et al. (2021) studied the fracture mode and abutment pressure distribution of a thick and hard rock roof with a weak interlayer. (Kang and Zhong (2016b) studied the influence of working face abutment pressure on the stability of roof rock that was strengthened using a bolt through physical and numerical simulation. Li et al. (2019, 2020) studied the non-uniform failure mechanism of roadways under the influence of secondary mining and presented a roof stability control technology based on plastic zone evolution. Jia et al. (2019) studied the failure mechanism of a soft rock roadway and multi-layer combined rock roadway and determined that the plastic zone has “penetration characteristics,” i.e., the plastic zone can pass through a hard rock stratum and redistribute in the soft rock. Thus, they presented the corresponding control technology. Liu et al. (2021) studied the stress evolution and surrounding rock failure of roadways and coal pillars under the influence of repeated mining in a double-roadway layout system through UDEC (Universal Distinct Element Code) numerical simulation software. Zhu et al. (2022) analyzed the stress distribution law caused by mining under different roof strengths through FLAC 3D (Fast Lagrangian Analysis of Continua) and obtained the influence area range of the working face pressure. Yao et al. (2020) introduced the technical idea of using an active support (reinforced anchor bolt and anchor cable) to replace a passive support (hydraulic powered support, HPS) in AAAM. In terms of the support research of HPS, Xu et al. (2020) analyzed the support resistance and support mode of HPS and proposed that HPS in AAAM should be coordinated with the roadway roof and anchorage system. Zhang (2013) studied a new type of HPS in AAAM, which can not only realize the overall support of the roof up to 12 m but also support the two sides of a roadway. Kang et al. (2019) analyzed the stress distribution characteristics of a roadway in front of the working face, presented the support concepts of “low initial support, high work resistance” and “unequal support,” and realized the automatic control of HPS in AAAM.
The aforementioned analysis shows that few studies currently exist on the stress distribution and plastic zone characteristics of roadway surrounding rock in AAAM and that the research on the advance support scheme is still limited to increasing the support resistance of bolts and cables or expanding the support range of HPS, which does not solve the problem of repeatedly supporting the roof. Furthermore, the support resistance makes it difficult to collapse roofs and increases the support cost.
In the AAAM of the Lijiahao coal mine, surrounding rocks of the roadway are relatively soft and prone to deformation and damage. In this case, the HPS system is easy to dump, and the repeated support of the HPS system to the roof often causes roof fall accidents. In addition, the traditional single hydraulic prop requires a lot of labor to erect and remove support units, which is difficult and unsafe. This study analyzes the advance area affected by the secondary mining of the Lijiahao coal mine, explores failure characteristics of the roadway, reveals its failure mechanism, and puts forward the corresponding support system to provide a reference for AAAM support under similar conditions.
2 ENGINEERING BACKGROUND
2.1 Geological survey of the mining area
The Lijiahao coal mine of the Shenhua Baotou energy group is located in the Dongsheng coalfield, Inner Mongolia, China. The coal seams in the mining area are shallow and geological conditions are complex. Rocks of roof and floor of the coal seam are mainly layered clastic rocks, sandy mudstone, and siltstone. Rock strength is low and its stability is poor. The ratio of the horizontal stress to vertical stress in the regional stress field is about 1.2. Recently, with the continuous increase of the mining intensity, problems of AAAM support are becoming increasingly serious, and it needs to be urgently solved.
2.2 Project profile
Currently, the Lijiahao mine is mining 31# coal seam 31,115 working face, with an average coal thickness of 6 m. The thickness of the coal seam in the entire working face is relatively uniform. The thickness of the overlying loose layer of the coal seam in the working face ranges from 10 to 30 m and that of the overlying bedrock ranges from 150 to 220 m. The strike length of the 31,115 working face under mining is 2,600 m and the dip length is 300 m. It is close to the 31,114 goaf in the north and the 31,116 working face are planned to be arranged in the south. The 31,115 working face adopt a three roadways layout mode, as shown in Figure 1. The ventilation roadway of the 31,115 working face was once an auxiliary roadway of the 31,114 working face, the roadway section is 5.2 m wide × 3.56 m high; the section of the 31,115 haulage roadway is 5.4 m wide × 3.66 m high, and that of the 31,115 auxiliary roadway is 5.2 m wide × 3.56 m high. The coal pillar between the haulage and auxiliary roadways is 20 m in width. According to China’s coal mine safety production regulations, the area within 20 m ahead of the working face is the AAAM, and the roof support equipment needs to be arranged (red area in Figure 1). Currently, the mine adopts HPS for roof support.
[image: Figure 1]FIGURE 1 | Roadway layout of the working face.
2.3 Coal and rock mass structure
Through borehole detection and rock sample analysis, the rock structure of the Lijiahao 31,115 working face was obtained, as shown in Figure 2. The direct roof of the coal seam is mainly siltstone and fine-grained sandstone, wherein the thickness of the siltstone is 5–11 m with an average thickness of 8 m. The thickness of fine-grained sandstone is 6–11 m, with an average thickness of 9 m. The main roof is sandy mudstone, with a thickness of 6–14 m and an average thickness of 9 m. The direct floor is sandy mudstone and siltstone. The thickness of siltstone is 1–3 m, with an average thickness of 2 m. The thickness of sandy mudstone is 12–27 m, with an average thickness of 20 m. According to the mechanical measurement results, the physical and mechanical properties of each rock are shown in Table 1.
[image: Figure 2]FIGURE 2 | Sketch of the rock stratum structure.
TABLE 1 | Lithology and rock physical and mechanical parameters.
[image: Table 1]3 METHODOLOGY
3.1 Analysis of the stress field in AAAM
After the previous working face is mined, the stress in the goaf is relieved, yielding a low-stress area. Furthermore, the abutment pressure on the side of the goaf forms a stress-increasing area. Based on the existing research, the peak stress in the stress-increasing area can reach 3–5 times the in situ rock stress (Guo et al., 2021a; 2021b). As it is far away from the goaf, the stress field is less disturbed by mining, i.e., it is a stress stable area. During the mining process of the working face, the surrounding rock stress will be redistributed. Under the superposition of the lateral abutment pressure of the goaf and the advance abutment stress in front of the working face (Figure 3), AAAM will form a non-uniform stress field called the deviatoric stress field.
[image: Figure 3]FIGURE 3 | Stress distribution in AAAM.
3.2 Failure characteristics of roadway surrounding rock under the non-uniform stress field
3.2.1 Asymmetric distribution of plastic zone of surrounding rock
Kastner (1962) conducted an elastic–plastic analysis on the stress and deformation of the roadway surrounding rock under the condition of two-way uniform pressure and obtained the boundary equation of the surrounding rock plastic zone. Later, Guo et al. (2019, 2020) deduced the boundary equation of the surrounding rock plastic zone of a homogeneous circular roadway under the condition of a non-uniform stress field (Eq. (1)) (Zhao et al., 2018). Moreover, based on the hole plane strain model in the theory of elasticity (Figure 4) and taking the Mohr–Coulomb criterion, they proposed that the plastic zone of the roadway surrounding rock generally has three forms, i.e., circle, ellipse, and butterfly (Guo et al., 2019,2020) (Figure 5A). This reveals the failure mechanism of the roadway surrounding rock, such as asymmetric deformation (Zhao, 2014), roof fall (Zhao et al., 2016), and floor heave (Li et al., 2018).
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[image: Figure 4]FIGURE 4 | Stress model of roadway in a non-uniform stress field.
[image: Figure 5]FIGURE 5 | Plastic zone shape of the surrounding rock. (A) Shape of the plastic zone under different lateral pressure coefficients. (B) Rotation of the butterfly plastic zone.
Here, P1 and P3 are the maximum and minimum principal stresses, respectively. Additionally, a is the roadway radius, η is the ratio of the maximum principal stress to the minimum principal stress (also known as the lateral pressure coefficient), φ is the friction angle, and R and θ are the polar coordinates of any point in the coordinate system.
3.2.2 Directional rotation of the butterfly plastic zone
According to Eq. (1), when the direction of the maximum and minimum principal stresses of the regional stress field deflects, the plastic zone shape of the roadway surrounding rock rotates at a corresponding angle, as shown in Figure 5B (defining the horizontal direction as 0° and the counterclockwise and clockwise rotations as positive and negative, respectively).
4 NUMERICAL SIMULATION
4.1 Model construction
FLAC 3D can accurately simulate the distribution characteristics of stress and the plastic zone after continuous medium excavation using the dynamic motion equation. Therefore, this study uses FLAC 3D software to simulate and analyze the Lijiahao coal mine. A model X × Y × Z = 840 m × 900 m × 54 m is established, and a 4.15 MPa equivalent load is applied above the model to compensate for the vertical stress of overburden. The grid is 5 m/grid, and the AAAM is refined to 0.5 m/grid. The numerical simulation model is shown in Figure 6 rock stratum parameters are shown in Table 1. The lateral pressure coefficient is 1.2, and the model adopts the Mohr–Coulomb criterion.
[image: Figure 6]FIGURE 6 | Numerical simulation model.
4.2 Model excavation and filling
To more truly simulate the on-site engineering environment, the 31,114 working face and its two adjacent roadways are excavated and the goaf is filled with the double yield model. After balancing, the model is saved and named the basic calculation model. Then, the 31,115 working face is excavated in the basic calculation model, and the goaf is filled. After calculation, the axial stress at the ventilation roadway of 31,115 working face is extracted for analysis. Finally, according to the actual engineering excavation process, the 31,114 working face, its two adjacent working roadways, and the 31,114 auxiliary roadway (31,115 ventilation roadway) are re-excavated, and the 31,114 working face and its two adjacent roadways are filled. After the calculation, the 31,115 working face and the roadway on its right side shall be excavated and filled. After the model is balanced, the distribution of the surrounding rock plastic zone at different positions of the mining roadway is obtained by slicing the mining roadway in the model. The parameters of the double yield model in goaf are shown in Table 2.
TABLE 2 | Parameters of the double yield model in goaf.
[image: Table 2]4.3 Results
4.3.1 Stress distribution characteristics of surrounding rock in mining roadway
The maximum and minimum principal stresses at the roadway centerline under the conditions of different mining distances of the working face are shown in Figures 7A,B. The figure shows that the maximum and minimum principal stresses of the original rock stress field (before being affected by mining) are about 5.9 and 4.9 MPa, respectively. Due to the influence of mining-induced stress (superposition of abutment pressure at the side of goaf and advance abutment pressure at this working face), the maximum and minimum principal stresses reach extreme values near the working face and the open cut hole, respectively. The peak value of the maximum principal stress is about 12–13 MPa, and the peak value of the minimum principal stress is about 6–7.5 MPa. Due to the difference in the spatial distribution of the main roof structure of the coal seam, the peak stress of the roadway is different under different mining distances. With increasing distance from the open cut hole and the working face, the principal stresses exhibit a decreasing trend. The figure also shows that the stress distribution characteristics are independent of the mining distance of the working face.
[image: Figure 7]FIGURE 7 | Distribution characteristics of the principal stress of surrounding rocks under different mining distances. (A) Maximum principal stress. (B) Minimum principal stress. (C) Maximum principal stress and minimum principal stress in AAAM.
When the coal seam is mined 300 m, the maximum and minimum principal stresses in AAAM are shown in Figure 7C. With the increasing distance from the working face, the maximum and minimum principal stress increase rapidly at first, and then decrease gradually. This is because the stress near the working face is concentrated due to the influence of mining, and surrounding rocks adjacent to the working face have been damaged, where the stress has been released. The maximum and minimum principal stress peaks of surrounding rocks are about 13.5 and 5.5 MPa. It can be seen from Figure 7C that the principal stress ratio gradually decreases from 8.0 to 2.0 as it is away from the working face. At 5, 10, and 20 m in front of the working face, the principal stress ratios are 3, 2.3, and 2.1, respectively.
4.3.2 Failure characteristics of the surrounding rock in the advance area of the working face
The aforementioned analysis shows that the stress variation law of the AAAM is basically the same at different mining distances of the working face. Therefore, taking the 300 m of the working face as an example, the distribution characteristics of the plastic zone of surrounding rocks in the advance area are analyzed.
Figure 8 shows the plastic zone of the roadway surrounding rock at different positions in the advance area of the working face when the mining distance of the working face is 300 m. Near 1 m in front of the working face (Figure 8A), the surrounding rock of the roadway is seriously damaged, the plastic zone exhibits asymmetric deformation characteristics, the right side of the roadway and the roof are penetrated, and the maximum failure depth on the left side of the roadway (coal pillar side) is about 4 m. About 5 m in front of the working face (Figure 8B), the overall range of the plastic zone of the roadway surrounding rock is reduced, the right side of the roadway is still damaged, and the maximum damage depth of the roadway roof is 4.5 m. Near 10 m in front of the working face (Figure 8C), the range of the plastic zone of the roadway surrounding rock decreases, but it still exhibits asymmetric characteristics. The roof of the roadway has the largest failure range, and the failure depth is about 4 m. The failure depth on the left and right sides of the roadway is 4 and 3 m, respectively. At 15 m and 20 m in front of the working face (Figures 8D,E), the failure range and failure characteristics of the roadway surrounding rock are almost identical. The maximum failure position is still the roof, and the failure depth is 4 m. The maximum failure depths on the left and right sides of the roadway are 4 and 2.5 m, respectively. Near 30 m in front of the working face (Figure 8F), the plastic zone of the surrounding rock decreases, but the distribution characteristics of the plastic zone do not change. The plastic zone of the surrounding rock still exhibits an asymmetric distribution. The largest failure part of the roadway is still the roadway roof, and the failure of the left side of the surrounding rock is more serious than that of the right side.
[image: Figure 8]FIGURE 8 | Failure characteristics of surrounding rock in the advance area.
The aforementioned analysis shows that the plastic zone of the roadway surrounding rock near the working face is large and the damage is serious. As the distance from the working face increases, the plastic zone of the roadway surrounding rock gradually decreases, i.e., the failure zone of the roadway gradually decreases. The plastic zone of the roadway surrounding rock exhibits asymmetric distribution characteristics. Although a certain range of the plastic zone is present on the roof, floor, and two sides of the roadway, the plastic zone of the roadway roof is the largest. Furthermore, the plastic zone of the surrounding rock on the left side of the roadway is larger than that on the right side of the roadway.
4.4 Discussion
The shape and distribution characteristics of the roadway plastic zone stem from the interaction between the regional stress field vector and surrounding rock. Therefore, the influence of the size and direction of the regional stress field and the structure and strength of the surrounding rock on the plastic zone needs to be analyzed.
4.4.1 Influence of the stress rotation angle
Taking the working face distance of 300 m as an example, the direction of the maximum principal stress within 20 m in front of the working face (Figure 9A) is determined by using the numerical model. The horizontal direction is defined as 0°, and the counterclockwise and clockwise rotations are defined as positive and negative, respectively. The direction of the stress field in the AAAM considerably changes from the original stress of about 0° to about 85°, then rapidly changes to about −40° with increasing distance from the working face, and finally gradually decreases to about −20°. At about 0–8 m ahead of the working face, due to the influence of the mining of the working face, the overlying strata fracture and collapse, resulting in the change of the stress direction. Therefore, the direction of the maximum principal stress changes from approximately horizontal (about 0°) to approximately vertical (about 85°). Clearly, after 8 m, the surrounding rock of the roadway is less affected by the mining of this working face but is greatly affected by the mining of the previous working face. After the mining of the previous working face, the overburden breaks and collapses, and the abutment stress of the goaf is transmitted to the coal pillar side. Therefore, the stress direction changes from the positive to the negative direction and the angle between the maximum principal stress and the horizontal direction ranges between about −45° and −15°.
[image: Figure 9]FIGURE 9 | (A) Variation of the principal stress direction. (B) Influence of principal stress direction on the plastic zone of the surrounding rock.
When the stress field is not affected by mining, the direction of the maximum principal stress is approximately horizontal while that of the minimum principal stress is approximately vertical. In this case, the shape of the plastic zone of the surrounding rock is shown in Figure 9B1 and the plastic zone in the four corner directions of the roadway is the largest. Taking the mechanical parameters of coal as an example, the boundary of the surrounding rock plastic zone at 5, 10, and 20 m in front of the working face is calculated, as shown in Figures 9B2–B4. The figures show that AAAM is affected by the successive mining of the two working faces and that the direction of the regional stress field dramatically changes, causing the deflection of the plastic zone of the surrounding rock at the corresponding angle. Within 20 m ahead of the working face, the maximum damage direction of the plastic zone changes from the four corners of the roadway to the roof, floor, and both sides of the roadway.
4.4.2 Influence of rock structure and strength
According to the borehole detection results (Figure 2), the direct roof of the coal seam is siltstone, and the direct floor is siltstone and sandy mudstone. Taking the stress environment of 10 m in front of the working face (η = 2.3, P3 = 5.8, the maximum principal stress direction is −40°) as an example, the plastic zone boundary of roadway surrounding rock under different rock stratum conditions is calculated by Eq. (1) (Figure 10). The figure shows that under the same stress conditions, when the surrounding rock of the roadway is coal, the plastic zone is the largest, followed by sandy mudstone, and siltstone affords the smallest plastic zone. When the roadway surrounding rock comprises three lithological rocks, the plastic zone of the roadway surrounding rock is the superposition and combination of three plastic zone forms. The shape of the plastic zone in Figure 10D is basically consistent with that in Figure 8C. The failure range of the roadway roof is the largest, followed by that of the side of the roadway, and the roadway floor affords the smallest failure range. The aforementioned analysis shows that the range of surrounding rock plastic zone will be different due to different rock structures and the strength of each rock stratum. The direct roof and both sides of the roadway are coal, and its strength is small, so the plastic zone is large. The direct floor of the roadway is sandstone, which is stronger than coal, and the range of the plastic zone is relatively small.
[image: Figure 10]FIGURE 10 | Influence of different rock structures on the plastic zone of the surrounding rock.
4.4.3 Influence of the principal stress ratio
With increasing distance from the working face, the ratio of the maximum to the minimum principal stresses in AAAM gradually decreases from 8 to about 2.1. Similarly, taking the distance of 10 m ahead of the working face as an example (η = 2.5, P3 = 5.8, and the maximum principal stress direction is −40°), the boundary of the surrounding rock plastic zone under different principal stress ratios is analyzed (Figure 11). Under the same conditions, when the stress ratio changes from 2.5 to 3, the range of the butterfly plastic zone sharply increases and the plastic zone of the roadway roof is the largest. When the stress ratio changes from 2.5 to 2.1, the plastic zone of the surrounding rock still exhibits a butterfly shape, but the failure range decreases.
[image: Figure 11]FIGURE 11 | Influence of the stress ratio on the plastic zone of the surrounding rock.
The aforementioned analysis shows that under the same conditions, the ratio of the maximum to minimum principal stresses is positively correlated with the range of the plastic zone of the roadway surrounding rock. When the ratio of principal stress is larger, the range of surrounding rock plastic zone is larger, and the failure range of roadway roof is larger. The magnitude of the stress ratio does not affect the maximum failure direction (position) of surrounding rocks. Under the three conditions, the damage range of the roadway roof is the largest.
In summary, the AAAM of the Lijiahao coal mine is affected by the continuous mining of two working faces, and the rotation angle of the direction of the regional stress field is large, leading to the occurrence of butterfly plastic zone in the roof and floor of the roadway. In addition, the roadway roof strata are relatively soft. What is more, the superposition of goaf advance pressure and side abutment pressure results in the ratio of the maximum to the minimum principal stress exceeding 2, and the plastic zone evolves into a butterfly shape. The aforementioned reasons lead to a large range of plastic zone in the roadway roof.
5 SUPPORT STRATEGY AND SYSTEM
5.1 Factors considered in advance support
The roof of AAAM needs to be stable during mining, and it also needs to collapse in time after mining. Therefore, secondary supplementary support of bolt and anchor cable not only increases the cost but also not conducive to roof caving. The roof and floor in the AAAM of the Lijiahao mine are coal and sandstone, with low strength. The plastic zone of the roadway roof is large, and the roadway roof has step subsidence (Figure 12A). Thus, when an HPS system is been used, the broken coal can easily fall (Figure 12B) and cause accidents. The deformation of the roadway floor is large, and HPS may topple when a floor bulge occurs (Figure 12C). Therefore, supplementary supports and HPS in AAAM are not suitable for the Lijiahao coal mine.
[image: Figure 12]FIGURE 12 | Problems faced by the Lijiahao advance support. (A) Roof deformation. (B) Broken roof. (C) Hydraulic support dumping.
5.2 System of advance support
Considering the geological conditions that the roof of the Lijiahao mine is seriously broken and the floor is deformed to a certain extent, a self-moving foldable support system (Figure 13) in AAAM is recommended. The system includes a foldable support unit, an intelligent support and withdrawal platform, a self-driving machine head, and a traction system.
[image: Figure 13]FIGURE 13 | Schematic of the self-moving foldable support system.
The system includes the following features:
(1) The system does not support the roadway roofs repeatedly and can fully adapt to roofs’ deformation. The foldable support unit is small, so roadway roofs will not be repeatedly supported when the support unit is erected and removed. Furthermore, the direction of the support unit can be adjusted (Figure 14A), which improves its adaptability to the deformation of the roof and prevents damage to the roof bolt, anchor cable, and reinforcement mesh.
(2) It is suitable for roadway floor heave and will not dump. The support system comprises multiple support units, and each support unit is supported by two hydraulic rods. In case of a non-uniform deformation of the roadway floor, the support height can be adjusted by adjusting the lifting of the hydraulic rod to adapt to the deformation of the roadway floor. Additionally, the support unit is small, which can prevent dumping (Figure 14B).
(3) The system operates mechanically, which is safe and efficient. As mining progresses, the support unit is removed from the rear of the system, transported to the front of the system, and then re-erected by an intelligent support and withdrawal platform (Figure 14C). The system is pulled by a driving machine, which can realize the safety and efficiency of the support erection, removal, and transportation.
[image: Figure 14]FIGURE 14 | Features of the support system. (A) Foldable support unit. (B) Support unit adapted to floor heave. (C) Removal and erection of the support units.
6 CONCLUSION

