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Geological disasters and its prevention in deep mining


INTRODUCTION
With the gradual depletion of shallow mineral resources, the mining of deep mineral resources has become inevitable. The geological disasters such as large deformations of soft rocks, rock bursts, and gas outbursts induced by the deep mining have brought great challenges and seriously threatened the safety of mine productions. Under the conditions of high ground stresses, high water pressures and strong engineering disturbances, the nonlinear behavior of deep coals and rocks is more prevalent in deep mining, which may further complicate the forming mechanisms, patterns and dynamics of the geological disasters. Thus, deep mining-induced disasters have the characteristics of sudden, complexity and nonlinearity, and are more difficult to effectively forecast and control. Since the traditional mining theory lags behind the mining engineering practice, it is urgent to develop new theories and methods to solve the theoretical and technical challenges of deep mining.
We then provide a forum for professionals and academics to communicate their impactful research on Geological Disaster and Its Prevention in Deep Mining, which results in the 15 papers being published in this Research Topic that might be of your interest. These papers mainly cover the following six aspects, such as experiment on mechanical characteristics of rock samples, rockburst prediction and mine waterproofing, surface deformation and foundation subsidence, gas migration and its enhancement drainage, deformation characteristics of surrounding rock in roadway, and stability and support of mining field. Please visit the following website for more information: https://www.frontiersin.org/research-topics/34613/geological-disasters-and-its-prevention-in-deep-mining#overview.
EXPERIMENT ON MECHANICAL CHARACTERISTICS OF ROCK SAMPLES
Rock reinforcement plays a significant role in maintaining the stability of excavated structures, such as tunnels and underground roadways. However, shear failure in the rock reinforcement system, especially the shear failure at the rock reinforcement bolt surface, induces a threat to the rock reinforcement system. To reveal the shear stress (SS) propagation mechanism, Chen et al. presented the SS propagation process in the rock reinforcement system. They stated that the numerical simulation was a better choice when studying the SS propagation mechanism of rock reinforcement bolts, combining experimental tests and analytical simulation. Engineering problems are related to the failure of geological materials, especially that of jointed rock masses. To investigate the influence of confining stress and inclination angle on cracking behavior and failure mechanism, Sun et al. conducted triaxial compression tests on rock-like samples containing parallel opening flaws. They investigated the influence of the width-to-length ratio of opening flaws on compressive strength to verify the improved theory reliability. Comparing their numerical results with the two kinds of theoretical results, they concluded that the width-to-length ratio had an obvious impact on compressive strength and the opening fracture intensity factor.
ROCKBURST PREDICTION AND MINE WATERPROOFING
After the identification of the intrinsic relationship between multiple factors of coal mines and rockbursts, Lan et al. established a prediction model based on the Gaussian process for binary classification. They proposed the prediction criteria of the rockburst hazard probability, determined the hazard probability value of the prediction area by applying neural network and fuzzy inference methods, and put forward the prevention technical scheme for the rockburst hazard. To study the effect of loading rate on rockbursts, Sun et al. conducted the indoor test of single-face fast unloading-three directions and five-face stress-vertical continuous loading under different loading rates using a new true-triaxial rockburst test system. They found that the fragmentation degree of rockburst fragments increased with the loading increasing. The loading rate has a significant effect on the energy consumption of rockburst fragments. It is necessary to introduce concrete 3D printing technology for the construction of coal mine waterproof walls to adapt to more complex construction environment. Ren et al. tested the compressive properties of 3D printed concrete under different printing methods and force directions. They found that 3D printing mine waterproof walls can meet the engineering requirements.
SURFACE DEFORMATION AND FOUNDATION SUBSIDENCE
To make a reasonable safety evaluation of the high-speed railway construction in the mined-out areas, Ren et al. analyzed the safety depth of the mined-out areas under the impact of high-speed railway loading. They found that the depth of train load disturbance was linearly related to the train axle weight and roadbed height but it was a sinusoidal function of the train speed. They proposed a formula for calculating the depth of train load disturbance, which provided a certain reference for the construction of high-speed railways in the mined-out areas. Deep mining is an inevitable trend in the world, for which the construction of deep and large vertical shafts is the primary task. The design of the shaft sinking headframe is challenging due to the significant differences in the geometry and working load compared to conventional steel structures. Wang et al. investigated the mechanical behavior of the SA-3 shaft sinking headframe under uneven foundation settlement and normal working-load conditions. They found that the most unfavorable condition for the stress of members was the diagonal double foundation settlement, and the most unfavorable condition was the same-side double foundation settlement.
GAS MIGRATION AND ITS ENHANCEMENT DRAINAGE
Hydraulic flushing is the main means of gas extraction. Liu et al. studied the pore morphology and permeability evolution of the hydraulic flushing hole. They found that the shape of the hydraulic punch hole was ellipsoid with three different axes, and its horizontal section was approximately an ellipse. The permeability of the coal increases with the extension of extraction time, while the permeability of the equivalent ellipsoid pore decreases with the increase in coal water content. To enhance permeability by blasting in deep coal mining with a hard roof whose gas drainage requirement is higher, the charging and control holes are easy to be deformed and damaged, seriously affecting the blasting implementation and effect. Xuan et al. proposed a new blasting permeability enhancement scheme for the deep-buried soft coal mining face with a hard roof. To reveal the mechanism of gas flow in a low-permeability coal seam, Liu et al. established a new multiple-relaxation-time lattice Boltzmann method model of gas migration and simulated the gas flow in coal pores with different micro/nanopore sizes. They found that the dimensionless permeability coefficient increased with decreasing pore size under the same pressure.