(1) The roof and floor of the mining roadway in the Lijiahao coal mine are sandstone and sandy mudstone, which are relatively soft and prone to roof fall and asymmetric deformation. In AAAM, the HPS and the secondary supplementary support of bolt and anchor cable cannot maintain the stability of the roadway roof economically and effectively. These technologies are not suitable for this condition.
(2) Affected by the successive mining of the two working faces, maximum and minimum principal stresses reach 2.3 and 1.5 times the original stress, respectively, and the ratio of the two stresses reaches 2–8. The regional non-uniform stress field makes the shape of the plastic zone of the surrounding rock change from circular to oval and butterfly, and the plastic zone also deflects at a certain angle (the largest part of the plastic zone rotates to the roof and floor of the roadway). These are the reasons for the roof failure in AAAM of the Lijiahao coal mine.
(3) A self-moving foldable support system is proposed for AAAM support in the Lijiahao coal mine. As the working face moves forward, the support unit will not repeatedly support the roof during erection and removal. Furthermore, the support unit can adapt to the floor heave and prevent dumping. The field test shows that the system can better adapt to the geological conditions of roof crushing and floor deformation.
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Uniaxial compression tests were carried on 12 concrete specimens with six different diameter holes using a rigid test machine, and the stress–strain relationship was analyzed in different hole diameter specimens. The effects of different hole diameters on specimen compression strength, elastic modulus, and Poisson’s ratio were studied, and the failure form and instability mode of concrete specimens with holes of different diameters were evaluated. The results show that the larger the compression strength of the specimen, the larger the axial and horizontal strains. As the hole diameter increased from 0 to 50 mm, the compression strength and elastic modulus reduced. The decreasing trend slowed down, and the relationships between the hole diameter and compression strength, and elastic modulus could be represented by negative liner functions. The Poisson ratio of the specimen increased in waves with the increase in hole diameter from 0 to 50 mm. A crack in the concrete specimen with 0–20 mm diameter hole started at the upper and lower diagonal angles of the hole wall; a crack in the concrete specimen with 30–50 mm diameter hole started at the left and right parts of the hole wall. The instability mode of concrete specimens with horizontal holes of different diameters was divided into shear dislocation instability and planar splitting instability.
Keywords: horizontal hole, concrete specimen, failure form, pressure relief hole, uniaxial compression
INTRODUCTION
The surrounding rock is transformed from brittle to plastic with increasing mining depth due to high stress (Li et al., 2019; Xie et al., 2021). The main methods used to control the gateway surrounding rock include a combination of releasing surrounding rock stress and using a low-cost support instead of improving the support strength involving increasing costs (He et al., 2021; Kang 2021; Wu et al., 2021; Wang et al., 2022b). Pressure-relief drill parameters affect the release of surrounding rock stress and the continuous deformation; selecting proper pressure-relief drill diameters is an important step to control deep gateway surrounding rocks (Gao et al., 2020; Zhang et al., 2022).
Recently, studies on the drilling pressure-relief of high-stress weak gateway surrounding rocks have improved (Pu et al., 2020; Zuo et al., 2021). Based on the analysis of the mechanism of drill pressure-relief in deep gateway surrounding rocks, a method determining drill parameters was developed, and the precrack failure of gateway sides’ surrounding rock could be realized by the rational distribution of pressure-relief drills. The unloading effect within a surrounding rock was studied under cyclic excavation; the mechanism of pressure relief and structural stability of hard roof along the roadway was elucidated; and elastic stress analysis and plastic zone estimation in pressure-relief gateway were carried out using the complex variable method (Xu et al., 2019; Zhao et al., 2020; Kan et al., 2022). Based on the impact of energy dissipation by pre-excavation pressure release, technologies combining the reinforcing of surrounding rock and pressure relief, anchoring grouting, and floor pressure relief were proposed to prevent the rock burst in deep gateway (Zhai et al., 2018; Wang et al., 2022a). The failure characteristics of rocks with different holes and fractures have been studied in the laboratory (Gou et al., 2007; You et al., 2020). The strength and fracturing of rocks with inclining cracks and holes in different locations and shapes were also studied (Wu et al., 2017; Wang et al., 2020). The failure processes of intact, single-hole, double-hole, single-hole double-crack, double-hole single-crack, and defect specimens were analyzed (Zhao et al., 2017; Fan et al., 2018; Chen et al., 2020; Wu et al., 2020), and the mechanism of crack coalescence in surrounding rocks with different holes was elucidated. With the improvement of monitoring and experimental level, the relationship between creep failure stress and horizontal hole was studied (Xin et al., 2018; Wang et al., 2019); acoustic emission monitoring and digital imaging systems were used to conduct uniaxial compression tests of sandstone specimens with cracks and elliptical holes (Liu et al., 2019; Du et al., 2020; Fan et al., 2022); and the surface potential change characteristics of the concrete wall with holes under uniaxial compression were tested (Liu et al., 2014). With studies on the characteristics of concrete and application of concrete technology in coal mines (Gao et al., 2015; Lyu et al., 2021), attention has been paid to the characteristics of concrete holes, which undoubtedly provides a good research basis for this test.
In the study, uniaxial compression tests were carried out on 12 concrete specimens with six different diameter holes using a rigid test machine, and the stress–strain relationship of different hole diameter specimens was analyzed. The effects of different hole diameters on specimen compression strength, elastic modulus, and Poisson’s ratio, were studied, and the failure form and instability mode of concrete specimens with holes of different diameters were evaluated. The results provide references for selecting the hole diameter and sealing-hole design of deep gateway surrounding rocks.
TEST DESIGN
Specimen preparation
The concrete specimens were prepared from C32.5 cement and water with a ratio of 1:0.3 in a square standard mold of 100 mm × 100 mm × 100 mm (Figure 1A). The holes in the specimens were reserved using PVC tubes (Figure 1B) with diameters of 10, 20, 30, 40, and 50 mm, which were immobilized in the center of the square mold (Figure 2). Before preparing concrete specimens, the inside of the molds and the surface of the tubes were greased to release the specimens easily.
[image: Figure 1]FIGURE 1 | Molds for concrete specimens. (A) Filling mold. (B) Perforated tubes.
[image: Figure 2]FIGURE 2 | Hole design in concrete specimens.
Eighteen specimens were tested. According to the hole diameter, these specimens were divided into six groups, namely, group A, group B, group C, group D, group E, and group F; each group had three specimens. The prefabricated concrete specimens were demolded after 24 h, and water was sprayed for 28 days (Figure 3). The loading roughness end of the specimens was grinded well to a nonparallelism of less than 0.02 mm. The prefabrication influenced the hole height and inclination; for accuracy, two specimens with less dissimilarity were selected from each group for the uniaxial compression test.
[image: Figure 3]FIGURE 3 | Prefabricated concrete specimens. (A) 0 mm, (B) 10 mm, (C) 20 mm, (D) 30 mm, (E) 40 mm, and (F) 50 mm.
Test mothed
The displace loading test was conducted using a full-servo test system controlled using a computer, and the loading rate was 0.03 mm/s. The axial and lateral deformations of the specimens were acquired using digital micrometers. The load was controlled and collected using a software, and all the test data were recorded and saved automatically using a computer. The whole stress–strain curve of uniaxial compression concrete specimens with holes of different diameters could be obtained.
Test result analysis
The specimen B2 was not analyzed because of more data difference, which was reloaded after being damaged. The other specimens were subjected to the whole uniaxial compression (Figure 4); the uniaxial compression data are shown in Table 1.
[image: Figure 4]FIGURE 4 | Test process.
TABLE 1 | Uniaxial compression data.
[image: Table 1]ANALYSIS OF TEST RESULTS
Characteristics of stress–strain curves
Figure 5 shows that the whole stress–strain curve of uniaxial compression concrete specimen with holes of different diameters has five stages: origin void compaction, linear elasticity, elastic–plastic transition, plastic, and failure. The linear elasticity stage was longer, and the elastic–plastic transition and plastic stage were not obvious. It was found that concrete specimens had good elastic deformation.
[image: Figure 5]FIGURE 5 | Stress–strain curves of uniaxial compression on specimens.
The higher the compression strength, the larger the axial strain and horizontal strain on the concrete specimen with holes of different diameters. The axial strain was more than the horizontal strain in the same-hole specimen, while the axial strain growth was less than the horizontal strain growth. The average axial strain decreased with increasing hole diameter. When the hole diameter increased from 0 to 30 mm, the axial strain was less, and the horizontal strain first increased and then decreased. When the hole diameter was 30 mm, the horizontal strain reached the maximum and then decreased.
Relationship between horizontal-hole diameter and compression strength
Figure 6 shows the relationship between the hole diameter and compression strength of concrete specimens. When the hole diameter increased from 0 to 50 mm, the average compression strength of the concrete specimen with different hole diameters decreased from 68.6571 to 57.6887, 54.9098, 45.9766, 36.5669, and 32.4476 MPa, and the average compression damping range was 52.74%. This shows that the larger the hole diameter, the lower the strength of concrete specimen.
[image: Figure 6]FIGURE 6 | Relationship between the hole diameter and compression strength.
Figure 7 shows the relationship between the hole diameter and compression damping of concrete specimens. The hole diameter increased from 0 to 50 mm, and the compression damping range of hole specimens increased more linearly than that of intact specimens. The average decrease rate of the compression strength of concrete specimens with holes of different diameters to the specimen with previous hole diameter was, in turn, 15.9756%, 4.8171%, 16.2689%, 20.4663%, and 11.2651%, i.e., the average increasing rate of compression strength compared to the previous hole diameter specimen is 13.7586%. When the hole diameter was 20 mm, the decrease in compression strength was the least, which could explain why the hole slightly affected the compression strength of concrete specimens when the hole diameter was less than 20 mm. When the hole diameter increased from 20 to 30 mm, a large decrease in the compression strength of concrete specimens was observed, and the failure form was obviously different.
[image: Figure 7]FIGURE 7 | Relationship between the hole diameter and compression strength damping range.
The fitting relationship between the hole diameter and compression strength of concrete specimens can be expressed as follows:
[image: image]
where [image: image] is the compression strength of concrete specimens in MPa and [image: image] is the hole diameter in mm.
The correlation coefficient was [image: image] = 0.9820. Therefore, the linear function could characterize the relationship between the pore size and the peak strength of the concrete specimen, that is, as the pore size increased, the strength of the concrete specimen decreased.
Relationship between horizontal-hole diameter and elasticity modulus
The elasticity modulus of the concrete specimen with holes of different diameters was obtained by fitting and calculating the approximate linear data of the whole stress–strain curve, which occurred before specimen failure.
Figure 8 shows the relationship between the hole diameter and elasticity modulus of concrete specimens. The elasticity modulus of the concrete specimen with the same hole diameter was similar except that with a 20 mm diameter hole, which was larger than that with a 10 mm diameter hole. The elasticity modulus of the concrete specimen with a 0–30 mm diameter hole was little difference, indicating that the 0–30 mm diameter hole slightly affected the elastic modulus of concrete specimens. When the hole diameter was more than 30 mm, the elasticity modulus damping increased, and the most damping rate was 22.1693% of the previous hole diameter specimen. The elasticity modulus damping rate of concrete specimens decreased when the hole diameter was 50 mm. In the whole, the average elasticity modulus of concrete specimens with holes of different diameters decreased with the increase in hole diameter from 0 to 50 mm.
[image: Figure 8]FIGURE 8 | Relationship between the hole diameter and elasticity modulus.
Figure 9 shows the relationship between the hole diameter and elasticity modulus damping of concrete specimens. The elasticity modulus damping range of hole specimens to the intact specimen first decreased and then increased with the increase in hole diameter from 0 to 50 mm. The elasticity modulus of the concrete specimen slightly changed when the hole diameter was 0–30 mm, and the damping rate was 6.0162%, indicating that the hole diameter slightly affected the elasticity modulus of the concrete specimen. When hole diameter increased from 30 to 50 mm, the elasticity modulus damping range was 30.4435%, indicating that 30–50 mm hole diameter affected the elasticity modulus of concrete specimens.
[image: Figure 9]FIGURE 9 | Relationship between the hole diameter and elasticity modulus damping.
On the whole, 20–30 mm hole diameter was the key range affecting the mechanics parameters. When the hole diameter increased from 0 to 50 mm, the elasticity modulus damping was 34.6282%, indicating that the larger the hole diameter of concrete specimen, the lower the elasticity modulus.
The fitting relationship between the hole diameter and elasticity modulus can be expressed as follows:
[image: image]
where [image: image] is the compression strength of concrete specimens in MPa.
The correlation coefficient [image: image] is 0.7331. The negative-leaner functional equation could still express the relationship between the hole diameter and elasticity modulus of concrete specimens, while the correlation between the hole diameter and elastic modulus is less than that between the hole diameter and compression strength.
Relationship between horizontal-hole diameter and Poisson’s ratio
Figure 10 shows the relationship between the hole diameter and Poisson ratio of concrete specimens. When the hole diameter increased from 0 to 50 mm, the Poisson ratio first increased and then decreased, and the whole increasing range was 452.2822%. The Poisson ratio of no-hole concrete specimens was the least, and that of 50 mm hole diameter specimens was the second. When the hole diameter increased from 10 to 50 mm except no-hole concrete specimens, the Poisson ratio slightly changed, so the hole diameter slightly affected the Poisson ratio of concrete specimens.
[image: Figure 10]FIGURE 10 | Relationship between the hole diameter and Poisson ratio.
Figure 11 shows the relationship between the hole diameter and Poisson ratio of concrete specimens. Poisson’s ratio of hole concrete specimens increased with the increase in hole diameter from 0 to 50 mm, and the increasing range of 40 mm diameter concrete specimens was larger. The increasing ranges of the other specimens (10 mm, 20 mm, 30 mm, and 50 mm) were 486.9295%, 465.5620%, 522.8216%, and 452.2822%, respectively. The largest change rate was 15.60%, indicating that the hole diameter slightly affected Poisson’s ratio of concrete specimens.
[image: Figure 11]FIGURE 11 | Relationship between the hole diameter and Poisson ratio increasing range.
The fitting relationship between the hole diameter and Poisson ratio of concrete specimens can be expressed using the following equation:
[image: image]
where [image: image] is the Poisson ratio of concrete specimens.
The correlation coefficient [image: image] is 0.8666. The results mentioned above showed that the relationship between the pore diameter and Poisson’s ratio of concrete specimens could be expressed by Logistic. With the increase of the aperture, Poisson’s ratio increased slowly, and the presence of pore size had a great influence on the specimen.
RELATIONSHIP BETWEEN HORIZONTAL-HOLE DIAMETER AND FAILURE MODE
Failure mode of concrete specimen with holes of different diameters
Figure 12 shows the failure mode of concrete specimens with holes of different diameters. Figure 13 shows the failure mode. Figures 12, 13 show some common and different characteristics of failure mode. The common characteristics are that the main fracture surface occurred in all failure concrete specimens and controlled failure mode; all concrete specimens were damaged along the hole diameter, which controlled the specimen failure mode. The different characteristics are as follows: The main fracture surface angle of concrete specimens with holes of different diameters was different; the failure mode of concrete specimens with holes of different diameters failed differently along the hole diameter.
[image: Figure 12]FIGURE 12 | Failure forms of concrete specimens with holes of different diameters. (A) 0 mm, (B) 10 mm, (C) 20 mm, (D) 30 mm, (E) 40 mm, and (F) 50 mm.
[image: Figure 13]FIGURE 13 | Failure-mode sketch of concrete specimens with holes of different diameters. (A) 0 mm, (B) 10 mm, (C) 20 mm, (D) 30 mm, (E) 40 mm, and (F) 50 mm.
In summary, as the hole diameter increased from 0 to 50 mm, the concrete specimens failed from near-friction-angle compression shear to vertical compression splitting.
The concrete specimen with 0–30 mm diameter hole showed shear failure along the diagonal of hole diameter. The larger the hole diameter, the smaller the fracture block, the less surface fell off, the more obvious the main control surface, the second control surface initiated, the number of reverse crack increased, the hole displaced along the transverse direction, and the failure mode of concrete specimens became complex.
The concrete specimen with 40–50 mm diameter hole showed flake splitting failure from multiple cracks in the left and right sides of hole, indicating that the cracks easily initiated in the stress-concentrated points during uniaxial compression on large-hole concrete specimens. In the concrete specimens with holes of 40 and 50 mm diameters, the boundary of the main and second failure surface was vague, the number of reverse tensile cracks gradually decreased, and the hole collapsed. The larger the hole diameter of concrete specimens, the smaller the fracture blocks, the more severe the hole collapsed.
Figure 14 shows the failure mode of holes of the wall of different diameters. In the small hole (the hole diameter was less than 20–30 mm), the hole wall displaced to fail along one direction, the upper and the lower parts of the failure hole dislocated, and the rupture surface run through the whole hole. In the large hole (the hole diameter was more than 20–30 mm), the hole wall was compressed to fail along the loaded direction, the upper and lower parts of hole did not dislocate, mainly compression failure occurred, the upper compression wall was larger than the lower compression wall, and the compression offshoring instability was observed in the upper part of the hole.
[image: Figure 14]FIGURE 14 | Hole-wall failure modes of concrete specimens with holes of different diameters. (A) 20 mm and (B) 50 mm.
Instability mode of concrete specimens with holes of different diameters
According to the hole diameter, the instability modes of concrete specimens were divided into two types (Figure 15): small-diameter-hole shear displaced instability and large-diameter-hole flake splitting stability.
[image: Figure 15]FIGURE 15 | Failure modes of concrete specimens with holes of different diameters. (A) Small-diameter-hole shear displaced instability. (B) Large-hole-diameter flake splitting instability.
Small-diameter-hole shear displaced instability. When the hole diameter of concrete specimens was small, the concrete specimens were transformed into plastic stage, and cracks occurred with the increase in stress. In the concrete specimens with holes of 0 or 20 mm diameters, the cracks initiated at the upper and lower inclined angles of the hole wall, the upper and lower cracks extended to the upper and lower angles of concrete specimens with the increase in axial stress, and partial microcracks initiated to break through the upper and lower parts of hole wall angles to fail, i.e., small-diameter-hole shear displaced instability. Group C belonged to small-diameter-hole shear displaced instability.
Large-hole-diameter flake splitting instability: When the hole diameter of concrete specimens was large, the concrete specimens were transformed into the plastic stage, and cracks occurred with the increase in stress. In concrete specimens with holes of 30 or 50 mm diameter, the crack initiated in the left and right sides of the hole, and extended vertically to the upper and lower surfaces of concrete specimens, and then collapsed to fail vertically along the left and right wall of hole, indicating large-diameter-hole flake splitting instability. Group E belonged to the large-diameter-hole flake splitting instability.
CONCLUSION
In this study, the mechanical properties of concrete specimens with different pore sizes were studied from the aspects of stress–strain relationship, compressive strength, elastic modulus, Poisson’s ratio, failure mode, and instability mode. The following conclusions can be drawn based on the experimental analysis and discussion.
1) The whole uniaxial compression stress–strain curve of concrete specimens with horizontal holes of different diameters had five stages similar to intact specimens. The larger the compression strength of the hole of concrete specimens, the higher the axial and horizontal strains.
2) With the increase in hole diameter from 0 to 50 mm, the compression strength and elasticity modulus of concrete specimens decreased, and the trend slowed down. The damping rates were 52.7396% and 34.6282%, and the relationships between hole diameter and compression strength, and elasticity modulus could be expressed using a negative linear formula.
3) With the hole diameter increasing from 0 to 50 mm, Poisson’s ratio of concrete specimens increased wholly wave. Poisson’s ratio increased slowly with increasing hole diameter. Holes with different diameters had little effect on Poisson’s ratio of concrete specimens, but the existence of pore diameters had a great influence on the specimens.
4) In the concrete specimens with 0–30 mm diameter holes, the crack passed through the hole along the diagonal; the larger the diameter, the smaller the fracture block, the less the surface shedding, and the more obvious the main control surface, showing the shear displacement instability of the small-diameter-hole. In the concrete specimens with holes of 40–50 mm diameter, the crack occurred around the hole and flake splitting occurred in the hole; the larger the diameter, the smaller the fracture block, and the more severe hole failed, which is manifested as large-diameter-hole flaky splitting instability.
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In order to further investigate the strain rate effects on characteristic stresses and acoustic emission parameters of rock under quasi-static compression, uniaxial compressive tests were conducted on cylindrical specimens measuring 50 mm in diameter and 100 mm in height using a rock material testing machine and a multi-channel acoustic emission monitoring system at strain rates ranging from 10–6 s−1 to 10–2 s−1. The stress-strain curves of rock samples, characteristic stresses, energy data, and temporal and spatial distribution of acoustic emission signals were obtained and analyzed. The experimental results certified a linearly positive correlation between characteristic stresses and the logarithm of strain rates, despite the fact that the linear correlation varies for different characteristic stresses, whereas the ratios of characteristic stresses essentially do not change with increasing strain rates. The input energy and elastic strain energy at the damage point, UCS point and failure stress point exhibit a linearly positive correlation with the logarithm of strain rates when the strain rate exceeds 10–5 s−1. Meanwhile, the characteristics of energy conversion between input energy and elastic strain energy or the dissipated energy at different characteristic stresses points were explored. Based on this, the energy conversion process of rock under quasi-static compression can be divided into three stages: energy accumulation, energy dissipation, and energy release, respectively. Besides, it is noted that the total number of the located AE events decreases as strain rates increase when the strain rate exceeds 10–5 s−1, and the majority of located AE events occur during the crack closure stage and unstable crack growth stage. Finally, based on the perspective of energy conversion and the structural properties of multi-scale defects in rock, the mechanism of the increase of characteristic stresses with the increase of strain rates was proposed: that is, when rock is subjected to quasi-static compression, the higher strain rates can activate the small-scale defects, which necessitates more input energy from the external load via continuous work and causes an increase in the associated characteristic stresses.
Keywords: strain rate effects, characteristic stresses, acoustic emission, energy conversion, multi-scale defects
1 INTRODUCTION
Rock is a type of special solid material generated by long-term tectonic geological movement. It is heavily fractured and contains numerous joints, fissures, and microflaws. Consequently, when rock is subjected to a variety of loading conditions, such as different strain rates, confining pressures, or loading paths, its mechanical properties may significantly vary. This implies that investigating the relationship between external loading conditions and rock mechanical properties is crucial, as the results of this research can help us better comprehend the process of rock deformation and failure, as well as provide more precise mechanical parameters of rock for use in practical engineering designs.
According to the magnitude of the strain rate, loading conditions can be roughly categorized into five groups: creep loading, quasi-static loading, intermediate strain rate loading, high strain rate loading and ultra-high strain rate loading (Zhang and Zhao, 2014). It is commonly acknowledged that the mechanical characteristics and corresponding fracture process of brittle rock can be influenced by varying loading strain rates under quasi-static loading conditions, such as blasting, explosion and seismic stress (Brace and Jones, 1971; Lindholm et al., 1974; Lajtai et al., 1991; Zhao et al., 1999; Li et al., 2005; Li et al., 2014; Liang C. et al., 2015; Hokka et al., 2016). A series of laboratory tests on granite samples were conducted at loading strain rates ranging from 10–4 s−1 to 100 s−1, and the results of these tests indicated that the compressive strength of rock samples increased with the increase of the strain rate and confining pressure, whereas elastic modulus and Poisson’s ratio had no rate-dependence on loading strain rates (Li et al., 1999). When the loading strain rate exceeds 5 × 10–4 s−1, Liang C. et al. (2015) found that the uniaxial compressive strength (UCS) of granite samples was dependent on strain rates. In addition, the uniaxial compressive strength of shale (Mahanta et al., 2018), marble (Li et al., 2014) and sandstone (Zhao Z. et al., 2021) exhibits a substantial dependence on strain rates, but the variation differs slightly from that of granite. The uniaxial compressive strength of rock, an essential parameter for evaluating rock mechanical characteristics, is a function of rock stress state (Martin and Chandler, 1994) and is easily affected by the size of rock samples, confining pressure, the shape of rock samples and other factors. Therefore, in addition to the uniaxial compressive strength of rock, characteristic stresses, including crack initiation stress, damage stress and failure stress, should be adopted to systematically analyze the strain rate effects on rock mechanical properties during rock deformation and failure. Wang C. et al. (2011) found that the varation between the crack initiation stress and damage stress of red sandstone samples and strain rates ranging from 10−6-10–3 s−1 was irregualr, while the ratio between the crack initiation stress and damage stress and the uniaxial compressive strength decreased as strain rates increased. Jaczkowski (2018) also determined that there was no significant relationship between the crack initiation stress, damage stress or uniaxial compressive strength of argillaceous limestone and axial strain rate. However, Liang C. Y. et al. (2015) discovered that the crack initiation stress, damage stress or uniaxial compressive strength of granite increased as strain rates increased, and silimar results were determined using grain-based finite-discrete element method (Li et al., 2020). In light of the aforementioned review of literature, a unified understanding of the variation of strain rate effects on charactersitic stress has not yet emerged, and the mechanism underlying these effects requires further investigation.
The essence of rock deformation and failure, from the viewpoint of thermodynamics, is the result of energy input, energy accumulation, and energy conversion (Xie et al., 2009). The input energy and elastic strain energy are typically calculated by integrating stress and strain, which can characterize the process of rock deformation and failure more comprehensively and systematically than stress or strain alone. Zhang et al. (2000) conducted dynamic compression tests on Gabbro samples and marble samples and discovered that rock samples can absorb more energy as strain rates increase. The greater the strain energy accumulated by rock samples under quasi-static compression prior to the peak point of the stress-strain curve, the greater the intensity of rock fracture (Li et al., 2014). Liang C. et al. (2015) provided an explanation for why rock samples can absorb more energy when strain rates increase: that is, at low strain rates, the predominant micro-fracture pattern of rock is the intergranular fracture, which consumes less energy. At the high strain rate, the process of energy input is rapid. Consequently, the transgranular fracture develops gradually. Due to the difficulty of the transgranular fracture, this mode will require more energy than the mode of the intergranular fracture. The variation trend of energy parameters of rock subjected to quasi-static compression is the primary focus of the aforementioned studies. Moreover, these studies are only limited to qualitative descriptions or simple data fitting between energy data, mechanical parameters, and strain rates, and there are a few investigations into the root cause of this phenomenon. In addition, the structural properties of multi-scale defects in rock have not been taken into account in the energy conversion during rock deformation and failure, necessitating further investigation.
Acoustic emission technology (AE), as an excellent approach for real-time and non-destructive monitoring of microscopic damage features, has been widely adopted in rock mechanics throughout recent decades (Lei et al., 2000; Cai et al., 2007; Meng et al., 2016; Wang et al., 2018). Several investigations have demonstrated that AE activities correlate well with the process of rock deformation and failure under quasi-static compression (Sirdesai et al., 2018; Zhao Z. et al., 2021). AE events decrease as the strain rates increase (Zhang et al., 2017), while the maximum AE ring rate and the maximum AE energy rate correlate positively with strain rates (Zhao et al., 2018). Using the AE location technology, Zhao Z. et al. (2021) determined that under high strain rates, AE events of rock samples occurred predominately along the axial loading direction, and their spatial distribution was more dispersed than under low strain rates. Despite the fact that the current studies have yielded significant results regarding the AE characteristics at various strain rates, additional research into the spatial distribution of AE events and the mechanism underlying the strain rate effect on AE properties is necessary.
According to the above review, numerous studies on the strain rate effects of rock mechanical properties and AE features have been conducted under quasi-static compression. However, the energy conversion in the process of rock deformation and failure and the structural properties of multi-scale defects in rock are rarely considered when investigating the mechanism of the increase of characteristic stresses with increasing strain rates. In this paper, uniaxial compressive tests of different strain rates in the range from 10–6 s−1 to 10–2 s−1 were comprehensively performed to investigate the mechanical behaviors and AE characteristics of granite samples subjected to quasi-static compression. Then, the stress-strain curves of rock samples, characteristic stresses, energy data, and temporal and spatial distribution of AE events were analyzed. Finally, the mechanism underlying the increase of characteristic stresses with the increasing strain rates was discussed from the perspective of energy conversion and rock intrinsic properties.
2 ROCK SAMPLES AND TESTS
2.1 Rock samples and testing system
The natural granite blocks were extracted from northern China, as shown in Figure 1A. It is noted from the microscopic structure in Figure 1B that the irregular mineral grains, tiny micro-pores and crannies are intertwined, which may have an effect on the macroscopic mechanical properties of granite samples. The X-ray Diffractometer (XRD) results of rock flakes are shown in Figures 1C–E, which represent quartz, potassium feldspar and biotite respectively, indicating that these minerals are the primary constituents of the testing samples. In accordance with the standard testing procedure of the International Society for Rock Mechanics (Kovari et al., 1983), the rock blocks were drilled and polished into cylindrical specimens measuring 50 mm in diameter and 100 mm in height, as shown in Figure 1A. The flatness of the specimen end surface must be less than 0.02 mm, and the parallelism of the upper and lower surfaces must be less than 0.05 mm. The physical parameters of rock samples were listed in Table 1, and the thirty-three processed specimens were randomly divided into eleven groups containing three specimens each. These specimens were numbered GS-1-1, GS-1-2, GS-1-3, GS-2-1, GS-2-2, and GS-2-3, etc., in accordance with the “GS-A-B″ naming convention.
[image: Figure 1]FIGURE 1 | Rock samples. (A) Cylindrical specimens; (B) rock sample SEM; (C) quartz XRD; (D) potassium feldspar XRD; (E) biotite XRD.
TABLE 1 | Physical parameters of rock samples.
[image: Table 1]As shown in Figure 2A, uniaxial compressive tests were conducted in the Key Laboratory of Rock Mechanics and Geohazards of Zhejiang Province using the mechanics testing system MTS815.04 with strain rates ranging from 10–6 s−1 to 10–2 s−1 over eleven levels. AE signals were acquired using a digital AE monitoring system (12CHsPCI-2) with 32 channels manufactured by Physical Acoustic Company, and this test utilized eight of these channels, as shown in Figures 2B,C.
[image: Figure 2]FIGURE 2 | Schematic diagram of the testing system. (A) material testing system; (B) AE signals preamplifier; (C) AE signals acquisition system.
2.2 Procedures for testing
The quasi-static strain rates utilized in this paper ranged from 10–6 s−1 to 10–2 s−1 and were divided into three stages containing eleven levels (Li et al., 2014; Liang C. et al., 2015). As shown in Table 1, testing was undertaken on three replicates for each strain rate level to reduce the dispersion of experimental results. The three stages of strain rates were as follows: The first stage of the strain rate consists of two levels ranging from 10–6 s−1 to 10–5 s−1; the second stage of the strain rate has three levels: 10–5 s−1 to 5 × 10–4 s−1; six levels comprise the third stage of the strain rate: 5 × 10–4 s−1 to 10–2 s−1. Detailed procedures for testing include: First, eight AE sensors were adhered to the surface of the rock sample using hot adhesive according to the position designed in Figure 3A; Next, as illustrated in Figure 3B, the loading transducer and extensometer were mounted on the bottom and middle of the samples, respectively, ensuring that they did not come into contact with any AE sensors; Then, the acquisition parameters of the AE monitoring software were configured. In order to avoid erroneous interference from surrounding noise, the external amplifiers were set to 45 dB, which aided in amplifying the AE signals originating from the cracks within the rock samples. The operating frequency of the sensors was 300 kHz, and the sampling frequency was 1,000 kHz; Afterwards, 4 kN axial pre-stress was applied in the load-controlled mode of 0.5 kN per second, and then maintained for 30 s; Finally, uniaxial compressive tests of different strain rates were carried out at a loading rate ranging from 0.006 mm per minute to 60 mm per minute in displacement-controlled mode.
[image: Figure 3]FIGURE 3 | Schematic diagram of sensor installation. (A) The installation layout of AE sensors; (B) the layout of mechanical transducers.
3 EXPERIMENTAL RESULTS AND ANALYSIS
3.1 Stress-strain curves
Figure 4 depicted the stress-strain curves of rock at various strain rates, ranging from 10–6 s−1 to 10–2 s−1. To make Figure 4 appear more concise, one sample was selected from three samples at each strain rate level. It can be observed that when strain rates increase, peak stress and associated strain also increase. However, despite the fact that rock samples are subjected to different strain rates, the shape of their stress-strain curves is essentially identical. In general, different shapes of rock’s stress-strain curves can characterize various modes of rock deformation. Therefore, the above results mean that increasing the strain rate only increases the peak stress and other related mechanical parameters of rock samples, but does not change the fundamental mode of rock deformation.
[image: Figure 4]FIGURE 4 | Stress-strain curves of a portion of granite samples at various strain rates.
3.2 Strain rate effects on characteristic stresses
The status of all micro-cracks within a compressed rock frequently determines its macroscopic mechanical properties. In other words, the process of rock deforamtion and failure is the process of microcrack development in rock (Liang C. et al., 2015). Thus, the process of rock deforamtion can be divided into five stages based on the process of microcracks development (Hoek and Bieniawski, 1965; Brace et al., 1966; Bieniawski, 1967; Martin and Chandler, 1994): 1) crack closure stage; 2) elastic stage; 3) stable crack growth stage; 4) unstable crack growth stage; 4) post-peak stage, as shown in Figure 5A. The division of each stage depends on three important stress thresholds, which are crack initiation stress σci, damage stress σcd, and uniaxial compressive strength σp. Crack initiation, the oneset of dilation and the beginning of crack growth, is attributed to local tensile stress concentration at the tips of pre-existed flaws, inclusions and other heterogeneities (Li et al., 2020); hence, the axial stress corresponding to the onset of micro-cracks in rock was referred to as the crack initiation stress (Martin and Chandler, 1994). The axial stress level at which the total volumetric strain reversal occurs marks the beginning of the unstable crack growth stage (Bieniawski, 1967). In other words, the axial stress corresponding to the maximum value of the axial stress-volumetric strain curve was designated as the damage stress, or dilatancy stress. The uniaxial compressive strength of rock correpsonding to the maximum value of the axial stress-axial strain marks the beginning of post-peak stage.
[image: Figure 5]FIGURE 5 | An example used to determine the crack initiation stress using the LSR method. (A) Stress-strain curves of the sample GS-2-3 (strain rate: 10–5 s−1); (B) the curves of axial stress-strain; (C) the curve of △LSP-axial stress.
The axial stress is the failure stress when rock loses its bearing capacity and appears to fail as a whole when subjected to external compression. The overall failure of rock samples was defined in this paper based on laboratory data as follows: when the external load exceeds the uniaxial compressive strength of rock samples, the drop of axial stress between two adjacent points of MTS loading transducers is more than 30%, and the corresponding lateral strain increases as well. At this point, the entire failure of rock samples can be considered, and the failure stress σf is the axial stress corresponding to this failure.
The value of crack initiation stress is difficult to determine in comparison to damage stress, uniaxial compressive strength and failure stress of rock. There are many methods to determine the value of crack initiation stress, including the crack volumetric strain method (Martin and Chandler, 1994), AE method (Zhao Z. et al., 2021), and the lateral strain response method (LSR method) (Nicksiar and Martin, 2012). In this paper, the LSR method was applied to determine the crack initiation stress, with the following procedures: First, determining the point of damage stress in the axial stress-lateral strain curve, as shown in Figure 5B; second, connecting the point of damage stress to the curve’s origin as the reference line, as shown in Figure 5B; and third, drawing the curve based on the difference value between the curve of axial stress-lateral strain and the reference line, where the peak point of this curve corresponding to the axial stress is the crack initiation stress, as shown in Figure 5C.
The characteristic stresses of rock samples were determined using the aforementioned method, as shown in Table 2. Figure 6A depicted the relationship between three kinds of characteristic stresses and strain rates, including crack initiation stress, damage stress and uniaxial compressive strength of rock samples. It can be observed that the characteristic stresses are significantly strain rate-dependent, while there are differences in the magnitude and trend of the increase. The growth process of characteristic stresses corresponding to the strain rate can be divided into two stages: stage I and stage II, as shown in Figure 6A. When the strain rate is less than 10–4 s−1, the crack initiation stress grows rapidly, but the stress increases slowly when the strain rate is greater than 10–4 s−1. Nevertheless, the strain rate for the damage stress and uniaxial compressive corresponding to the preceding trend is 2.5 × 10–3 s−1. Besides, the threshold strain rate between static loading and quasi-static loading should be mentioned as a key issue. There are numerous results for this value, such as 10–5 s−1 (Zhang and Zhao, 2014), 5 × 10–4 s−1 (Liang C. et al., 2015), 10–3 s−1 (Tarasov, 1990). However, comparing the variation of damage stress and the uniaxial compressive strength of rock samples in Figure 6B, a noticeable increase in the stresses occurred between 10–5 s−1 and 5 × 10–5 s−1, and the increments for damage stress and uniaxial compressive strength are 12.29 and 20.36 MPa, respectively, which are the maximum increments between the adjacent strain rate level in this test. Therefore, it may be inferred that the threshold strain rate of granite between static loading and quasi-static loading was 5 × 10–5 s−1.
TABLE 2 | Characteristic stresses of rock samples within different strain rates (σci-crack initiation stress; σcd-damage stress; σp-uniaxial compressive stress; σf-failure stress).
[image: Table 2][image: Figure 6]FIGURE 6 | The relationship between characteristic stresses and strain rates. (A) The variation trend of characteristic stresses with the increase of strain rates; (B) the linear fitting of characteristic stresses versus the denary logarithm of strain rates; (C) the averaged ratios of characteristic stresses versus the denary logarithm of strain rates; (D) the linear fitting of the averaged failure stress versus the denary logarithm of strain rates (error bars at each data point represent the standard deviations).
The variation of the averaged characteristic stresses with the logarithm of strain rates at each level of strain rates was shown in Figure 6B. In the quasi-static strain rates ranging from 10–6 s−1 to 10–2 s−1, a linear relation can be expressed between the averaged characteristic stresses and the logarithm of strain rates, as illustrated in Figure 6B and Table 3. It can be seen that the damage stress and the uniaxial compressive strength both show a strong linear correlation with strain rates, and their mean values increase by approximately 32.79 and 50.49 MPa, respectively, as the strain rate rises from 10–6 s−1 to 10–2 s−1. However, the crack initiation stress presents a weak linear correlation with the logarithm of strain rates, and the correlation coefficient is only 76%, whereas the corresponding values for the damage stress and the uniaxial compressive strength are 85 and 96%, respectively. Furthermore, the averaged values of the crack initiation stress only increased from 76.52 to 76.76 MPa as the strain rate rises from 10–6 s−1 to 10–2 s−1, indicating that the strain rate had a minimal effect on the crack initiation stress within the spectrum of quasi-static strain rates. The definition of crack initiation stress is that the stress corresponds to the time when the micro-cracks begin to initiate, so this stress can reflect the condition of native defects or micro-cracks in rock. Consequently, the intrinsic properties of rock may have a greater impact on the crack initiation stress than external factors, such as the strain rate.
TABLE 3 | Fitting equations of characteristic stresses with the logarithm of strain rates.
[image: Table 3]Figure 6C depicted the ratio of characteristic stresses to the denary logarithm of strain rates. It can be observed that, with the increase of the strain rates, the characteristic stress ratios neither exhibit a linear increase like the characteristic stresses, nor a clear downward trend, but instead fluctuate up and down a value, with σci/σp, σci/σcd and σcd/σp having values of 0.48, 0.60, and 0.80, respectively. This indicates that the strain rate has a significant effect on the magnitude of the values of characteristic stresses but a negligible effect on the ratios. Thus, it can be inferred that the ratio of characteristic stresses can be used to characterize the fundamental mode of rock deformation since strain rate does not change the mode when rock is under quasi-static compression, just like the shape of the stress-strain curves. In addition, the optimum option is the ratio between damage stress and uniaxial compressive strength if selecting one of those ratios to characterize the mode of rock deformation, because the deviation of σcd/σp is less than that of the other two ratios.
Figure 6D depicted the relationship between the averaged values of failure stress and the logarithm of strain rates. It can be seen that the averaged failure stress shows a certain rate of sensitivity, and as the strain rate increases, the averaged failure stress also increases. The reason for this increasing trend can be attributed to the differnce in crack propogation speeds at various strain rates. Rock deformation will enter the post-peak stage once the external force exceeds its uniaxial compressive strength, as shown in Figure 5A. At this stage, the macroscopic fracture plane of rock is forming, resulting in the instability of elastic strain energy stored in rock. The higher the loading strain rate, the faster the crack propagation speed (Alneasan and Behnia, 2021), and thus, the formation speed of rock’s fracture plane increases as strain rates rise. This implies that the time between the UCS point and the failure point decreases as strain rates increase, which is supported by experimental results: the time for 10−6 s−1 is 109.33 s, whereas the time for 10−2 s−1 is only 0.013 s. As a result, the stress drop between the UCS point and the failure point of rock decreases as the time between these two points decreases, causing the failure stress to increase as strain rates increase. On the other hand, the increase of failure stress as strain rates increase exhibits greater dispersion than the increase in damage stress or uniaxial compressive strength. The reason for this variation is that once the loading process exceeds the UCS point, the state of rock samples becomes unstable. In this condition, the overall failure of rock may occur at any time due to a minute change in external conditions or the coalescence of internal cracks. It is therefore reasonably straightforward to predict the mechanical characteristics before the UCS point when rock samples are subjected to quasi-static compression, whereas it is difficult and quite random to predict rock failure.
3.3 Energy conversion characteristics in the process of rock deformation and failure
The energy in the process of rock deformation and failure consists of three parts: input energy, elastic strain energy and dissipated energy. According to the first law of thermodynamics, the relationship between these three parts is shown in Eq. 1 and Figure 7:
[image: image]
Where U is the input energy; Ue is the elastic energy; Ud is the dissipated energy.
[image: Figure 7]FIGURE 7 | The relationship between elastic strain energy and dissipated energy.
The value of input energy can be calculated under uniaxial compression using Eq. 2 (Solecki and Conant, 2003). Combining Eqs 3, 4, the value of elastic strain energy can be expressed as the middle part of Eq. 4. Due to the fact that there is little difference between the unloading elastic modulus and the loading modulus of rock under unxiaxial compression, Ei in the middle part of Eq. 4 can be replaced by E (David et al., 2020). Thus, the elastic strain energy of rock can be calculated by the right part of Eq. 4. The dissipated energy can be expressed as Eq. 6:
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Where σ and ε are the stress and strain, respectively; εe is the total elastic strain; Ei is the unloading modulus; E is the loading modulus, as illustrated in Figure 7.
The energy values at the crack initiation stress point, damage stress point, UCS point and failure stress point were determined using the method described above, as shown in Table 4. Figure 8 depicted the energy values at various characteristic stress points in relation to the denary logarithm of strain rates. The results indicate that as strain rates increase, the variations of input energy, elastic strain energy and dissipation energy are drastically different at various characteristic stress points. The values of input energy and elastic strain energy at the crack initiation stress point greatly fluctuate as stain rates increase and essentially do not exhibit any rate-dependence, as shown in Figure 8A. However, the variation of input energy and elastic strain energy at the damage stress point and UCS point exhibit a positive correlation with the logarithm of strain rates when the strain rate exceeds 10–5 s−1, as shown in Figures 8B,C. The dissipated energy prior to the UCS point varies little with the increase of strain rates, and the values at the crack initiation stress point, damage stress point and UCS point are significantly less than the corresponding values of elastic energy. A hypothesis can be derived from the analysis presented above: the values of elastic strain energy are substantially greater than the dissipated energy prior to the UCS point, indicating that elastic strain energy may govern the deformation process of rock before the UCS point, which may be the primary reason for brittle deformation of granite. The input energy and elastic strain energy at the failure stress point continue to exhibit a positive correlation with the logarithm of strain rates, similar to the trend at the damage stress point and UCS point, whereas the variation in the dissipated energy is completely different from the previous trend, as shown in Figure 8D. This difference is reflected in two aspects: First, the values of the dissipated energy at various strain rates are 2–14 times greater than the dissipated energy at the crack initiation stress point, damage stress point and UCS point; second, the dissipated energy increases as strain rates increase when the strain rate is less than 5 × 10–5 s−1 and reaches its maximum at this strain rate. Then, the value of the dissipated energy greatly fluctuates as stain rates increase and essentially shows no rate dependence once the strain rate exceeds 5 × 10–5 s−1.
TABLE 4 | The energy values at different stress points (enery unit: J/cm3).
[image: Table 4][image: Figure 8]FIGURE 8 | The energy values at different characteristic stress points versus the denary logarithm of strain rates. (A) Crack initiation stress; (B) damage stress; (C) uniaxial compressive strength; (D) failure stress.
The input energy generated by work performed by an external force is primarily converted into two components: elastic strain energy stored in rock and dissipated energy through crack initiation, crack propagation, friction heat, etc. Thus, the faster the external force is applied, or the higher the strain rate, the input energy is greater. Figure 9 depicted the relationship between input energy and elastic strain energy at different characteristic stress points. The relationship between input energy and elastic strain energy can be fitted by the linear equation, as depicted by the red lines in Figure 9, and the correlation coefficients of linear equations for the crack initiation stress point, damage stress point and UCS point are 0.94, 0.99, and 0.98, respectively, indicating a strong linear correlation between input energy and elastic strain energy. The slope of the linear equations in Figure 9 is 0.74, 0.84, and 0.83, respectively, representing the ratios of energy conversion between input energy and ealstic strain erergy (Gong et al., 2019a; Gong et al., 2019b). Based on this, energy conversion ratio was defined, and in Figure 10, Ka, Kb, and Kc represent the respective ratios at different characteristic stress points. As shown in Figure 10, the energy conversion ratio at stage III increased from 0.74 to 0.84, despite the fact that this stage may dissipate more input energy than the ealstic stage. More energy is dissipated at stage IV due to the crack propagation and coalescence, resulting in the energy conversion ratio decreasing from 0.84 to 0.83, but the decline is only 1.1%, indicating that unstable crack growth does not alter the primary mode of energy conversion. Therefore, it can be concluded that, although the energy conversion ratios differ prior to the UCS point, the values are all greater than 0.74 and that the input energy is primarily stored as elastic strain energy in rock during the pre-peak stage. When the stress exceeds the UCS point of rock, its deformation enters into the post-peak stage, and the dissipated energy increases sharply due to the formation of the macro-fracture surface, as shown in Figure 8D. The dissipated energy at the strain rate level of 5 × 10–5 s−1 even increased 13.12 times, 12.37 times and 5.54 times, respectively, than the dissipated energy at the crack initiaiton stress point, damage stress point and UCS point, indicating that the primary characteristic of energy conversion during the post-peak stage is the dissipated energy transferred from the elastic strain energy stored in rock. Nonetheless, this stage only lasts a brief period, and its duration decreases as the strain rate increases. Finally, the elastic strain energy stored in rock is abruptly released when rock fails, accompanied by the ejection of rock fragments and loud noises. Based on the analysis of energy conversion features at different deforamtion stages, it can be concluded that the energy conversion process of rock under quasi-static compression can be divided into three stages: energy accumulation, energy dissipation, and energy release, respectively, as shown in Figure 10, which differs from other rock types, such as mudstone (Zhang et al., 2020), sandstone (Zhao H. et al., 2021).
[image: Figure 9]FIGURE 9 | The relationship between the input energy and elastic strain energy at different characteristic stress points (A) crack initiation stress; (B) damage stress; (C) uniaxial compressive strength.
[image: Figure 10]FIGURE 10 | The typical stress-strain curve of granite: stage I (OA)—crack closure stage; stage II (AB)—elastic stage; stage III (BC)—stable crack growth stage; stage Ⅳ (CD)—unstable crack growth stage; stage Ⅴ (ED)—post-peak stage.
3.4 Acoustic emission properties
Rock deformation and failure are always accompanied by the release of strain energy in the form of elastic waves, which is referred to as acoustic emission (Meng et al., 2016). With five different strain rates as represented strain rates, as depicted in Figure 11, it is evident that the AE energy rate around different characteristic stress points varies significantly. The values of the AE energy rate around the crack initiaiton stress point and damage stress point are in the tens to hundreds when strain rates range from 10−6-10–3 s−1, as depicted by the enlarged figures in Figures 11A–D. However, the value around the UCS point is three to four orders of magnitude greater than the above two characteristic stress points, increasing to hundreds of thousands or even millions, indicating the number and magnitude of AE events occurred around the crack initiation stress and damage stress ponit being greatly lower than that around the UCS point. There is a strong correlation between AE activity and the process of crack development (Sirdesai et al., 2018). Thus, this difference implies that the internal damage caused by crack propagation and crack coalescence occurs primarily near the UCS point, reflecting the brittle characteristics of granite deformation and failure. In addition, there is an obvious increase of AE energy rate around the crack initiation stress point and damage stress point when the strain rate is 10–2 s−1, as depicted by the enlarged figures in Figure 11E, indicating that the AE events or magnitudes resulting from the cracking development are beginning to increase. Nonetheless, as the strain rate is 10–2 s−1, the maximum value of AE energy rate around the UCS point is roughly dozens of times greater than that around the crack initiation stress point and damage stress point. This means that when the strain rate increase from 10–6 to 10–2 s−1, the mode of crack development does not fundamentally change.
[image: Figure 11]FIGURE 11 | AE energy rate and stress versus loading time under different strain rates. (A) 1 × 10–6 s−1; (B) 1 × 10–5 s−1; (C) 1 × 10–4 s−1; (D) 1 × 10–3 s−1; (E) 1 × 10–2 s−1.
Figure 12 depicted the spatial location and energy intensity of AE events at different deformation stages and strain rates. It can be observed that the number of the located AE events varies significantly under various strain rates or at different deformation stages. Table 5 depicted the statistical results from Figure 12. There is a great difference in the total number of the located AE events between 10–6 s−1 and 10–5 s−1, but energy rate varies little between 10–6 s−1 and 10–5 s−1, as shown in Figures 11A,B. This difference can be explained by the AE location principle. In order to confirm the spatial location of an AE event, at least four sensors in different positions that can receive the AE signal are necessary to determine the event’s three-dimensional coordinates and arrival time. Consequently, the AE events with a low magnitude may lack sufficient energy to propagate over a greater distance, preventing them from being received by more than four sensors and preventing the AE monitoring system from locating them. Based on the above principle, it is concluded that the number of low-magnitude AE events of 10–6 s−1 is greater than that of 10–5 s−1, and this quantitative variation may be indicative of a transition from 10–6 s−1 to 10–5 s−1 in the rock’s microscopy failure pattern. The total number of the located AE events decreases as strain rates increase when the strain rate exceeds 10–5 s−1. It is noted that when the strain rate exceeds 7.5 × 10–3 s−1, the number of the located AE events is less than 10. This variation may be due to the high loading strain rate and the limitation of the AE sensors’ resonant frequency. The loading time is only 2.22 and 1.17 s, corresponding to 7.5 × 10–3 s−1 and 10–2 s−1, respectively, and the resonant frequency of AE sensors is 300 kHz. Even though a large number of AE events can occur in a short period of time, the acquisition mode of the AE sensor is time-triggered and it takes a certain amount of time to receive an AE signal. This means that AE monitoring system can only receive the limited number of AE signal during the given time period. In addition, more than four sensors must receive the signal simultaneously for an AE event to be located, which further increases the difficulty of determining the spatial location of an AE event under high strain rate loading. Obviously, the solution to this issue is to use a more sensitive AE sensor, which is also the direction of future research. It is also possible to conclude that 10–5 s−1 is the optimal strain rate for acoustic emission testing of granite samples, given that the number of the located AE events is greatest for this strain rate in the range of 10–6 s−1 to 10–2 s−1. In comparison to the difference in the number of the located AE events at different deformation stages, it is found that the majority of located AE events occur during the unstable crack growth stage and prior to the crack initiation stress. In general, almost no AE activity is present during the elastic stage. Thus, it can be concluded that the majority of located AE events occur during the crack closure stage and unstable crack growth stage. The AE events during the crack closure stage are frictional AE caused by the closure of original cracks and friction between the particles of rock, where the AE events during the unstable crack growth stage are cracking AE produced by the new failure extension or dislocation (Wang X. et al., 2011).
[image: Figure 12]FIGURE 12 | Spatial distribution and energy intensity of the located AE events at different deformation stages under various strain rates: stage Ⅰ– crack closure; stage Ⅱ– elastic stage; stage Ⅲ– stable crack growth; stage Ⅳ– unstable crack growth.
TABLE 5 | The number of the located AE events at different deformation stages and various strain rates before the UCS point.
[image: Table 5]4 DISCUSSION
The preceding analysis of experimental results suggests that characteristic stresses exhibited a positive correlation with strain rates, with this correlation being relatively high for damage stress and uniaxial compressive strength, but relatively low for crack initiation stress. There are several explanations for this increasing trend, such as the thermal reactivation effect (Qi et al., 2009), the micromechanics-based effect (Zhang and Zhao, 2014), the Stefan effect (Rossi, 1991), energy dissipation (Pan, 2017) and the inertia effect (Ožbolt et al., 2011). These perspectives revealed the mechanisms of the rock’s rate effect to some extent, whereas we argue the explanation for why the characteristic stresses of rock increase with increasing strain rates should depend on the rock’s intrinsic properties and the perspective of energy conversion.
Figure 13 depicted the relationship between characteristic stresses and input energy. The correlation coefficients for the linear positive relationship between three kind of characteristic stresses and their corresponding input energy are 0.91, 0.93, and 0.97, respectively, indicating that there is a strong positive correlation between characteristic stress and input energy. This relationship allows us to explain the strain rate effects of characteristic stresses through energy conversion between input energy and elastic strain energy. In general, a portion of the input energy is dissipated by crack initiation, crack propagation, and crack coalescence, while the remaining portion of the input energy is stored in rock as elastic strain energy. Consequently, the variation in the dissipated energy and elastic strain energy transferred from input energy correlate strongly with the increase of characteristic stresses. In addition, it is interesting to note that the intercept of the Y axis of the fitting equation in Figure 13C is 78.26 MPa, which is the corresponding uniaxial compressive strength when the input energy is zero. This value may be the intrinsic strength of rock.
[image: Figure 13]FIGURE 13 | The relationship between the characteristic stresses and input energy. (A) Crack initiation stress; (B) damage stress; (C) uniaxial compressive strength.