DEFORMATION CHARACTERISTICS OF SURROUNDING ROCK IN ROADWAY
Argillaceous soft rocks are susceptible to a more serious creep phenomenon if encountering water. Chen et al. established a creep constitutive model and analyzed the creep range and cross-sectional deformation of argillaceous surrounding rocks of a roadway under dry and damp states. They found that the argillaceous surrounding rocks were prone to viscoelastic deformation during the creep process. The damp state has an obvious time effect on the damage of surrounding rocks. Since it was difficult to monitor the deformation of a rockmass in front of a tunnel, Zhu et al. conducted the model test and concluded that it was necessary to pre-reinforce the core rockmass in front of the tunnel to control the advanced deformation of the tunnel. The longitudinal load-bearing arch in front of the tunnel face can effectively control the extrusion deformation of the core rockmass to expand forward. The failure of surrounding rock in deep hard rock roadway is closely related to mining disturbance. Li et al. proposed a comprehensive method of numerical analysis and borehole detection, and they revealed the evolution law of fracture depth of the surrounding rock under the mining influence.
STABILITY ANALYSIS AND CONTROL OF MINING FIELD
Given the growing popularity of fully mechanized longwall mining, hydraulic shields have emerged as the most crucial pieces of equipment whose rated support capacities are a significant assurance for safe extraction of coal seams. Ren et al. studied the reasonable shield support capacity under an extremely close goaf. They found that the thickness of the main roof had the greatest influence on the shield support capacity. Presplitting the main roof is proposed as an effective method for controlling the breaking length and reducing the shield support capacity based on existing research. In view of the deformation and instability law of hard roof without side filling retaining roadway and based on the systematic construction and analysis of the force and bearing model of roadway retaining structure, Long et al. proposed the control mechanical model and calculation method of roadway retaining, which took the anchor roof beam and the key block above to form the cantilever beam together, with the anchor solid coal side as the foundation support. This method can better improve the structure for stability, adaptability and engineering applicability, which is successfully applied in engineering practice.
We hope that these articles provide readers with valuable information on recent developments in science, technology, and related researches for achieving the goals of geological disaster prediction and prevention in deep mining.
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The indexes of argillaceous soft rocks in Western China, such as rock strength and softening coefficient, are much smaller than those of soft rocks commonly seen in other areas. Such argillaceous soft rocks are susceptible to a more serious creep phenomenon if encountering water. Accordingly, the study theoretically constructed a constitutive creep model considering the weakening coefficient and damage of surrounding rocks. Next, the viability of this model was verified by combining numerical simulation and field monitoring. Accordingly, this study conducted a comparative analysis on the creep range and cross-sectional deformation of argillaceous surrounding rocks of a roadway in a titled stratum under dry and damp states. Results showed that the Cvisc model considering the weakening coefficient of surrounding rocks was applicable to the decay creep and uniform creep stage, and that considering the damage of surrounding rocks was applicable to the accelerated creep stage. During the creep process, the argillaceous surrounding rocks were prone to viscoelastic deformation. The damp state had an obvious time effect on the damage of surrounding rocks. Specifically, the creep range was expanded under a damp state at 18 days compared with that under a dry state, and the change in the left and upper displacements was especially significant. The roadway cross-section changed asymmetrically under both dry and damp states, where it was changed into an approximate deflected rhombic shape under the dry state and into an approximate deflected trapezoidal shape under the damp state. Additionally, the roadway cross-sectional change under the humid state was evidently greater than that under the dry state.
Keywords: argillaceous surrounding rock, damage, cvisc model, creep, time effect
INTRODUCTION
Rocks are primarily divided into magmatic, sedimentary, and metamorphic rocks, where sedimentary rocks play a dominant role, including limestones, sandstones, shales, and mudstones, which are especially susceptible to creep when encountering water (Xu, 2007; Zhang et al., 2011; Li et al., 2014). With the passing of time, the surrounding rocks on the roadway surface were gradually eroded by the moisture in the atmosphere, thus losing self-supporting ability. Consequently, the roadway is subjected to serious deformation, which further causes stability problems in terms of numerous aboveground and underground rock engineering. Therefore, argillaceous soft rock roadways need repeated renovation and are usually stuck in a vicious circle of “roadway formation-failure-repair-secondary failure-secondary repair.” Roadway support is a major problem confusing mine safety and efficient production and one of the technical problems requiring urgent solutions in engineering (Wang and Wang, 2000; Chen et al., 2007; Lu et al., 2007).
With regard to the deformation instability problem of soft rock roadways, rock creep and soft rock characteristics have been extensively investigated by domestic (Chinese) and foreign scholars. Wang H J et al. explored the influence of different horizontal stresses on roadway deformation via FLAC3D and pointed out that confining pressure was positively correlated with the creep rate of rock masses (Wang et al., 2014). Ma G Y et al. studied the mechanical properties of double-layer initial support for deep high-stress tunnels by constructing a damage evolution model considering the elastoplastic deviatoric strain decrement; they subsequently concluded that the rock deformation could be well reflected by the constitutive elastoplastic creep damage evolution model (Ma et al., 2021). Xu W Y et al. stated that if introduced into nonlinear functions, the generalized Bingham creep model could reflect the decay, steady-state, and accelerated creep stages during the creep process well (Xu et al., 2006). Xie Y P et al. probed the total creep characteristics of carbonaceous slate specimens by establishing a hardening damage model and pointed out that the Cvisc model improved on the basis of damage theory which could reflect rock creep well (Xie et al., 2021). Yang D S et al. studied the relationships of gas permeability and creep properties of mudstones with the moisture content (Yang et al., 2010; Yang et al., 2011). Huang Y B et al. explored the failure mechanism of deep soft rock chambers via numerical simulation and proposed an optimized recovery scheme (Huang et al., 2021). Liu G et al. analyzed the changes in the crustal stress before and after the excavation of a soft rock roadway and the influence on the change and failure of surrounding rocks; then, they discussed about the deformation failure mechanism of high-stress soft surrounding rocks from the angles of the changes in the confining pressure and strength of rock masses and engineering rock masses (Liu et al., 2000). Wu G J et al. built a nonlinear creep damage equation and indicated the positive correlation between damage and deviatoric stress (Wu et al., 2010).