Figure 14 shows the relationship between uniaxial compressive strength, the cumulative AE energy prior to the UCS point and strain rates. Contrary to the variation trend of rock’s uniaxial compressive strength, the cumulative AE energy has a negative correlation with the logarithm of strain rates. The cumulative AE energy can indicate the damage degree of rock (Meng et al., 2016). As strain rates increase, the damage degree of rock decreases, indicating that the dissipated energy also decreases indirectly. Considering the discussion of the preceding paragraph, it can be determined that, as the strain rate increases, a greater proportion of the input energy is transferred primarily into the elastic strain energy, which is the main reason for the increase in characteristic stresses.
[image: Figure 14]FIGURE 14 | The averaged values of uniaxial compressive strength and the cumulative AE energy prior to the UCS point versus the denary logarithm of strain rates.
It is commonly known that rock is a type of heterogeneous material, consisting of mineral grains of various sizes and multi-scale defects. In fact, the size of rock defects extends from a few nanometers to thousands of kilometers with a strong hierarchy if the crust is considered a specific type of rock. Table 6 depicted the range in size of rock defects in rock mechanics and rock engineering, from a few microns to several hundred meters (Feng and Zhao, 2008). Consequently, when rock is compressed at varying strain rates, its defects on different scales are activated, and the interaction of these defects determines rock deformation and failure. The overall stress state of rock is relatively uniform under the lower strain rate loading, and the area harboring native defects on a large scale begins to crack once the stress exceeds its strength limit. Based on the principle of minimal dissipative energy, as the external load slowly increases, the cracks will preferentially propagate to the sections with the weakest structure in rock, such as native fissures, mineral boundaries, etc. These defects then join to form a macro-fracture surface, resulting in the loss of the rock’s bearing capacity, as shown in Figure 15A. The accumulated elastic stain energy is dissipated during the process of crack development, resulting in a drop of the elastic strain energy stored in rock and a decrease in the values of the characteristic stresses. In contrast, due to the rapid rise in input energy, the cumulative elastic strain energy increases when the rock is compressed at a higher strain rate. As a result, the accumulated elastic strain energy at the extremities of some cracks, such as the point a and b in Figure 15B, grows dramatically. In addition to guaranteeing the consumption of crack propagation along the path II and the path IV, residual energy remains, but it may be insufficient to initiate cracks on a small scale because the energy required to initiate a small crack is significantly greater than that required to initiate a large crack. Therefore, the elastic strain energy continues to accumulate at these two points until it reaches the threshold energy required to initiate the small-scale cracks and then propagate it down the path I and path III, as shown in Figure 15B. Prior to that, the accumulated energy has to be transferred from the external load through continuous work, resulting in a rise in the corresponding characteristic stresses. Some studies can attest to the validity of the preceding explanation. Kipp et al. (1980) found that smaller cracks get activated as strain rate increases, resulting in an increase in the material’s ultimate strength. Liang C. Y. et al. (2015) discovered that uniaxial compressive strength of rock decreased with an increase in the ratio between the height and radius of cylindrical samples at various strain rates. In general, the size of rock samples increases as the ratio increases. This indicates that these samples may contain more large-scale defects than small-size samples. Therefore, the large-scale defect is easier to be initiated than the smalle-scale defect under uniaxial compression, causing the uniaxial strength of the large-size samples to be lower than that of the small-size samples.
TABLE 6 | Scale distribution of rock defects.
[image: Table 6][image: Figure 15]FIGURE 15 | The schematic diagram of the cracking process in rock under different strain rates. (A) Lower strain rate; (B) higher strain rate.
In a word, rock is a special material with multi-scale defects, and the threshold energy required to activate the defect varies depending on the scale of the defects. In general, the smaller the scale of cracks, the higher the threshold energy for crack initiation. Therefore, due to the difficulty in initiating small-scale cracks, the elastic strain energy transferred from input energy increases as strain rates increase within the range of quasi-static strain rates, resulting in an increase in the values of the associated characteristic stresses.
5 CONCLUSION
In this paper, uniaxial compressive tests of various strain rates within quasi-static strain rates of 10–6 s−1–10–2 s−1 were carried out using a rock material testing system and a multi-channel acoustic emission monitoring system. The stress-strain curves of rock samples, characteristic stresses, energy data, and temporal and spatial distribution of AE signals were analyzed. According to the experimental results, the following conclusions can be drawn:
1 The characteristic stresses of rock samples, including crack initiation stress, damage stress, uniaxial compressive strength and failure stress, increase as strain rates increase. The relationship between characteristic stresses and the logarithm of strain rates can be described by linear equations with respective correlation coefficients of 0.76, 0.85, 0.96, and 0.76. In addition, the ratios of characteristic stresses are 0.48, 0.60, and 0.80, respectively, and essentially do not vary when strain rates increase. The ratios can therefore be used to characterize the fundamental mode of rock deformation, as the loading of various strain rates cannot change the mode when rock is under quasi-static compression.
2 As strain rates increase, the variations of input energy, elastic strain energy and dissipation energy are drastically different at various characteristic stress points. The input energy and elastic strain energy at the damage point, UCS point and failure stress point exhibit a linearly positive correlation with the logarithm of strain rates when the strain rate exceeds 10–5 s−1, whereas the dissipated energy prior to the UCS point varies little with the increase of strain rates. The input energy is converted primarily into elastic strain energy stored in rock during the pre-peak stage, and the ratios of energy conversion between input energy and elastic strain energy corresponding to the crack initiation stress point, damage stress point and UCS point, are 0.74, 0.84, and 0.83, respectively. However, the primary characteristic of energy conversion during the post-peak stage is the dissipated energy transferred from the elastic strain energy stored in rock, and the elastic strain energy stored in rock is abruptly released when rock fails. Based on those, the energy conversion process of rock under quasi-static compression can be divided into three stages: energy accumulation, energy dissipation, and energy release, respectively.
3 AE energy rate around different characteristic stress points varies significantly. This difference can be summarized as follows: the AE energy rate around the UCS point is considerably greater than the AE energy rate around the crack initiation stress point or damage stress point, and this relationship does not change as strain rates increase. The total number of the located AE events decreases as strain rates increase when the strain rate exceeds 10–5 s−1, and the majority of the located AE events occur during the crack closure stage and the unstable crack growth stage. Besides, 10–5 s−1 may be the optimal strain rate for acoustic emission testing of granite samples, given that the number of the located AE events is greatest for this strain rate in the range of 10–6 s−1 to 10–2 s−1.
4 It is certified that there is a strong linearly positive correlation between input energy and characteristic stresses. Consequently, based on the perspective of energy conversion and the structural properties of multi-scale defects in rock, the mechanism of the increase of characteristic stresses with the increase of strain rates was proposed: that is, when rock is subjected to a lower strain rate, native defects on a large scale are initially activated and then propagate toward the weak section of rock, resulting in a decrease in the elastic strain energy stored in rock and a reduction in characteristic stress values. Nonetheless, the cumulative elastic strain energy increases when the rock is compressed at a higher strain rate, so it is able to initiate more small-scale defects, which necessitates more input energy from the external load via continuous work and causes an increase in the associated characteristic stresses.
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The overlying rock movement and mining pressure in the fully mechanized caving face with a large dip angle were systematically investigated according to theoretical analysis, similar material simulation, numerical calculation, and field monitoring. The following conclusions were obtained: 1) the theoretical analysis showed that the roof movement characteristics at different positions of the working face are quite different. The mining pressure in the upper section of the working face is primarily controlled by the structural instability of the main roof. The stable structure of the main roof is easily formed in the middle and lower sections of the working face, and the mining pressure is mostly controlled by the collapse of the immediate roof. 2) The results of similar material simulations indicated that the height of the fracture zone in different areas of the working face is different due to the influence of a large dip angle. The height of the fracture zone formed in the upper section of the working face is significantly larger than that formed in the lower section of the working face. 3) The numerical calculation suggested that the residual coal pillar of the overlying coal seam has a certain influence on the mining pressure of the 9-301 working face, making the advanced abutment pressure in the range of 80 m close to the main gate under the coal pillar more obvious. 4) The field pressure monitoring results demonstrated that the influence range of the advanced abutment pressure close to the upper part of the working face is greater than that close to the lower part of the working face, and the peak point is closer to the mining rib. Affected by the overlying residual coal pillar, the hydraulic support resistance and the peak value of advanced abutment pressure in the lower part of the working face are greater than those in the upper part. Both the initial and periodic pressure intervals of the upper section of the working face are smaller than those of the lower section. The results of this research will provide a scientific basis for the reasonable determination of the control measures for the mining pressure.
Keywords: top coal caving, large dip angle, overlying rock movement, abutment pressure, numerical calculation
1 INTRODUCTION
Based on the studies on the nearly horizontal and gentle-dip coal seam, many achievements have been obtained on the overlying strata breakage and movement characteristics and mining pressure occurrence over the large-dip coal seam working face.
Since the 21st century, due to the impact of the coal market, many countries have gradually ceased the extraction of the large-dip coal seam. For instance, Great Britain and France have already closed their coalmines; thus, the research progress on the large-dip coal seam mining is slow (Singh and Gehi, 1993; Kulakov, 1995; Wang 2014; Wu et al., 2020c). Wu et al. (2020a), Luo et al. (2021), and Zhang and Wu (2020) utilized theoretical analysis, physical modeling, and field measurements to examine the breakage law of the main roof of a large-dip coal seam working face and pointed out that the asymmetrical space is easily formed due to the roof breakage, collapse sequence, and non-uniform backfilling of the gouge into the goaf. Moreover, they proposed that the main roof breakage commences from the middle and upper parts, followed, finally, by the lower part, leading to the corresponding sequence of the working face mining pressure. Wang et al. (2015a), Wang et al. (2015b), Xiao et al. (2019), and Zhang et al. (2014) built the mechanical model of the first weighting and periodic weighting of the main roof, derived the instability judgment of the roof breakage, and stated that the sequential breakage of the strata in the dip direction is mainly responsible for the formation of the asymmetrical bearing arch within the overlying strata. Combining numerical simulation and physical modeling, Xie et al. (2019) and Xie et al. (2021) found that the stress distribution and displacement of the roof of the large-dip coal seam working face were non-symmetrical, and the roof exhibited asymmetrical “O-X”-shaped breakage.
Huang (2002) stated that during the overlying strata movement of the large-dip coal seam working face, a small voussoir beam is easily formed due to the backfilling support of the caved gouge of the immediate roof, whereas a large inclined voussoir beam is easily developed for the main roof. Chai et al. (2019), Luo et al. (2018), Wu et al. (2020b), and Zhang and Wang (2014) reported that the roof deformation over the large-dip coal seam working face is non-symmetrical with higher deformation in the upper middle part than in the lower part, and the eventual caving of the overlying strata displayed non-symmetrical distribution. Zhang et al. (2010) pointed out that the overlying strata movement of the large-dip coal seam working face is non-symmetrical, and when the overlying strata break and collapse, a non-systematical backfilling zone is formed due to the downward movement along the dipping strata. Lin et al. (2015) and Luan et al. (2015) studied the dynamic evolution of the spatial structure of the overlying strata of the large-dip coal seam working face and pointed out that the active region of the structural movement of the main roof primarily locates in the upper section over the working face; the overlying strata structure will evolve into several main roof beams at different levels and a “non-symmetrical fractured arch”. Sun et al. (2008), Rong et al. (2012), and Xie et al. (2012) investigated the “three-zone” evolution of the overlying strata of the large-dip coal seam working face. The sequential and non-uniform breakage of the overlying strata resulted in a remarkable difference in “three-zone” evolution characteristics between the lower region and the middle and upper regions of the working face; the “three zones” are highly developed in the middle and upper regions, whereas those in the lower region are less noticeable. Wang et al. (2005), Yang et al. (2010), Cheng and Li (2009), Liu et al. (2017), Men et al. (2014), Du et al. (2020a), and Du et al. (2022) also made efforts to the overlying strata movement and structural characteristics of the large-dip coal seam mining. Xiong et al. (2022), Liu et al. (2021), and Li et al. (2020) studied mining pressure caused by coal rib spalling.
Through the monitoring and analysis of mining pressure, Gao et al. (2020) stated that the periodic weighting of the large-dip, extra-thick coal seam has an obvious sequence, and the mining pressure in the middle of the working face is more severe. Zhang (2007) concluded that the support pressure at the lower end of the large-dip coal seam working face depends on the backfilling degree of the caved rock in the lower goaf, and the support pressure at the upper end depends on the roof caving when the working face is advanced. Li and Liu (2016) analyzed the mining pressure monitoring data on the large-dip coal seam working face and found that the roof stress at the lower end is larger than that of the upper end, and the upper part of the working face is loaded earlier due to the unbalanced force on the beam. Sun (2015) established a multi-section numerical model along the dip direction of the large-dip coal seam working face and obtained the distribution characteristics of the abutment pressure and the damage range of the plastic zone in the upper, middle, and lower parts of the working face in the dip direction. Yin et al. (2010), Qin et al. (2015), and Wang (2017) pointed out that the support load distribution and the weighting distance of the large-dip coal seam working face are different in the dip direction and found that the weighting period and distance were larger in the lower part than those in the upper part. Song et al. (2018) studied the mining pressure occurrence in the fully mechanized caving working face with a large dip angle and thick coal seam and obtained the mining pressure evolution of the upper, middle, and lower parts of the roof. Through the analysis of mining pressure monitoring data and numerical simulation, Xing et al. (2018) pointed out that mining pressure occurs at both ends of the working face with the mining height along the dip direction of the working face before the middle part. Zhu et al. (2014) discussed the mining pressure in the fully mechanized caving working face of soft coal seams with large dip angles and pointed out that the mining pressure in the upper, middle, and lower sections of the working face gradually weakened, and the pressure at both ends comes later than that at the middle.
Taking the 9-301 fully mechanized top coal caving working face with a large dip angle and extra-thick coal seam as the object, the overlying rock movement and mining pressure are systematically investigated by the use of theoretical analysis, similar simulation experimentation, numerical calculation, and mining pressure monitoring.
2 FIELD CONDITIONS
The thickness of the No. 9 coal seam in a coal mine is 10.8–12.4 m, with an average thickness of 11.8 m. The dip angle is 26°–34°, and the proctor’s coefficient f is 1. The upper distance from the No. 5 coal seam is 40.90–56.15 m, with an average distance of 50.63 m. The coal seam structure is complex, containing 1–4 interlayers of gangue; the thickness of the gangue is 0.10–0.38 m; and the gangue is mostly carbonaceous mudstone.
The 9-301 working face adopts the fully mechanized top coal caving, mining the overall height at one time, with a mining height of 3.2 m, the top coal caving thickness of 8.6 m, and a mining/caving ratio of 1:2.69. The caving interval is “two cuttings and one caving,” and the caving method is single-round sequential caving. The inclined length of the working face is 200 m, and the advancing length of the strike is 2002 m. The depth of the working face is 435–540 m. The roof and floor of the working face are reported in Table 1.
TABLE 1 | Roof and floor of the working face.
[image: Table 1]3 ANALYSIS OF OVERLYING ROCK MOVEMENT CHARACTERISTICS IN COAL SEAM MINING WITH A LARGE DIP ANGLE
3.1 Analysis of movement characteristics of immediate roof strata
The collapse of the immediate roof of the fully mechanized top coal caving face with a large dip angle is different from that in a horizontal (or near horizontal) coal seam. Along the inclination and strike of the working face, the collapse state and structure of the immediate roofs are quite different.
With the release of top coal, the immediate roof loses its support and reaches the strength limit under the action of the overburden rock layer. Under the condition of a large dip angle, the broken immediate roof moves down along the dip of the working face, resulting in the accumulation of gangue in the lower section of the goaf. The immediate roof of the upper section of the working face will generally collapse sufficiently and move downward. The immediate roof of the middle section of the working face is usually characterized by stratification. The lower stratification can be fully caved, while different degrees of fracture and large-sized blocks can be formed in the upper stratification. Due to the filling and supporting effect of the falling gangue in the upper and middle sections, damage and falling in the lower section of the working face can only be formed in the lower stratification of the immediate roof.
The immediate roof in the upper part of the working face will form small fragments; thus, it will not form a stable bearing structure. The immediate roof in the middle of the working face will be broken into large pieces and will be arranged neatly, and it is easy to form a small structure of a “masonry beam” along the strike. Due to the filling support, the space for deformation and caving of the immediate roof in the lower part of the working face is limited; therefore, it is easier to form a “masonry arch” structure with a certain span in the lower part than in the middle part of the working face.
3.2 Analysis of the main roof structure and movement characteristics
The “masonry beam” structure can be easily formed not only in the strike of the immediate roof but also in the middle and lower parts of the working face in the dip direction due to the rock gravity component (Guo et al., 2012). The “masonry beam” structure formed by the immediate roof promotes the formation of the “large structure” of the main roof.
The “large structure” formed by the main roof in the strike presents different mechanical states in the upper, middle, and lower parts of the working face. In the upper part, due to the movement and accumulation of the immediate roof falling to the middle and lower parts of the working face, the main roof cannot be fully supported, and fracture instability occurs when the suspension length exceeds its limit deflection. Therefore, the mining pressure in the upper part of the large dip working face is affected and controlled by the instability of the main roof.
In the middle and lower parts of the working face, the main roof can maintain the structural balance and stability for a long time under the support of the immediate roof and its own structural characteristics. At the same time, it can also maintain the stability of the “masonry beam” formed by the immediate roof. Thus, the mining pressure in the middle and lower parts of the large dip working face is chiefly affected and controlled by the lower stratification collapse of the immediate roof. When the “masonry beam” formed by the immediate roof is unstable, it accelerates the damage of the main roof; thus, it affects the strength of the mining pressure.
4 SIMILARITY EXPERIMENT
4.1 Similarity parameters
The similarity method is utilized to study the overburden movement and failure process after simplifying the physical model under the ensuring similar conditions. According to the actual situation and test conditions, the following similar conditions were introduced to achieve the simulation results.
It was determined that the geometric similarity scale [image: image] =150, that is,
[image: image]
where [image: image] and [image: image] represent the length of the prototype and the model, respectively.
Based on geometric similarity, gravity similarity is required to be constant, that is,
[image: image]
where [image: image] represents the gravity similarity scale. [image: image] and [image: image] are the apparent densities of the rock stratum of the prototype and the model, considered to be 2.5 g/m3 and 1.5 g/m3, respectively.
From geometric and gravity similarities, the stress or strength scale [image: image] can be obtained as follows:
[image: image]
where [image: image] and [image: image] are the uniaxial compressive strength of the rock stratum of the prototype and the model, respectively.
For satisfying the motion similarity, the motion of all corresponding points in the model has to be similar to that in the prototype. In other words, the speed, acceleration, and motion time of each corresponding point should be in a certain proportion. The time scale [image: image] is defined and obtained as follows:
[image: image]
where tH and tM represent the time of the prototype and model, respectively.
4.2 Model fabrication
The tendency model of the working face was established in a similar material experiment. The model size was length × width × height = 2,000 mm × 240 mm × 1,500 mm (Figure 1). The model frame adopted channel steel, with two sides closed. The front and rear of the model were shaped with 240 mm-wide removable channel steel guard plates. Silica sand was selected as the aggregate, calcium carbonate and gypsum were used as cement, and mica powder was utilized for stratification. The aggregate, cement, and water were mixed evenly according to a similar proportion, and then, the mixed material was filled into the similar material model frame. In total, 10 stress monitoring points were arranged in the model (1#∼10# in Figure 1). After the model was filled, it was dried for 20 days under constant temperature and humidity, and then, it was mined according to the length scale ([image: image]) and time scale ([image: image]) determined by Eqs 1, 2.
[image: Figure 1]FIGURE 1 | Monitoring points’ layout (Unit: mm).
4.3 Analysis of experimental results
4.3.1 Overburden movement and failure characteristics
The geometric similarity scale chosen in the similar model is 1:150. The actual thickness of the 5# coal seam is 3.0 m, and the converted thickness in the model is 20 mm. Since the thickness is too small, the simulation mining cannot be implemented in the model. Therefore, the influence of five coal seams on the working face 9-301 is not considered in the similarity experiment.
The process of the experiment was the same as the mining of coal seam. To eliminate the boundary effect, the position of 65 cm away from the model boundary was set as the initial mining position. The mining direction of the working face was from the bottom to the top along the inclination. Considering the recovery of top coal, 93% of the thickness of the coal seam was mined in the model.
When the working face retreated to 52.5 m, the roof collapsed for the first time. The roof collapsed periodically with continuous mining. Figure 2 exhibits the final collapse form of overburden when the mining reached 200 m. The damage range of overburden caused by mining developed to the model boundary. It can be observed that because of the effect of the dip angle, the affected boundary angle of the goaf is asymmetric, the movement angle in the uphill direction is 79°, and the movement angle in the downhill direction is 70°. In the process of mining, it was found that the collapsed gangue from the upper part of the working face slipped and accumulated toward the lower part of the working face due to the influence of the dip angle, which supported and restricted the roof, causing the height of the overburden fracture zone in the lower part of the working face to be smaller than that in the upper part of the working face. The total height of the fracture zone on the working surface is 75–80 m, and the height of the fracture zone in the lower section of the working face is 43–45 m. The difference in the height of the fracture zone will lead to different mining pressures in different areas of the working face.
[image: Figure 2]FIGURE 2 | Final caving pattern of overburden.
4.3.2 Analysis of pressure distribution in front of the working face
By embedding a BW5 micro-pressure sensor in the model, a YJZ-32A intelligent digital strain gauge was employed to monitor the real-time strain. The strain data on the sensor reflect the stress change. The strain data on some pressure boxes were selected, and the monitoring curve was drawn (Figure 3). The variation in the strain value of the sensor was utilized to qualitatively reflect the change in stress in the roof of the working face. The variation curves of the No. 5, No. 6, and No. 7 sensor strain values with the movement of the mining location are displayed in Figure 3. As can be observed from the figure, the strain value of the sensor gradually became larger as the mining location approached the sensor. When the position of mining was 5–7 m away from the sensor, the strain value was the largest. After that, the strain value of the sensor started to decrease. When the mining position passed through the sensor, with subsidence deformation and stress unloading of the roof, the strain of the sensor rebounded and showed a negative value. After some distance behind the mining position, the strain value of the sensor began to rise again. This means the rock stratum collapsed and recompacted, and the sensors were loaded again. When the sensors at different positions were loaded again, the distance behind the mining position and the magnitude of stress (reflected by the magnitude of strain value) were different. With the mining of the working face from the bottom to top, the starting point of the sensor was farther and farther away from the mining position, and the No. 5, No. 6, and No. 7 sensors lagged behind the mining position by 10 m, 31 m, and 51 m, respectively. After mining, with the increase in model placement time, the strain value of sensors at each position tended to become stable after reaching a certain value. The closer to the lower part of the coal seam, the greater is the strain value (i.e., the greater the bearing stress). The experimental data indicated that the activity of the roof near the lower part of the working face is weak. It will be re-loaded after a short time of adjustment, while the roof strata located at the upper part of working face are more likely to collapse with a larger range, and the new equilibrium state requires a longer adjustment time.
[image: Figure 3]FIGURE 3 | Variation curves of strain values of No. 5, No. 6, and No. 7 pressure sensors.
The No. 1, No. 2, No. 9, and No. 10 sensors were located outside the mining district (Figure 1). Except for the strain value of the No. 9 sensor changing during mining, the strain of other sensors did not change significantly (that is, mining had no impact on them). The abrupt change in the strain value of the No. 9 sensor was about 6.6 m away from the mining position, indicating that the roof strata here were affected by mining, resulting in the change in stress distribution, but the influence was small. The No. 1 and No. 2 sensors located at the bottom of the coal seam exhibited no significant change in the whole process, indicating that there was no large movement of the roof strata here, and the stress was stable. Due to the large dip angle, the mining of the working face had an impact on the side abutment pressure in the upper part of the working face, but the impact on the side abutment pressure at the lower part was not obvious.
5 NUMERICAL SIMULATION
5.1 Model and parameters
The numerical calculation model was established by FLAC3D. We considered the influence of the No. 5 coal seam goaf and pillar on the surrounding rock stress of the 9-301 working face (Figure 4). The model size was length × width × height = 500 m × 400 m × 250 m, and a total of 6,48,960 units and 6,83,995 nodes were established. The physical and mechanical parameters of coal and rock in the model were estimated according to the data on the mine and measured in a laboratory.
[image: Figure 4]FIGURE 4 | Mining model.
5.2 Calculation results
5.2.1 Stress distribution of the surrounding rock in the working face
Figure 5 displays the stress distribution of the surrounding rock before mining in the 9-301 working face. This figure shows that the lower part of the working face is in the stress influence area of the residual coal pillar, and the stress reaches 12–18 MPa. The upper part of the working face is located in the pressure relief area of the upper goaf, and the stress value is between 8 and 12 MPa. Figure 6 exhibits the stress distribution of the surrounding rock when mining advanced to 300 m. The working face within 80 m near the main gate is obviously affected by the concentrated stress of the coal pillar, and the abutment stress near the tailgate is small.
[image: Figure 5]FIGURE 5 | Stress distribution of the surrounding rock before mining in the 9-301 working face.
[image: Figure 6]FIGURE 6 | Stress distribution of the surrounding rock when mining advanced to 300 m.
Table 2 shows the distribution of the advanced abutment pressure of the working face in the mining process. It can be seen that with the mining of the working face, the peak value and influence range of abutment stress gradually increase. When the working face advanced to 200 m, the peak values of the pressure under the coal pillar area and non-coal pillar area are 31.9 and 24.7 MPa, respectively. The peak point is located 6.5 m in front of the working face, and the influence range of the abutment pressure is 47 m. The mining continues in the working face, and the peak value and influence range of abutment stress tend to be stable. Affected by the coal pillar of the upper No. 5 coal seam, the lower section (near the main gate) of the 9-301 working face is affected by concentrated stress, the advanced abutment pressure is large, and the peak pressure reaches 32.4 MPa.
TABLE 2 | Statistics of the abutment pressure of the working face.
[image: Table 2]6 MONITORING AND ANALYSIS OF THE MINING PRESSURE
6.1 Monitoring scheme of the mining pressure

(1) The distribution and variation of the advanced abutment pressure of the working face were monitored by installing stress sensors in boreholes of the advanced coal body. To eliminate the effect of concentrated stress around the roadway, the depths of the stress sensors were determined to be 15 m. One monitoring point was set in the main gate and another one was set in the tailgate of the 9-301 working face. A strain-type stress sensor was used on site to observe the vertical stress. The monitoring point No. 1 in the main gate of the 9-301 working face was 80 m away from the working face, and the monitoring point No. 2 in the tailgate of the 9-301 working face was 85 m away from the working face.
(2) The stress monitor installed on the hydraulic support was employed to collect the working resistance of the support in real-time. Through the filtering and statistics of the monitoring data, the disciplines of initial and periodic pressures and the stress changes in different areas of the working face were obtained.
6.2 Analysis of the advanced abutment pressure of the working face
Statistical analysis and mapping were performed according to the monitoring data (Figure 7). As can be observed from Figure 7, the influence ranges of the advanced abutment pressure of the working face reflected by the No. 1 and No. 2 measuring points are 40 and 47 m, respectively. The position of the peak value of the measuring point No. 1 is 8 m away from the working face, with a peak value of 175.3 kN. The position of the peak value of the measuring point No. 2 is 5.8 m away from the working face, with a peak value of 153.4 kN. The measuring point No. 2 is located at the upper section along the dip of the 9-301 working face. Based on the analyses mentioned in Section 3.1 and Section 3.2, the activity of the roof in the upper section of the working face is higher than that in the lower section, owing to the large dip angle. The immediate roof and the main roof are prone to fracture and rotation deformation, resulting in structural instability. This makes the influence range of the advanced abutment pressure of the No. 1 measurement point larger and causes the peak point to occur closer to the working face. Since the measuring point No. 1 is situated within the influence range of the residual coal pillar of the overlying No. 5 coal seam, the peak value at this location is greater, which is in line with the numerical simulation results presented in Section 5.2.
[image: Figure 7]FIGURE 7 | Variation curve of the advanced abutment pressure.
6.3 Analysis of working resistance of the support of the working face
The judgment index of the periodic pressure of the working face is the sum of the average resistance at the end of the cycle of the support and its mean square deviation (Qian et al., 2021). The calculation formula is as follows:
[image: image]
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In the aforementioned equations:
[image: image] is the mean square deviation of the average value of the end of the cycle resistance;
n is the measured number of cycles;
Pti is the measured value of the end-of-loop resistance (kN);
[image: image] is the average value of the end-of-loop resistance (kN);
[image: image] is the pressure criterion of the working face (kN).
If the measured value of the end-of-loop resistance is greater than the pressure criterion of the working face, the working face is under pressure; otherwise, it is in a non-pressure state.
A total of 101 caving hydraulic supports were arranged in the 9-301 working face, and the serial number of the supports was counted from the tailgate of the working face. The working resistance data on the No. 15, No. 40, No. 65, and No. 90 hydraulic supports were selected for statistical analysis (Figures 8–11), and the pressure criterion was employed to determine the pressure appearance of the working face. The analysis results are as follows:
(1) The initial pressure intervals of the working face reflected by the No. 15, No. 40, No. 65, and No. 90 hydraulic supports are 28.4, 36.0, 40.8, and 45.6 m, respectively. The initial pressure at different positions of the working face is non-synchronous, which is closely related to the non-uniformity of the roof movement caused by the large dip angle of the coal seam. The gangue from the upper and middle roof of the working face moves and accumulates to the goaf at the lower part of the working face, forming support and restriction to the roof so that the roof at the lower part of the working face cannot easily fracture. Because of the lack of support of the caving gangue, the roof in the upper and middle parts of the working face breaks after the main roof reaches the limit span, resulting in the initial pressure.
(2) The periodic pressure characteristics of each support are consistent with the initial pressure. The periodic pressure interval of the roof near the upper and middle parts of the working face (No. 15 and No. 40 supports) is about 6–9 m, and the periodic pressure interval of the roof near the lower part of the working face (No. 65 and No. 90 supports) is about 11–14 m. The phenomenon of non-synchronous pressure is also related to the large dip angle of the coal seam.
(3) By comparing Figures 8–11, we observed that the resistance at the end of circulation of supports in the lower part of the working face (No. 65 and No. 90 supports) is generally larger than that in the upper part of the working face (No. 15 and No. 40 supports). This indicates that the stress generated by the residual coal pillar of the overlying No. 5 coal seam has a certain influence on the pressure behavior of the 9-301 working face, which is consistent with the numerical calculation results.
[image: Figure 8]FIGURE 8 | Curve of the end-of-loop resistance of the No. 15 hydraulic support.
[image: Figure 9]FIGURE 9 | Curve of the end-of-loop resistance of the No. 40 hydraulic support.
[image: Figure 10]FIGURE 10 | Curve of the end-of-loop resistance of the No. 65 hydraulic support.
[image: Figure 11]FIGURE 11 | Curve of the end-of-loop resistance of the No. 90 hydraulic support.
6.4 Application of the research results
Based on theoretical analyses, similar material simulation, numerical calculation, and field observation, several research results have been gained. The research results can be applied in the following aspects:
(1) The results obtain the law of mining pressure interval and strength in different areas of the working face, which provided a basis for taking differentiated mine pressure control measures for different areas.
(2) The results obtained the distribution of the advanced abutment pressure of the working face, which can be used to optimize and determine the advanced support range and select the appropriate support form.
(3) The results obtained the movement and breaking characteristics of the roof, which can provide a basis for the selection of anti-fall and anti-skid measures for working face equipment.
(4) The results provide an important reference for future research on the migration features of top coal.
7 CONCLUSION