The above study results have a very good guiding effect on the deformation of soft rock roadways, but the constitutive surrounding rock creep model thoroughly considers the damage and weakening coefficient of surrounding rocks. Additionally, the literature has scarcely explored the deformation laws of argillaceous soft rocks under a damp environment. In this study, a constitutive soft rock model considering the damage and weakening coefficient of surrounding rocks was constructed on the basis of the classical Cvisc constitutive model. Next, the reasonability of this constitutive model was verified by combining numerical simulation and field monitoring. On this basis, this research comparatively analyzed the creep range of surrounding rocks in an argillaceous soft rock roadway and the roadway cross-sectional deformation laws under dry and damp states, expecting to provide a basis for the field support design and facilitate mine safety and efficient production.
CONSTITUTIVE DAMAGE MODELING FOR ARGILLACEOUS SOFT ROCKS
Mechanical studies show that rock deformation not only includes transient elastic and plastic deformation characteristics unrelated to time but also includes rheological deformation characteristics related to time (Zhang and Xu, 2006). During deep tunnel excavation, the deformation with time characteristic accounts for 70% of the total deformation, and rheological deformation plays a dominant role under deep conditions (Paraskevopoulou and Diederichs, 2018). To conveniently explore the rheological behaviors of rock masses, three basic units—elastomer (H), viscous body (N), and plastic body (S)—are typically combined in different forms with the main rheological models and deformation behaviors as seen in Table 1 (Zhu et al., 2011; Zhao, 2017):
TABLE 1 | Rheological model and main deformation characteristics.
[image: Table 1]The above classical rheological models can describe well the partial creep properties of rock masses, but transient plastic deformation and accelerated creep deformation are neglected. In deep environment, rock masses are generally characterized by typical whole creep stage characteristics, namely, decay creep, uniform creep, and accelerated creep. As pointed out in the literature (Li et al., 2014), the Cvisc model is a combination of Burgers model and Mohr-Coulomb model, where the former can describe the constitutive viscoelastic relations in the creep process well, and the latter is capable of describing the constitutive elastoplastic relations. Figure 1 displays the Cvisc viscoelastic-plastic model:
[image: Figure 1]FIGURE 1 | Cvisc viscoelastic-plastic model.
As shown in Figure 1, the Cvisc viscoelastic-plastic model can describe the transient deformation, decay creep, uniform creep, and plastic deformation in the creep process of soft rocks, with the following constitutive equation:
[image: image]
where [image: image] is the total strain, [image: image] stands for the plastic strain, σ is the horizontal stress, and t represents time. EM, ηM, EK, and ηK represent the elasticity modulus and viscosity coefficient of Maxwell body and Kelvin body.
During the creep process of soft rocks subjected to argillization when encountering water, their deformation is largely affected by the damage degree inside the material and the intensity of water environment. According to relevant literature (Zhao, 2017), rock damage occurs in the accelerated creep stage during the creep process, and the damage variable Dt presents the Weibull distribution with time t, expressed by the following equation:
[image: image]
The influence of water environment on creep was considered by introducing the weakening coefficient λ of surrounding rocks. Then, λ was substituted into Eq. 1 to obtain the constitutive equations of transient deformation, decay creep, uniform creep, and plastic deformation during the creep process as follows:
[image: image]
The Cvisc model considering damage could describe the accelerated creep stage (Wang et al., 2014) (Cai and Lai, 2003; Chen et al., 2022). In addition, if damage was considered for the components subjected to decay creep, uniform creep, and plastic deformation in Eq. 1; Figure 2 presents the Cvisc viscoelastic-plastic model considering damage:
[image: Figure 2]FIGURE 2 | Cvisc viscoelastic-plastic model considering damage.
The constitutive equation for the accelerated creep stage during the creep process could be obtained by combining Eqs 2 and 3 on the bases of effective stress model and strain equivalence principle:
[image: image]
Eqs 3 and 4 are the constitutive equations for the whole rock creep process (transient deformation, decay creep, uniform creep, accelerated creep, and plastic deformation) and consider the effects of rock damage variable Dt and surrounding rock weakening coefficient λ on creep. As pointed out in relevant literature (Paraskevopoulou and Diederichs, 2018), the displacement of surrounding rocks is in direct proportion to strain during the excavation of the underground tunnel. The aforementioned strain-time relations in Eqs 3 and 4 were used to obtain the displacement-time relations of the surrounding rocks during tunnel excavation as shown in Figure 3.
[image: Figure 3]FIGURE 3 | Displacement-time relations of surrounding rocks.
From Figure 3, the whole time-dependent displacement process around the surrounding rocks could be well reflected by different rheological components within different time periods. This phenomenon indicates that the displacement-time relations of surrounding rocks could be accurately described by the constitutive Eqs 3 and 4 of soft rock creep that considered the rock damage variable Dt and surrounding rock weakening coefficient λ.
NUMERICAL CALCULATION OF THE DEFORMATION FAILURE OF SURROUNDING ROCKS IN AN ARGILLACEOUS SOFT ROCK ROADWAY
Modeling
In a copper mine, the exploitation depth already reaches 600 m, and the surrounding rocks in its roadway are mostly mudstones and sandstones, accompanied by bedding development, low strength, and proneness to argillization when encountering water (Shen, 2014; Yang et al., 2018; Wu et al., 2020). According to the geological information of this copper mine, a 2D plane strain calculation model (Figure 4) of this deep roadway was constructed using the UDEC discrete element software. To eliminate the influence of boundary effect on the model calculation, both the length and height of the model were set as 5 times of the tunnel diameter (30 m), and the monitoring points were arranged at the vault and 0.3 m depth of the left and right walls, respectively.
[image: Figure 4]FIGURE 4 | Numerical model of roadway.
The pressure applied above the model was P = γh, where γ is the average volume weight of rock strata above the model. The horizontally applied stress was μP (μ = 0.42), and the horizontal displacements at the left and right sides and the vertical displacement at the bottom were restricted. In this model, the random fractures conforming to the geological survey results of this copper mine and the horizontal and vertical fractures preventing the automatic deletion of isolated random fractures in the model calculation were generated through the Monte Carlo method (Yu, 2015). Table 2 shows the reduced physical and mechanical parameters of this roadway.
TABLE 2 | Physical and mechanical parameters of roadway surrounding rock.
[image: Table 2]Inversion of Model Creep Parameters
A precondition for numerical model calculation lies in the accurate numerical calculation of parameters. The BP neural network can realize any nonlinear relation between input parameters and target parameters and acquire target prediction parameters, meeting the accuracy requirement by adjusting the initial weight and threshold (Chen, 2020). To restore the properties of surrounding rocks in the roadway as much as possible, the Cvisc constitutive model was adopted for the mudstones of this roadway during numerical model calculation and Mohr-Coulomb constitutive model for other rock strata (Zha et al., 2021). Finally, the mean square errors between the numerically calculated displacements at monitoring points and the actually monitored displacements were made into an input set and the creep parameters (EM, ηM, EK, and ηK) into an output set for the prediction through the BP neural network until they meet the accuracy requirement. Figure 5 presents the numerical calculation results and actual monitoring results.
[image: Figure 5]FIGURE 5 | Comparison between numerical calculation results and field measurement results.
By analyzing Figure 5, the numerical calculation results largely accorded with the field measurement results, proving that the inversion parameters could accurately reflect the deformation of surrounding rocks in the roadway. Table 3 presents the parameters finally obtained by inversion.
TABLE 3 | Creep parameters of roadway surrounding rock.
[image: Table 3]ANALYSIS OF CALCULATION RESULTS
In the literature (Zhang et al., 2009), the softening coefficient of surrounding rocks in the roadway of this copper mine was obtained through uniaxial compression experiments as 0.12–0.21, indicating that the strength of surrounding rocks was largely affected by water. Given that groundwater prevention measures were already taken in the roadway excavation process of this mine, the strength of mudstones was weakened using the softening coefficient of 0.21 considering the influence of water on mudstone strength. To analyze the influence of dampness-induced argillization on the deformation of surrounding rocks, the creep range of surrounding rocks and roadway cross-sectional deformation laws under dry and damp states were comparatively analyzed using the numerical model in Section 3.1.
Verification of Constitutive Model
The creep parameters obtained through inversion in Section 3.2 were applied to the numerical model calculation, where the weakening coefficient λ of surrounding rocks was taken as 0 under the dry state. After the roadway excavation was stabilized, the strain and time of the roadway vault, left wall, and right wall were monitored. Next, the monitored data were fitted using Eqs 3 and 4, in which the stress level was the average stress within each time period. Table 4 lists the main fitted parameters under the dry state, and Figure 6 displays the fitting results.
TABLE 4 | Fitting parameters of Formulas 3 and 4 under the dry state.
[image: Table 4][image: Figure 6]FIGURE 6 | Relationship between numerical monitoring data and theoretical analysis in dry state.
As seen in Table 4, the creep parameters EM, ηM, EK, and ηK basically had consistent orders of magnitude with those in Table 3, accompanied by high correlation coefficients. Thus, Eqs 3 and 4 could accurately describe the surrounding rock deformation-time relations under the dry state. The plastic deformations εp at roadway vault, left wall, and right wall were all small, indicating that surrounding rocks were subjected to viscoelastic deformation in creep stages under the dry state.
Table 5 lists the main parameters fitted through Eqs 3 and 4 under the damp state, and Figure 7 illustrates the fitting results. As could be known from Table 5, the creep parameters EM, ηM, EK, and ηK basically had consistent orders of magnitude with those in Table 3, accompanied by high correlation coefficients. This finding manifests that Eqs 3 and 4 could accurately describe the surrounding rock deformation-time relations under the damp state. Moreover, the plastic deformations εp at roadway vault, left wall, and right wall were all smaller than those under the dry state, indicating that due to the increase in water content of the surrounding rocks under the damp state, the viscoelastic deformation of surrounding rocks was more obvious in the creep stages. The λ value was kept at approximately 0.6, indicating that the surrounding rocks substantially deteriorated by the dampness-induced argillization so that the final deformation of surrounding rocks was greater than that under the dry state.
TABLE 5 | Fitting parameters of formulas 3 and 4 in the damp state.
[image: Table 5][image: Figure 7]FIGURE 7 | Relationship between numerical monitoring data and theoretical analysis in the damp state.
As shown in Figures 6, 7, the monitoring data under dry and damp states were fitted very well by Eqs 3 and 4. Under the damp state, the maximum strains at roadway vault, left wall, and right wall were 0.29, 0.41 and 0.23%, respectively, and those under the dry state were 0.3, 0.35, and 0.21%, respectively. This finding indicates that the dampness-induced argillization of surrounding rocks impacted the left wall of the roadway in a titled stratum but slightly influenced the roadway vault and right wall.