(1) The results of theoretical analyses demonstrated that the mining pressure in the middle and lower sections of the working face is mostly affected and controlled by the layered collapse of the immediate roof. The main roof of the upper section of the working face is more likely to be broken due to the lack of support of the immediate roof, and the mining pressure is mostly affected and controlled by falling of the main roof.
(2) A similarity experiment was conducted with a coal seam inclination of 30°. The experiments proved that the height of the overburden fracture zone in the lower part of the working face is smaller than that in the upper part of the working face. When the pressure sensor in the roof was 5–7 m away from the mining position, the stress increased rapidly. After some distance behind the mining position, the sensor was loaded again. The closer to the upper section of the working face, the longer is the distance behind the mining position when the sensor is reloaded, indicating that the roof activity is stronger.
(3) The numerical model of a fully mechanized coal caving face with a large dip angle was established by using FLAC3D. The calculation suggested that the residual coal pillar in the upper 5-108 face has an impact on the mining pressure of the 9-301 face, and the working face within 80 m near the main gate is obviously affected by the concentrated stress of the coal pillar. The peak values of the advanced abutment pressure in the coal pillar area and non-coal pillar area are 32.4 and 25.1 MPa, respectively. The peak point is 6.5 m in front of the face, and the influence range of the advanced abutment pressure is 47 m.
(4) The advanced abutment pressure and hydraulic support resistance in the 9-301 working face were monitored on site. The monitoring results demonstrated that the mining pressure at different positions of the working face was asynchronous. The (initial and periodic) pressure intervals of the upper, middle, and lower sections of the working face increase successively. The influence range, peak value, and peak position of the advanced abutment pressures in the upper and lower sections of the working face are distinct. The advanced abutment pressure in the upper section of the working face has a larger influence range, and its peak position is closer to the working face. Due to the residual coal pillar, the peak value of the advanced abutment pressure in the lower section of the working face is greater.
(5) The results will provide a scientific basis for reasonable determination of the control measures for the mining pressure in the 9-301 working face and can also provide a reference for research on mining pressure in a fully mechanized caving face with a large dip angle.
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Group Hole Number  Compression  Axial Horizontal ~ Poisson  Elasticity Remarks

number  diameter/ strength/MPa  strain/ strain/% ratio modulus/
mm % GPa
Grop A 0 Al 647155 0.8864 0.0402 00454 107429
A2 72.5987 0.8372 0.0426 0.0509 10.9584
Group B 10 B1 57.6887 09212 02606 02829 9.6182
B2 - - - - - Secondary
loading
Group C 20 cl 473769 08176 02347 02870 80156
(o) 624426 0.9399 02426 02581 128199
Group D 30 D1 469829 06711 01244 0.1853 10.0846
D2 449703 10191 04230 04151 103112
Group E 40 El 40.0070 0.8010 02734 03413 8.1103
E2 331267 0.5980 02517 04209 7.7638
Group F 40 F1 326251 0.5839 0.1538 02635 69240

F2 322700 07565 02034 02688 72626
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Stain rate (s) The number of the located AE events

Stage I+II  Stage IIl  Stage IV Total

1% 10° 4 3 165 172
1% 10° 497 149 1,338 1984
5% 107 645 59 692 1396
1% 10 20 105 389 514
5% 107 110 36 95 241
75 % 10 201 144 90 435
1% 10 131 86 17 234
25 x 107 27 27 20 74
5x 107 49 16 9 74
75 x 107 2 1 2 5

1x 107 7 1 1 9
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Granite Strain Crack initiation stress Damage stress Uniaxial compressive Failure stress

samples rate/s™" point (o) point (o.q) strength point () point (o¢)
U U. Ua U U. Ua U U. Ua U U. Ua

Gs-1-1 1% 10 0.165 0116 0049 0341 0289 0052 0496 0426 0070 0510 0221 0.289
Gs-1-2 0174 0128 0045 0328 0281 0.047 0458 0395 0064 0469 0134 0335
Gs-1-3 0.165 0127 0038 0318 0278 0040 0458 0395 0064 0470 0165 0.305
Gs-2-1 1x10° 0137 0102 0034 0.288 0253 0035 0411 0359 0052 0464 0028 0.436
Gs-2-2 0132 0097 0036 0285 0248 0037 0439 0370 0068 0457 0071 0.386
Gs-2-3 0116 0082 0034 0287 0250 0037 0511 0425 0086 0532 0075 0457
GS-3-1 5% 10 0.161 0123 0038 0375 0336 0039 0584 0505 0079 0612 0119 0493
Gs-3-2 0115 0082 0033 0311 0275 0036 0569 0477 0092 0611 0142 0470
Gs-3-3 0149 0111 0038 0346 0305 0,041 0565 0476 0089 0591 0123 0.468
GS-4-1 1x 10 0144 0102 0042 0348 0303 0045 0578 0483 0095 0.607 0234 0373
Gs-4-2 0184 0140 0044 0.388 0341 0047 0623 0526 0098 0640 0387 0253
Gs-4-3 0.161 0123 0038 0371 0331 0040 0555 0480 0075 0594 0325 0.269
GS-5-1 5x 107 0157 0113 0.044 0.364 0318 0046 0647 0535 0113 0685 0399 0286
Gs-5-2 0159 0110 0048 0374 0323 0051 0605 0512 0092 0650 0334 0316
Gs-5-3 0176 0133 0.043 0.396 0352 0045 0656 0563 0093 0705 0231 0474
GS-6-1 7.5 x 10" 0174 0112 0062 0411 0342 0.069 0670 0548 0122 0.698 0291 0407
GS-6-2 0191 0140 0051 0.401 0349 0053 0618 0516 0102 0,664 0228 0437
GS-6-3 0232 0177 0055 0.430 0374 0056 0,651 0544 0107 0685 0248 0437
Gs-7-1 1x 107 0176 0126 0050 0421 0369 0052 0714 0590 0123 0760 0349 0411
Gs-7-2 0206 0148 0058 0438 0377 0.060 0703 0584 0119 0740 0285 0455
Gs-7-3 0204 0137 0067 0438 0367 0071 0708 0586 0122 0735 0339 0396
GS-8-1 25%10° 0205 0147 0058 0432 0372 0.060 0709 0593 0115 0761 0249 0512
Gs-8-2 0192 0130 0.061 0442 0377 0.065 0743 0616 0127 0783 0387 0.396
Gs-8-3 0174 0106 0068 0451 0372 0079 0685 0568 0117 0718 0290 0428
GS-9-1 5% 107 0220 0154 0066 0493 0423 0.069 0788 0665 0122 0840 0398 0.443
Gs-9-2 0217 0151 0066 0473 0403 0070 0760 0637 0122 0788 0493 0294
GS-9-3 0236 0162 0.074 0.483 0405 0078 0768 0634 0134 0802 0515 0.288
GS-10-1 75x10° 0286 0220 0066 0555 0486 0.068 0852 0713 0139 0878 0611 0.267
Gs-10-2 0252 0174 0078 0507 0425 0082 0704 0592 0112 0765 0316 0449
Gs-10-3 0220 0159 0.061 0.520 0455 0.065 0848 0705 0143 0893 0562 0331
Gs-11-1 1x10? 0204 0.145 0059 0490 0426 0.064 0857 0717 0140 0900 0579 0321
Gs-11-2 0108 0062 0046 0427 0364 0.064 0698 0588 0110 0722 0460 0262

GS-11-3 0219 0.150 0.069 0572 0504 0.068 0873 0.789 0.083 0.894 0.668 0.227
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Granite samples Strain rate/s™ o/MPa o.a/MPa op/MPa og/MPa 0.ilop 0cd/0p 0:i/0cq

GS-1-1 1x10° 73.53 115.90 140.82 101.32 052 0.82 063
GS-1-2 77.99 11550 136.89 79.80 057 0.84 068
GS-1-3 78.04 117.62 137.75 89.08 057 085 0.66
GS-2-1 1x10% 70.87 11158 132.84 3725 053 0.84 0.64
GS-2-2 70.02 112.09 136.98 59.79 051 0.82 0.62
GS-2-3 65.20 114.02 14873 6255 0.44 077 057
GS-3-1 5x10° 80.71 133.54 163.81 79.52 049 082 0.60
GS-3-2 65.52 120.16 158.14 86.22 041 076 055
GS-3-3 76.06 12631 157.71 80.15 048 0.80 0.60
GS-4-1 1x107 73.01 125.75 158.90 110.59 046 079 058
GS-4-2 86.36 134.97 167.54 14372 052 081 0.64
GS-4-3 81.20 133.12 160.31 131.96 051 083 061
GS-5-1 5x 107 76.53 128.63 166.80 144.05 046 077 059
GS-5-2 75.38 129.07 16253 13127 046 079 058
GS-5-3 83.60 136.14 17228 11031 049 079 061
GS-6-1 75 % 10 74.72 130.59 165.22 12051 045 079 057
GS-6-2 85.33 134.59 163.74 108.76 0.52 0.82 063
GS-6-3 95.96 139.41 168.24 113.60 057 083 0.69
GS-7-1 1x107% 81.72 139.69 176.61 13574 046 079 059
GS-7-2 87.49 139.67 173.67 12131 050 0.80 063
GS-7-3 83.29 136.47 17246 13123 048 079 061
GS-8-1 25 %107 88.07 139.96 176.76 11448 050 079 063
GS-8-2 83.27 14146 180.93 143.37 046 078 059
GS-8-3 72.85 136.29 168.39 120.39 043 0381 053
GS-9-1 5x 107 89.42 148.48 186.16 143.93 048 0.80 0.60
GS-9-2 88.59 144.75 182.11 160.20 049 079 061
GS-9-3 90.92 143.80 179.81 162.07 051 0.80 063
GS-10-1 75 % 107 108.78 161.83 196.00 181.34 056 083 0.67
GS-10-2 94.90 148.15 17478 127.67 054 0.85 0.64
GS-10-3 92.34 156.16 194.40 173.56 048 0.80 059
GS-11-1 1x107 87.69 150.36 195.00 175.16 045 077 058
GS-11-2 58.12 14038 178.44 157.82 033 079 041

GS-11-3 84.47 154.66 193.50 177.97 057 0.80 055





OPS/images/feart-10-885681/inline_20.gif





OPS/images/feart-10-903773/math_1.gif
[0





OPS/images/feart-10-960812/feart-10-960812-t001.jpg
Samples Strain rate/s™ Diameter/mm Height/mm Quality/g Volume/cm” Density/g.cm™

GS-1-1 1x10° 49.87 100.31 525.10 195.94 2.68
GS-1-2 49.81 100.20 526.30 195.25 270
GS-1-3 49.90 100.47 524.70 196.48 267
GS-2-1 1x10°* 49.85 100.30 525.80 195.76 2.69
GS-2-2 49.87 100.45 524.30 196.21 267
GS-2-3 49.89 100.25 525.10 195.98 268
GS-3-1 5x10° 49.81 100.20 52210 195.25 267
GS-3-2 49.88 100.33 52620 196.05 2.68
GS-3-3 49.96 100.15 524.40 196.33 267
GS-4-1 1x107 49.92 100.59 525.10 196.88 2.67
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Temperature/'C 8.5m/s 11.5m/s 13.5m/s

Fractal dimension Fitting degree Fractal dimension Fitting degree Fractal dimension Fitting degree
25 2.1061 0.7715 2.1829 0.8246 22332 0.9604
200 20138 08575 20908 09143 21528 09672
400 21536 09897 2.2060 09038 22417 09203
600 22030 0.7680 2.2655 09572 2.2799 08793

800 22975 0.6542 23372 0.8449 2.3640 0.8825
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Temperature Impact velocity Incident energy Reflected energy Transmission energy Dissipation energy SEA

(c) (m/s) W/ Wa/d Wi/l We/d Jrem®
85 54.57 1915 12.73 2269 0462
25 ki 108.94 41.72 19.36 47.86 0.976
135 154.60 5552 30.07 69.10 1.408
85 5575 14,65 1635 2475 0504
200 1.5 114.71 36.91 25.95 51.85 1.057
135 150.54 40.37 36.80 7337 1.496
85 53.22 18.10 12.45 2267 0.462
400 115 111.88 48.25 18.49 45.14 0.920
135 162.27 60.10 39.14 63.03 1.285
85 53.94 25.11 8.24 20.59 0.420
600 15 113,65 59.27 11.26 4312 0879
135 161.46 7791 31.75 51.80 1.056
85 54.42 3199 386 1857 0379
800 1.5 11227 67.58 8.03 36.66 0.747

135 1567.35 89.58 25.29 4248 0.866
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Sample

DY1 well
DY3 well
DY4 well
DY5 well
DY2 well

Depth/m

1,974
2,175
3,688
3,773
4363

R/MPa

69.4
75.3
80.6
823
90.1

E/GPa

354
255
325
421
40.4

0.22
0.24
0.18
0.27
0.26
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Lithology Density (kg.m-3)  Bulk modulus  Shear modulus Intenal friction ~ Cohesion (MPa)  Tensile strength

(GPa) (GPa) angle () (MPa)
Coal 1,873 325 150 209 800 1.33
Sitstone 2532 15.96 10,04 346 26.00 485
Fine sandstone 2,560 15.98 11.49 34.1 19.80 860
Medium sandstone 2,650 17.70 9.80 37.0 17.45 140
Grit sandstone 2,383 18.20 10.90 37 2130 620
Sandy mudstone 2,570 11.25 7.75 313 14.20 4.40
Mudstone 2,747 4.30 240 240 7.20 250

Carbonaceous mudstone 2,728 3.10 120 28.0 5.30 2.00
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Number

L A

20
21

22

Strata
name

Carbonaceous mudstone

Fine-grained sandstone
3-5 coal

Coarse-grained
sandstone
Siltstone
Coarse-grained
sandstone
Siltstone

Sandy mudstone
Siltstone

Fine-grained sandstone
Siltstone

Coarse-grained
sandstone
Siltstone

Coarse-grained
sandstone
Siltstone

Mudstone
Coarse-grained
sandstone
Mudstone

Coarse-grained
sandstone
Sandy mudstone
Coarse-grained
sandstone
Sandy mudstone

The bold fines are hard roofs.

Depth/

460.15
453.85
448
4327

419.35
4123

409.15
4048
399.25
3073
395,65
3934
37855
3742

370.3

365.35
356.75

353.95
350.8

338.95
3319

320.35

Thickness/
m

6.30
5.85
16.30
13.35

7.05
3.156

4.35
5.55
1.95
1.65
225
14.85
4.35
3.90

4.95

9.60
1.80

3.15

11.85

7.05
256

15.60

Uniaxial
compressive
strength/
MPa

7.36
7163
1594
43.87

55.73
43.87

55.73
41.35
55.73
71.53
55.73
43.87
55.73
43.87

55.73

43.23
43.87

41.35
43.87

41.35
43.87

41.35

Number

2
25

26

27
28

29

35

36

37

39

40

Pl

42
43

4“4

Strata
name

Siltstone
Mudstone
Coarse-grained
sandstone
Sandy mudstone

Siltstone
Medium-grained
sandstone
Fine-grained
sandstone
Sittstone

Sandy mudstone
Sittstone
Medium-grained
sandstone
Sandy mudstone

Medium-grained
sandstone
Sandy mudstone

Medium-grained
sandstone
Sandy mudstone
Sitstone

Medium-grained
sandstone
Fine-grained
sandstone
Sitstone
Coarse-grained
sandstone
Siltstone

Depth/

31375
310
307.6
300.85

297.85
287.2

28525
276.7
25945
257.2
25405
249.4
2446
24235

2404

23755
220.3

206.35
204.4

198.85
19255

181.3

Thickness/
m

375
2.40
6.75
3.00

10.65
1.95

856
17.25
225
315
465
480
225
195

2.85

17.25
13.95

1.95

5.55

6.30
11.26

19.05

Uniaxial
compressive
strength/
MPa

55.73
4136
4387
4135

55.73
56.73

7153
55.73
4135
55.73
66.73
41.35
56.73
41.35

56.73

41.35
55.73

56.73

7153

55.73
4387

55.73
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Shear strain

0.000
0.005
0.010
0.050

C is initial cohesion, ® is initial intemal friction angle.

Cohesion (MPa)

C
[
Cr2
C/5

Internal
friction angle ()

<@
@
®-25
®-5
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Strain Stress (MPa)

0 0

0.01 0.66
0.02 1.41
0.03 228
0.04 3.3
0.05 4.5
0.06 5.96
0.07 7.74
0.08 9.98
0.09 129
0.10 16.8
0.11 223
0.12 30.8
0.13 453
0.14 76

0.15 185
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Lithology

sitstone
medium sandstone
fine sandstone
3#tcoal

sandy mudstone
2ticoal
1upperticoal

Density/kgm™

2,620
2,690
2,640
1,400
2,650
1,400
1,400

Elastic modulus/Gpa

26.7
35.5
35.9
5.31
19.47
5.31
531

Poisson’s ratio

02
0.18
0.19
0.33
0.22
0.33
0.33

Tensile strength/Mpa

33
5.5
85
1.32
25
1.32
1.32

Cohesion/Mpa

6.34
7.47
7.68
1.25
5.75
1.25
1.25

Internal friction
angle/"

37.33
38.48
38.7
32
36.43
32
32
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Seque-nce

Lithology

sitstone
medium sandstone
fine sandstone
3itcoal and sittstone
sandy mudstone
2ttcoal

fine sandstone
1upperficoal

sandy mudstone
medium sandstone
sitstone

sandy mudstone
sitstone

fine sandstone
sitstone

medium sandstone
sandy mudstone

Thickness/m

20
154
0.92

17.6-24.6
2595
112

9.1
2.08
1.02

10.38

15
155

16
3.58
424
1.57

40

Total weight/kg

270
20.79
12.42
332.1

37.8
15.12

122.85
28.08
1877
14013
20.25
20.925

216
48.33
57.24

21.195

540

Ratio Weight/kg
Sand: lime: Sand Lime Gypsum

gypsum

7:08:0.2 236.25 27 675
707:03 18.191 1819 0.780
70604 10868 0932 0621
7:08:0.2 290588 3321 8303
80.7:03 336 294 1.26
90802 13,608 1.210 0302
70604 107.494 9214 6.143
908:0.2 25272 2246 0562
80.7:0.3 1224 1.071 0.459
7.0.7:03 122614 12.261 5255
7:0.8:0.2 17.719 2025 0.506
80.7:03 186 1,628 0698
70802 189 216 054
7:06:0.4 42.289 3625 2417
70802 50085 5724 1.431
7.07:03 18546 1.855 0795
80.7:03 480 a2 18





OPS/images/feart-09-808535/feart-09-808535-g011.gif





OPS/images/feart-09-808535/feart-09-808535-g007.gif
DY2 Well

38y,

1

DY4 Well

DYS Well

.