Figure 8 displays the strain-time relations under dry and damp states. Figure 8 shows that under both dry and damp states, the creep of surrounding rocks at different positions presented typical decay creep (3–18 days), uniform creep (18–46 days), and accelerated creep (46–52 days) with the passing of time. During the creep process, the strains at the roadway vault and right wall under the damp state were slightly greater than those under the dry state, and the strain at the left wall under the damp state was significantly greater than that under the dry state.
[image: Figure 8]FIGURE 8 | Relationship of strain-time under dry and damp states.
As aforementioned, the creep rates of surrounding rocks at different positions in the strain decay and accelerated stages were both higher than that in the uniform stage, thereby using the creep rate in the uniform stage as reference for analysis. Table 6 displays the creep rates of the surrounding rocks in different stages under dry and damp states. Under the dry state, the average creep rate of surrounding rocks at different positions in the decay stage was 1.97–3.74 times of that in the uniform stage, and that in the accelerated stage was 12.69–18.46 times of that in the uniform stage. Under the damp state, the average creep rate of surrounding rocks at different positions in the decay stage was 2.14–6.78 times of that in the uniform stage, and that in the accelerated stage was 12.73–20.14 times of that in the uniform stage. By comparison, the strain of surrounding rocks under the damp state was increased compared with under the dry state. Thus, the dampness-induced argillization accelerated the damage inside surrounding rocks. Finally, the damp state was positively correlated with the strain of surrounding rocks.
TABLE 6 | Creep rates of surrounding rocks in different stages under dry and damp states.
[image: Table 6]Determining the Creep Range for Surrounding Rocks
After the roadway excavation was stabilized, surrounding rocks creeped, thus slowly reducing the roadway cross section. As could be known from Figure 5, the horizonal convergence deformation at two roadway walls was greater than the subsidence deformation at the roadway vault. Accordingly, the horizontal displacement was taken as an example to analyze the creep range of surrounding rocks. Figure 9 exhibits the horizontal displacement nephograms of surrounding rocks in the roadway under dry and damp states within different time periods.
[image: Figure 9]FIGURE 9 | Nephogram of horizontal displacement of roadway surrounding rock under different states (a dry state, b damp state).
As could be observed from Figure 9, the scope of influence of horizontal displacement was gradually enlarged with the lapse of creep time. At 3–18 days, the scope of influence of horizontal displacement of surrounding rocks was small, and that under the dry state was basically consistent with that under the damp state. This finding indicates that under both states, the surrounding rocks deformed slowly at 3–18 days, during which the deformation of surrounding rocks had little to do with the dampness-induced argillization state of surrounding rocks. At 18–46 days, the scope of influence of horizontal displacement was gradually enlarged, and that under the damp state was slightly larger than that under the dry state. This finding indicates that the damage of surrounding rocks under the damp state was slightly greater than that under the dry state. At 18–46 days, the deformation of surrounding rocks was positively correlated with the dampness-induced argillization state of surrounding rocks. At 46–52 days, the scope of influence of horizontal displacement of surrounding rocks substantially expanded, and that under the damp state was larger than that under the dry state. This finding manifests that the damage of surrounding rocks under the damp state was greater than that under the dry state. Consequently, it took less time for surrounding rocks to experience the same deformation. In this stage, the deformation of surrounding rocks showed a significant positive correlation with their damp state. The above analysis results showed that after the argillization of surrounding rocks when encountering water, their deformation was enlarged. However, the dampness-induced argillization state had an obvious time effect on the damage of surrounding rocks, and surrounding rocks were damaged more evidently under the damp state after a certain time point.
The stability of surrounding rocks could be reflected by their deformation rate. When the deformation was smaller than 0.02 mm/d, the surrounding rocks could be considered to be basically stable (Hou, 2017). Under the dry state, Figure 10 displays the horizontal displacement-time relations at different depths on the left side of surrounding rocks in this roadway. As could be known from Figures 6, 7, after 46 days, the surrounding rocks were in an accelerated creep stage. Thus, the creep range of surrounding rocks was distinguished by keeping their deformation rate at 0.02 mm/d (cumulative horizontal displacement: 0.00092 m) within 46 days.
[image: Figure 10]FIGURE 10 | Relationship between horizontal displacement and time at different depths of the surrounding rocks on the left side of roadway.
As observed from Figure 10, the horizontal displacement of surrounding rocks was in a direct proportion to time and inversely proportional to the depth, and the cumulative horizontal displacement of surrounding rocks within the depth range of 1.0–5.5 m of surrounding rocks on the left side was greater than 0.00092 m. Thus, the creep range of surrounding rocks on the left side of this roadway was 1.0–5.5 m. Similarly, under the dry state, the creep ranges of surrounding rocks above the roadway at its right side and beneath it were 1.0–5.0, 1.0–4.5, and 1.0–3.5 m, respectively. Hence, the creep range of surrounding rocks was asymmetric under the dry state, and the overall creep range presented a clockwise reduction from the surrounding rocks on the left side of this roadway.
Under the damp state, the creep ranges of surrounding rocks on the left side of this roadway, above it, on its right side, and beneath it were 1.0–5.5, 1.0–5.5, 1.0–4.5, and 1.0–4.0 m, respectively. This finding manifests that the creep range of surrounding rocks under the damp state was relatively consistent with that under the dry state, but that under the damp state was larger than that under the dry state.
Analysis of Roadway Cross-Sectional Deformation
Owing to the creep of surrounding rocks in this roadway, the roadway cross section was reduced. Additionally, its shape also deviated from the original design, thus impacting the normal basic functions of this roadway. Figure 11 presents the time-dependent changes in relative horizontal and vertical displacements at main monitoring points on the rectangular roadway cross section under the dry state.