DY3 Well






OPS/images/feart-09-808535/feart-09-808535-g008.gif





OPS/images/feart-09-808535/feart-09-808535-g009.gif





OPS/images/feart-09-808535/feart-09-808535-g010.gif





OPS/images/feart-09-808535/feart-09-808535-g003.gif





OPS/images/feart-09-808535/feart-09-808535-g004.gif
oo et ol neiite et sl





OPS/images/feart-09-808535/feart-09-808535-g005.gif





OPS/images/feart-09-808535/feart-09-808535-g006.gif
et
R . M‘M_‘
PN i,
S
i

[Eese———
3

oy E oo
fotres N e
Doan beeecd
oviwer ovswer
ansan

i

PR





OPS/images/feart-09-808535/feart-09-808535-g002.gif





OPS/images/feart-09-791180/inline_4.gif





OPS/images/feart-09-791180/inline_5.gif





OPS/images/feart-09-791180/inline_6.gif





OPS/images/feart-09-791180/feart-09-791180-t002.jpg
plkg/m?) E (GPa) v

7697 206 0.28





OPS/images/feart-09-791180/inline_1.gif
K





OPS/images/feart-09-791180/inline_2.gif
Y (S/R)





OPS/images/feart-09-791180/inline_3.gif





OPS/images/feart-09-791180/feart-09-791180-g008.gif





OPS/images/feart-09-791180/feart-09-791180-g009.gif
enerey/Total encrgy.

el

Gor oo 01 ol
sy





OPS/images/feart-09-791180/feart-09-791180-t001.jpg
(GPa)

85
Ki (GPa)
320.54

0.9896

0.30
Ka (GPa)
-1980.67

e
(MPa)

155
Ka (GPa)
424113

o
(MPa)

95

Henush
058 x 107

Po

0.8

Perusn (MPa)
41.33

Pm

10

Hiock
01

by

1.80 x 107

Puock (GPa)
17.54

Dy

0.04

180





OPS/images/feart-10-908032/inline_31.gif
1 (Ci)





OPS/images/feart-10-908032/inline_30.gif
1 (Ci)





OPS/images/feart-10-908032/inline_3.gif





OPS/images/feart-09-791180/feart-09-791180-g002.gif
Pt fhoe Hyow M





OPS/images/feart-09-791180/feart-09-791180-g003.gif
EJRETa)
=t

g

@






OPS/images/feart-09-791180/crossmark.jpg
©

|





OPS/images/feart-09-791180/feart-09-791180-g001.gif





OPS/images/feart-09-791180/feart-09-791180-g006.gif





OPS/images/feart-09-791180/feart-09-791180-g007.gif
3





OPS/images/feart-09-791180/feart-09-791180-g004.gif





OPS/images/feart-09-791180/feart-09-791180-g005.gif
S
X

.o
y .o

=i

Olnvs






OPS/images/feart-10-908032/inline_7.gif





OPS/images/feart-10-908032/inline_6.gif





OPS/images/feart-10-908032/inline_5.gif





OPS/images/feart-10-908032/inline_4.gif





OPS/images/feart-10-1047612/crossmark.jpg
©

|





OPS/images/feart-10-908032/inline_34.gif
Cixs





OPS/images/feart-10-908032/inline_33.gif
Cixs

e X Ryus





OPS/images/feart-10-908032/inline_32.gif





OPS/images/feart-10-936029/feart-10-936029-g005.gif
: x

s =25 ONumerical simalaion esul)

asts - s






OPS/images/feart-10-936029/feart-10-936029-g004.gif





OPS/images/feart-10-936029/feart-10-936029-g003.gif





OPS/images/feart-10-936029/feart-10-936029-g002.gif





OPS/images/feart-10-936029/feart-10-936029-g001.gif





OPS/images/feart-09-829258/feart-09-829258-g013.gif





OPS/images/feart-09-829258/feart-09-829258-g014.gif





OPS/images/feart-09-829258/feart-09-829258-g015.gif





OPS/images/feart-09-829258/feart-09-829258-t001.jpg
Load direction No. Loading stress (MPa) Delay time

(ms)
Loading direction parallel to the bore centerline st 0 0
s2 5 0
s3 10 0
s4 20 0
Loading direction perpendicular to the direction of the hole centerline st 0 0
S5 5 0
s6 10 [
s7 20 0
Loading direction paralle! to the bore centeriine s8 0 1
E 10 1
s10 20 1
st 0 2
s12 10 2
s13 20 2
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Lithology Density (kg/m”) Bulk modulus x  Shear modulus x  Friction angle Cohesion (MPa) Tensile strength

10° (MPa) 10° (MPa) ©) (MPa)
Sandy mudstone 2 22200 27 L6 29 12 1.06
Fine-grained sandstone 2,600 45 28 31 56 21
Siltstone 2 2,600 39 19 31 15 13
coal 1,350 25 12 28 05 06
Siltstone 1 2,600 39 L9 31 15 13

Sandy mudstone 1 2,400 38 18 28 16 12
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Lithology

Lithology1
Lithology2
Lithologyd
Lithology4

Sand to
Glue Ratio

41
51

Water to
Paste Ratio

37
73
6:4
55

Density/(g/Cm®)

1.731
1.823
1.957
1.623

Compressive
Strength/MPa

3.101
2445
1.965
1.132

Modulus of
Elasticity/MPa

560.084
451744
345.873
266.463
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Current Signal Lithology Lithology Lithology Lithology
1 Current Signal 2 Current Signal 3 Current Signal 4 Current Signal

Signal-to-noise ratio before reconstruction 20.1807 4.7738 20.6560 16.9654
Signal-to-noise ratio after reconstruction 25.0162 8.6162 226319 19.4205
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R

Lithology 1
Lithology 2
Lithology 3
Lithology 4

IMF1

0.4985
0.4903
0.5231
0.3656

IMF2

0.5756
0.5629
0.5020
0.5333

IMF3

0.6318
0.6186
0.5497
0.6910

IMF4

0.5078
0.5004
0.4022
0.5134
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Lithology 1
Lithology 2
Lithology 3
Lithology 4

IMF1

0.4573
0.4567
0.5938
0.6069

IMF2

0.0049
0.0043
0.0011
0.0035

IMF3

0.0073
0.0066
0.0017
0.0036

IMF4

0.0048
0.0042
9.8963
0.0023
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Rock
property

Mudstone

4# coal coal

Coarse sandstone
Medium-grained
sandstone
Fine-grained sandstone
Siltstone

Density/
gem™

2200
1340
2300
2520

2520
2520

Bulk
modulus/
GPa

167
20
353
345

4.90
32

Shear
modulus/
GPa

0.77
08

281
3.15

3.60
28

Tensile

strength/
MPa

25
22
4.5
9.0

12.0
6.3

Cohesive
force/
MPa

3.0
3.0
6.0
14.0

16.0
8.67

Friction
angle/’

20
28
26
30

35
29

Residual
cohesive
forces/
MPa

0.4
1.0
25

5.0
4.0

Residual
internal
friction
angle/’

10
20
15
20

25
20
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Tectonic name Occurrence

Dip angle () Inclination angle () Drop (m)
F29 normal fault 150 60-70 15-18
Yuankouzi syncline (X1) Axial direction: NE; extending length: 1455 m; dip angle of coal seam: 5-8"

Xiejiazui anticline (B2) Axial direction: NEE; extending length: 2286 m; dip angle of coal seam: 3-8"
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Impact category

Carcinogens
Respiratory organics
Respiratory inorganics
Climate change

Radiation

Ozone layer

Ecotoxicity
Acidification/Eutrophication
Land use

Minerals

Fossil fuels

Unit

DALY

DALY

DALY

DALY

DALY

DALY

PAF x m? x yr
PDF x m? x yr
PDF x m® x yr
MJ surplus
MJ surplus

Mean

7.89E-08
2.06E-10
9.86E-07
8.50E-08
217E-11
1.74E-12
0.031
0.005
0.0155
0.0019
0.149

Median

5.50E-08
1.99E-10
8.48E-07
8.48E-08
1.87E-11
1.64E-12
0.030
0.005
0.0154
0.0018
0.148

SD

1.12E-07
2.51E-11
5.28€-07
2.14E-09
1.24E-11
5.86E-13
0.006
0.001
0.0002
0.0003
0.0175
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Impact category

impacts on human health
Carcinogens
Respiratory organics
Respiratory inorganics
Climate change
Radiation
Ozone layer

Damage to ecosystem
Ecotoxicity
Acidification/Eutrophication
Land use

Natural resources depletion
Minerals
Fossil fuels

Unit

DALY
DALY
DALY
DALY
DALY
DALY

PAF x m? x yr
PDF x m? x yr
PDF x m? x yr

MJ surplus
MJ surplus

om

7.710E-08
1.939E-10
8.914E-07
7.885E-08
2.025E-11
1.604E-12

2.958E-02
4.736E-03
1.420E-02

1.854E-03
1.373€-01

5m

8.961E-08
2171E-10
1.040E-06
8.979E-08
2.322E-11
1.860E-12

3.378E-02
5.446E-03
1.647E-02

2.078E-03
1.591E-01

10m

8.748E-08
2.126E-10
1.016E-06
8.792E-08
2.268E-11
1.816E-12

3.299E-02
5.324E-03
1.610E-02

2.030E-03
1.553E-01

20m

8.429E-08
2.054E-10
9.789E-07
8.496E-08
2.187E-11
1.751E-12

3.180E-02
5.145E-03
1.563E-02

1.958E-03
1.497E-01

25m

8.270E-08
2.017E-10
9.605E-07
8.348E-08
2.147E-11
1.719E-12

3.121E-02
5.055E-03
1.523E-02

1.922E-03
1.469E-01
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Product
Raw materials

Energy consumption

Emissions to air

Emissions to water

Emissions to soil

Substance

Coal
Steel

Wood

Water

Groundwater

Gas

Oxygen

Occupation
Explosive

Electricity

Diesel

Heat

Carbon dioxide
Garbon monoxide
Methane

Nitrogen oxides
Particulates <2.5 pm
Particulates >10 um
Particulates >2.5,and<10 pym
Sulfur dioxide

Water

Chioride

Sulfur

Water, CN

Siicon

Sulfur

Unit

kg
kg
s

Amount (0 m)

1
6.506E-03
1.684E-06
3.599E-01
2.261E-03
1.106E-02
9.336E-03
1.528E-02
2.205E-05
3.351E-02
1.743€-02
8.735E-02
1.074E-02
1.889E-04
1.084E-02
6.439E-05
2.303E-06
9.159E-05
1.207E-06
2.432E-05
2.190E-02
1.295€-02
4.330E-03
3.938E-04
1.640E-04
5.331E-056

Amount (5 m)

4
7.299E-03
2.092E-06
4.106E-01
2.581E-03
1.266E-02
1.058E-02
1.770E-02

3.920E-02
2.255E-02
9.804E-02
1.268E-02
2.183E-04
1.217E-02
7.288E-05
2.741E-06
1.046E-04
1.471E-06
2.951E-05
2.541E-02
1.621E-02
5.002E-03
4.612E-04
1.919E-04
6.183E-06

Amount (10 m)

1
7.132E-03
2.050E-06
4.007E-01
2.521E-03
1.287E-02
1.034E-02
1.731E-02

3.826E-02
2.202E-02
9.682E-02
1.261E-02
2.171E-04
1.193E-02
7.250E-05
2.727E-06
1.041E-04
1.463E-06
2.936E-05
2.528E-02
1.612E-02
4.976E-03
4.588E-04
1.909E-04
6.150E-05

Amount (20 m)

1
6.880E-03
1.977€-06
3.859E-01
2.428E-03
1.194E-02
9.963E-03
1.669E-02

3.686E-02
2.123E-02
9.240E-02
1.256E-02
2.164E-04
1.163E-02
7.224E-05
2.717E-06
1.037E-04
1.458E-06
2.925E-05
2.519E-02
1.606E-02
4.958E-03
4.571E-04
1.902E-04
6.128E-05

Amount (25 m)

1
6.763E-03
1.940E-06
3.785E-01
2.381E-03
1.171E-02
9.771E-08
1.637E-02

3.616E-02
2.083E-02
9.069E-02
1.253E-02
2.158E-04
1.133E-02
7.204E-05
2.710E-06
1.034E-04
1.454E-06
2.917E-05
2.512E-02
1.602E-02
4.945E-03
4.559E-04
1.897E-04
6.111E-05
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0.0

H

2# Scanning Arca
34 Scanning Area
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74 Scanning Area
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2# inversion result
35 inversion el
45 inversion el
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74 inversion el

w1
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Blasting Partition

Fragmentation zone
Zoning threshold
Damage zone
Zoning threshold
Vibration zone

Rock damage D

0510<D<1
Dy =0510

0.110 < D < 0.510
D, =0.110
D <0110

Blasting
Center Distance r/m

I < 0.690
069
0690 < 14 < 1310
1.310
15> 1310
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Parameter

Mass density R, (kg/m’)

Compressive strength f./MPa

Lode angle dependence factor Q

Iniial damage value D,

Elastic shear modulus G/GPa

Compaction pressure Peom,/MPa

Compressive strain rate dependence exponent fic
Tensie strength f/MPa

Value

2,887
98.300
0.681
0.04
2150
600
0.001
4.330

Parameter

Relative tensile strength
Relative shear strength ,*

Lode angle dependence factor B
Complete damage value D,

Compressive yield surface parameter g
Tensile yield surface parameter "

Tensile strain rate dependence exponent
Crush pressure py/MPa

Value

0.044
0.022
0.011

0.630
0.700
0017
65.500
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Safety level Safe Relatively safe Early waming Dangerous Very dangerous

Subordinate interval (1,08 (0.8, 06) (0.6, 0.4) 04,02 02,0
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Density/Kg/m® Detonation C-J Pressure/GPa  Ferocity/mm  Blasting force/ml JWL state equation Parameters
wSlochy/mve: AlGPa  BIGPa R R: B

1,200 2,800 6.500 18 280 326 5.800 5.800 1.560 0.570
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Test condition

0.5 MPa/CO, 3-10 mm
0.5 MPa/air 3-10 mm
0.3 MPa/CO; 3-10 mm
0.3 MPa/air 3-10 mm
0.3 MPa/CO; 1~3 mm
0.3 MPa/CO, 0.5~1 mm

Desorption volume (m®)

0.1251
0.0329
00777
0.0228
0.087
0.0923

Work volume of
adsorbed gas (m°)

0.0083
0.0051
0.0071
0.0056
0.0263
0.0312

Proportion

of desorption (%)

6.63
15.50
9.14
24.56
30.23
33.80

Proportion of adsorption
amount (%)

5.33
11.43
6.02
16.14
18.48
19.54
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Test condition

0.5 MPa/CO,/3-10 mm
0.5 MPa/air/3-10 mm
0.3 MPa/CO,/3-10 mm
0.3 MPa/air/3-10 mm
0.1 MPa/CO,/3-10 mm
0.1 MPa/air/3-10 mm
0.3 MPa/CO,/1~3 mm
0.3 MPa/CO,/0.5~1 mm

Wa(d)

1244.54
74310
687.51

58150

2544.97
3018.69

W)

570.62
581.63
372.50
35251
21291
108.77
432.30
472.68

Az (J0)

930.68
666.72
347.50
230.16
114.20
36.58
1175.88
1434.44

A

884.48
669.01
712.51
640.86
98.71
70.19
1801.39
2066.93
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Test condition

0.5 MPa/CO,/3-10 mm
0.5 MPa/air/3-10 mm
0.3 MPa/CO,/3-10 mm
0.3 MPa/air/3-10 mm
0.1 MPa/CO,/3-10 mm
0.1 MPa/air/3-10 mm
0.3 MPa/CO/1~3 mm
0.3 MPa/C0,/0.5~1 mm

Statistical results of coal samples with different particle sizes (kg)

>3

0.8910
0.7245
0.4098
0.2692
0.1853
0.0939

1-3

0.0858
0.0754
0.0364
0.0245
0.0248
0.0252
1.3564

0.5-1

0.0259
0.0188
0.0102
0.0079
0.0046
0.0013
0.0597
1.2929

0.25-0.5

0.0145
0.0106
0.0056
0.0049
0.0028
0.0007
0.0186
0.1161

0.1-0.25

0.0205
0.0166
0.0102
0.0080
0.0047
0.0013
0.0207
0.0391

<0.1

0.0109
0.0085
0.0027
0.0023
0.0015
0.0006
0.0165
0.0189
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Gas pressure Test gas Particle size Coal filling Coal outburst Relative outburst Throw distance

(MPa) of coal amount (kg) quantity (kg) strength (%) (m)
sample (mm)

05 co, 3-10 981 1.0 10.70 1347
05 Ar 3-10 961 085 884 12.31
03 co, 3-10 971 047 484 11.05
0.3 Ar 3-10 976 032 328 823
0.1 COz 3-10 9.72 0.22 226 7.60
0.1 Ar 3-10 974 012 1.28 638
0.3 COz 1-3 87 1.47 16.87 872

0.3 CO, 0.5-1 8.41 1.83 2176 7.83
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Testgas (MPa)  Particle size of  Gas pressure Coal

coal sample (mm) filling amount (kg)
CO, 05 3-10 9.81
Air 05 3-10 961
CO. 03 3-10 971
Air 03 3-10 9.76
co, o1 3-10 9.72
Air 0.1 3-10 974
cO. 03 1-3 871

CO2 03 05-1 841
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Scheme Lateral pressure coefficient

1 15

5 1.25

Scheme Lateral pressure coefficient

9 15

Scheme Lateral pressure oefficient

Support parameters

Borehole pressure relief parameters

13 15

Roof: Fine sandstone, floor: Mudstone Support parameters

Row spacing between anchor bolts 700 mm x 700 mm; 19 full face supports

Row spacing between anchor bolts 700 mm x 700 mm; 19 full face supports; row spacing between anchor cables
700 mm x 700 mm; 5 full face supports

Row spacing between anchor bolts 800 mm x 800 mm; 15 full face supports; row spacing between anchor cables
1600 mm x 1600 mm; 5 full face supports

Row spacing between anchor bolts 700 mm x 700 mm; 13 full face supports and 4 base plates; row spacing between
anchor cables 1400 mm x 1400 mm; 5 full face supports

Row spacing between anchor bolts 700 mm x 700 mm; 19 full face supports

Row spacing between anchor bolts 700 mm x 700 mm; 19 full face suppors; row spacing between anchor cables
700 mm x 700 mm; 5 full face supports

Row spacing between anchor bolts 800 mm x 800 mm; 15 full face supports; row spacing between anchor cables
1600 mm x 1600 mm; 5 full face supports

Row spacing between anchor bolts 700 mm x 700 mm; 13 full face supports and 4 base plates; row spacing between
anchor cables 1400 mm x 1400 mm; 5 full face supports

Roof: fine sandstone, floor: siltstone Support parameters

Row spacing between anchor bolts 700 mm x 700 mm; 19 full face supports

Row spacing between anchor bolts 700 mm x 700 mm; 19 full face Supports; row spacing between anchor cables
700 mm x 700 mm; 5 full face supports

Row spacing between anchor bolts 800 mm x 800 mm; 15 full face supports; row spacing between anchor cables
1600 mm x 1600 mm; 5 full face supports

Row spacing between anchor bolts 700 mm x 700 mm; 13 full face supports and 4 base plates; row spacing between
anchor cables 1400 mm x 1400 mm; 5 full face supports

Roof: fine sandstone, floor: mudstone

Row spacing between anchor bolts 700 mm x 700 mm; 13 full face supports and 4 base plates; row spacing between
anchor cables 1400 mm x 1400 mm; 5 full face supports

Drilling length: 6m; row spacing between driling holes: 1500 mm x 600 mm
Drilng length: 12 m; row spacing between dil holes; 1500 mm x 600 mm
Drilling length: 3M; row spacing between driling holes: 1500 mm x 600 mm
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Position Point1  Point2 Point3 Point4 Point5 Point6
(m) (m) (m) (m) (m) (m)

Roof bolt 0.00 0.52 1.04 1.56 2.08 2.60
Side bolt 0.00 0.46 092 1.38 1.84 2.30
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Parameter Roof (mm) Sides (mm)

Bolt diameter x bolt length 22 x 2800mm 22 x 2500mm
Anchorage length 2,800 2,500
Row spacing between anchor bolts 750 x 800mm 700 x 800mm
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