[image: Figure 11]FIGURE 11 | Relative displacement of a roadway section at different times in the dry state.
As could be known from Figure 11, under the dry state, the relative horizontal displacement of roadway cross section in a tilted stratum under the dry state was -1.5 to 1.5 cm, and the relative vertical displacement was -2.2 to 1.5 cm. In addition, the relative displacement at each monitoring point was in a direct proportion to time. At monitoring point d, relative vertical displacement played a dominant role, which led to floor heaving of this roadway. At monitoring points b and f, relative horizontal displacement dominated, and the horizontal displacement at point b was greater than that at point f. Thus, the left wall largely caved than the right wall did. At monitoring points a, c, e, g, and h, both relative horizontal and vertical displacements occurred, leading to the inward reduction of roadway cross section, and the displacement at point h indicated the vault settlement and deviation to the left. At monitoring points b, f, h, and d, the relative displacement substantially influenced the cross-sectional change in this roadway, the overall cross-sectional change was asymmetric (approximate to a deflecting rhombus), and finally, the cross-sectional shape was basically identical with that in relevant literature (Li et al., 2021).
Figure 12 shows the time-dependent changes in relative horizontal and vertical displacements at main monitoring points on the rectangular roadway cross section under the damp state.
[image: Figure 12]FIGURE 12 | Relative displacement of a roadway section at different times in the damp state.
As could be known from Figure 12, the main factors influencing the relative displacement-time relations and cross-sectional changes of this roadway in a tilted stratum under the damp state were basically consistent with those under the dry state, the relative horizontal displacement was -1.2–1.6 cm, and the relative vertical displacement was -2.5 to 1.6 cm. The relative displacement range in both horizontal and vertical directions was larger than that under the dry state. Thus, under the damp state, the damage in the surrounding rocks was aggravated, the overall roadway cross section changed asymmetrically (approximating a deflecting trapezoid), and the final roadway cross-sectional shape basically coincided with the relevant literature (Li et al., 2021).
CONCLUSION

1) The Cvisc model considering the weakening coefficient of surrounding rocks is applicable to the decay and uniform creep stages, and that considering damage is applicable to the accelerated creep stage. During the creep process, surrounding rocks were subjected to viscoelastic deformation;
2) At 3–18 days, surrounding rocks basically creeped under the dry state identically with that under the damp state. After 18 days, the creep range under the damp state expanded than that under the dry state, and the damage in surrounding rocks under the damp state had an obvious time effect;
3) Under the dry state, the maximum creep ranges of surrounding rocks on the left side of the roadway, above it, on its right side, and beneath it were 5.5, 5.0, 4.5, and 3.5 m, respectively. Those under the damp state were 5.5, 5.5, 4.5, and 4.0 m, respectively. The overall creep range was asymmetric, being reduced clockwise from the left side of this roadway;
4) Under the dry state, the relative horizontal displacement of this roadway was -1.5 to 1.5 cm, and the relative vertical displacement was -2.2 to 1.5 cm. The cross section of this roadway changed asymmetrically, resembling a deflecting rhombus or trapezoid under the dry state. Additionally, the change laws under the damp state were basically consistent with those under the dry state, but the roadway cross section largely changed under the damp state in an approximately deflecting trapezoid.
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Rock reinforcement is significant in maintaining the stability of excavated structures, such as tunnels and underground roadways. However, shear failure in the rock reinforcement system, especially the shear failure at the rock reinforcement bolt surface, induces a threat to the rock reinforcement system. To reveal the shear stress (SS) propagation mechanism in the rock reinforcement system, this article conducted a literature review. First, the investigation approaches that were used by previous researchers to study the SS propagation were summarized. The advantages and disadvantages of experimental tests, analytical simulation, and numerical simulation were compared and analyzed. Then, the SS propagation process in the rock reinforcement system was presented. Two typical SS propagation modes were explained. More attention was given to the SS propagation mode in which the maximum SS propagates from the external end of rock reinforcement bolts to the internal end of rock reinforcement bolts. After that, a discussion section was given. In the discussion section, the significance of the SS propagation was further emphasized. Moreover, the limitations in the analytical simulation and numerical simulation were indicated. It is concluded that when studying the SS propagation mechanism of rock reinforcement bolts, combining experimental tests, analytical simulation, and numerical simulation is a better choice. This study is beneficial for revealing the SS propagation mechanism of the rock reinforcement system.
Keywords: rock mechanics, fracture development, rock reinforcement, deformation failure, decoupling behavior
INTRODUCTION
In rock mechanics, failure of rock masses is commonly encountered (Wang et al., 2021a). This is because fractures distribute non-uniformly in rock masses (Nikolenko et al., 2021; Yang et al., 2021). Moreover, experiment work proves that rock masses which are full of fractures are quite low in strength (Gao et al., 2021).
This is more prominent when the rock masses are subjected to manual excavations (Zhang et al., 2021). For example, in civil engineering and mining engineering, excavation activities are performed to create tunnels, chambers, or roadways (Chen et al., 2022). These tunnels and roadways will be later used in serving transportation and ventilation (Yao et al., 2020).
It is ensured that this manual excavation disturbs the initial stability of rock masses (Wu et al., 2018). Moreover, due to manual excavations, stress concentration occurs in rock masses (Chen et al., 2020; Zhang et al., 2022). Consequently, fractures are likely to develop in rock masses (Zhang et al., 2020a; Chen et al., 2021a; Yang et al., 2022). This further weakens the rock mass strength.
To guarantee the safety of the rock mass excavation, rock reinforcement bolts are commonly used (Li et al., 2021a; Wang et al., 2021b; Chang et al., 2021). Experimental work proves that rock reinforcement bolts can combine the jointed rock mass. Moreover, once rock masses converge, shear deformation will occur in the grout column. Consequently, stress can be transferred in the rock reinforcement system (Thompson et al., 2012).
During the loading process, the shear stress (SS) propagation plays a significant role (Wang et al., 2020a). Therefore, proper understanding of the SS propagation mechanism in the rock reinforcement system is quite significant.
This article aims at revealing the SS propagation mechanism in the rock reinforcement system. To realize this purpose, a literature review was conducted. This study is beneficial to propose new reinforcement approaches to prevent rock mass failure.
PREVIOUS STUDY ON THE SS PROPAGATION
Investigation Approaches
To study the SS propagation mechanism in the rock reinforcement system, previous researchers adopted various approaches. Generally, investigation approaches can be classified into three different types: experimental tests (Marian et al., 2021), analytical simulation (Liu et al., 2017; Li et al., 2021b), and numerical simulation (Chen et al., 2021a).
Experimental tests should be the most credible one. Specifically, strain gauges are adhered on the bolt surface (Wang et al., 2019). Then, this instrumented bolt is installed in a rock block. Grout is used to bond the bolt with the rock block (Chen et al., 2021b; Yu et al., 2021). After full curing, the bolt is pulled out. During testing, tensile force distribution along with the bolt can be measured. Then, Eq. 1 is adopted to simply calculate the SS at the bolt surface (Aoki et al., 2003).
[image: image]
where τ is SS at the bolt surface, Db is the bolt diameter, E is the elastic modulus of the bolt, ε is the tensile strain of the bolt, and ΔL is the spacing between two adjacent strain gauges.
This approach has been used by a number of researchers (Wang et al., 2020b). However, a shortcoming is that the attached strain gauges are likely to be stripped from the bolt surface. To solve this issue, Chekired and Benmokrane (Chekired et al., 1997) developed the tension measuring device. This device can be mounted on the bolt to measure the strain distribution. Additionally, Martin and Pakalnis (Martin et al., 2008) proposed replacing the central wire in the cable bolt with a modified wire. Specifically, along with this modified wire, strain gauges were attached.
In addition, analytical simulation is an efficient approach to study the SS propagation mechanism (Chen et al., 2021c). Specifically, although the bolt may have a long length, the infinitesimal method can be used to analyze the SS at the bolt surface, as shown in Eq. 2 (Ma et al., 2019):
[image: image]
where dσb(x) is the increment of the tensile stress in the bolt.
Then, it is assumed that the bolt surface has the same mechanical property (Zou and Zhang, 2019). A bond-slip equation can be used to depict the relationship between the SS at the bolt surface and the slip (Zhang et al., 2020b). By incorporating the bond-slip equation into Eq. 2, analytical equations can be developed.
This analytical approach was initially proposed by Farmer (Farmer, 1975). However, at that period, the decoupling behavior was not considered. Later, this analytical method was adopted by others (Zhu et al., 2021). Aydan and Ichikawa (Aydan et al., 1985) made a significant improvement on analytical simulation. Their innovation is that the classic trilinear equation was proposed to describe the slip behavior of the bolt surface. Based on the trilinear equation, the bolt surface encountered the elastic, softening, and decoupling behavior. Therefore, the coupling and decoupling behavior of the bolt surface can be simulated.
Moreover, the trilinear equation may be simplified into the bilinear equation to evaluate the SS propagation of the bolt surface (Cai et al., 2004). The main difference between the bilinear equation and the trilinear equation is that there is no linear softening behavior in the bilinear equation.
In recent years, numerical simulation has become more popular in rock reinforcement analysis. It is because numerical simulation is powerful in establishing and calculating complicated structures (Mohamed et al., 2020). As for the rock reinforcement analysis, more research was focused on using the structure element, such as the cable or pile. There is a significant difference between the cable and pile. Specifically, the cable only considers the longitudinal performance of rock reinforcement bolts. In contrast, the pile can analyze both the longitudinal performance and the lateral performance of rock reinforcement bolts.
The advantage is that numerical elements have already been created by commercial companies. Therefore, users can conveniently adopt the structure element to simulate different rock reinforcement cases. In contrast, the shortcoming is that the original constitutive equation may not truly reflect the proper behavior of the rock reinforcement system. For example, in the structure element of the cable, the bolt surface is assumed to deform following an elastic perfectly plastic equation, as shown in Eq. 3 (Nemcik et al., 2014).
[image: image]
where kg is the shear stiffness of the grout column, δ is the slip of the bolt surface, δp is the slip of the bolt surface when the peak strength reaches, and τp is the peak strength of the bolt surface.
It neglects the post-failure behavior of the bolt surface. Therefore, it cannot truly simulate the loading performance of bolts without modification.
Nevertheless, the commercial software usually reserves the secondary development interface. For example, for the structure element of the cable, the Itasca Company prepared a number of FISH functions (Chen et al., 2021d). For the structure element of the pile, the Itasca Company created the TABLE function (Chen and Li, 2022). Therefore, users can use these FISH functions or TABLE function to modify the original rock reinforcement elements. For example, Figure 1 shows the comparison between the original pile and the revised pile. Apparently, with the original pile, at the end of the SS propagation process, the SS at the full bolt surface equaled the peak strength. This overestimated the loading capacity of bolts. In contrast, with the modified pile, there was always a non-uniform SS distribution at the bolt surface. This was more consistent with the experimental test results. Consequently, it saw a wide application of the commercial numerical tools in the rock reinforcement analysis (Shang et al., 2018).
[image: Figure 1]FIGURE 1 | Comparison between the structure element of pile in analyzing the SS propagation process: (A) The original pile and (B) the revised pile.
SS Propagation Mechanism
Based on the previous research, it is accepted that the SS at the bolt surface may have a uniform distribution if the anchor length was short enough (Blanco Martín et al., 2010). Benmokrane and Chennouf (Benmokrane et al., 1995) indicated that when the anchor length is less than four times the bolt diameter, the SS can be treated equal. Based on this concept, Eq. 4 was used to calculate the SS at the bolt surface (Ma et al., 2013):
[image: image]
where F is the pulling force and L is the anchor length.
It should be noted that Eq. 4 is valid when the anchor length is constant during the pulling process. Nevertheless, it is more common to encounter the scenario where the anchor length decreases gradually. Then, Eq. 5 can be used to calculate the SS (Ma et al., 2013).
[image: image]
where ub is the pulling displacement.
More importantly, rock reinforcement bolts usually have a long length (Cao et al., 2013). In this case, after the bolt is subjected to tensile loading, a non-uniform SS distribution occurs. For the laboratory monotonous loading condition, the bolt usually has two ends. One is embedded in the rock block, and it is called the internal end. By contrast, the other one is left outside and it is called the external end. Since there is a non-uniform SS distribution, SS propagation between the two ends of the bolts generates.
Some research indicated that the maximum SS under each loading level was likely to occur around the same position (Teymen and Kılıç, 2018). Moreover, that position was close to the borehole collar.
In contrast, it is more common to see that during the initial load process, the SS at the borehole collar increased gradually. With the loading increasing, the SS at the borehole collar increased to the peak strength. Then, it started dropping. More interestingly, the maximum SS moved toward the internal end direction. This SS propagation ended when the SS at the internal end of the bolt reached the peak strength.
As a validation of this SS propagation concept, Rong and Zhu (Rong et al., 2004) conducted laboratory pull-out tests on bolts. Strain gauges were attached on the bolt surface to record the tensile force distribution. Later, Ma and Nemcik (Ma et al., 2013) analyzed these experimental data. Eq. 1 was used to calculate the SS at the bolt surface. The analysis results showed that at the initial loading grade, the SS at the borehole collar increased gradually. However, after a certain loading level, the SS at the borehole collar reached the peak strength. With the loading level further increasing, the maximum SS propagated gradually toward the external end. This analysis result was consistent with the above SS propagation concept. Therefore, the experimental work and the corresponding data analysis proved the reliability of the SS propagation concept.
Additionally, the analytical simulation and numerical simulation can better reflect the SS propagation process. Ren and Yang (Ren et al., 2010) used the classic trilinear equation to depict the slip behavior of the bolt surface. They analyzed the SS propagation process at the bolt surface. The results showed that the maximum SS at the bolt surface propagated from the external end to the internal end. Moreover, although each point at the bolt surface experienced the elastic, softening, and decoupling behavior, the full bolt surface underwent five different grades. They were the elasticity, elasticity-weakening, elasticity-weakening-decoupling, weakening-decoupling, and decoupling grades. Later, Blanco Martín and Tijani (Blanco Martín et al., 2013) indicated that when the trilinear equation was used to depict the slip behavior of the bolt surface, the full bolt surface may undergo a pure softening grade.
It should be mentioned that when different bond-slip equations are used, the full bolt surface may undergo different grades. For example, Chen and Liu (Chen et al., 2021e) indicated that when a bilinear equation was used to depict the slip behavior of the bolt surface, the full bolt surface only experienced three grades: the elastic grade, elastic-decoupling grade, and decoupling grade.
Although different bond-slip equations can be used, the SS propagation mechanism was consistent. Specifically, the maximum SS at the bolt surface consistently propagated from the external end to the internal end, as shown in Figure 2.
[image: Figure 2]FIGURE 2 | SS propagation process: (A) Trilinear equation, (B) the corresponding SS propagation process, (C) bilinear equation, (D) the corresponding SS propagation process, (E) non-linear equation, and (F) the corresponding SS propagation process.
This finding was also confirmed with the numerical simulation. Nemcik and Ma (Nemcik et al., 2014) modified the original structure element in FLAC2D and simulated the SS propagation process at the bolt surface. A non-linear bond-slip equation was used. The results showed that each point at the bolt surface obeyed the same non-linear bond-slip equation. With the loading level increasing, the maximum SS at the bolt surface propagated toward the internal end. This finding was consistent with the others (Nie et al., 2018).
DISCUSSION
The SS at the bolt surface plays a significant role in determining the loading capacity of bolts (Wu et al., 2019). Under the static loading condition, the loading capacity of the bolts equals the sum of the shear force at the bolt surface (Ho et al., 2019). Since the SS at the bolt surface can be calculated directly with the shear force at the bolt surface, as shown in Eq. 6, there is a close relationship between the SS at the bolt surface and the loading capacity of the bolts (Zuo et al., 2019).
[image: image]
where Fs is the shear force at the bolt surface and As is the contact area between the bolt and the grout column.
Therefore, it is valuable to understand the SS propagation mechanism of bolts. To realize this purpose, previous researchers used various approaches. It is believed that the experimental approach is more credible. This is because compared with the experimental approach, the analytical simulation and numerical simulation usually relied on a number of assumptions (Yokota et al., 2019). Whether those assumptions are reasonable is doubted. In the analytical simulation, it is usually assumed that the bolt, grout column, and surrounding rock masses deform elastically. In fact, in experimental tests, failure of the rock masses may occur because of the radial dilation at the bolt surface. Therefore, under this scenario, the analytical simulation which assumes that only slip failure occurs at the bolt surface may not be trustable.
Similarly, in the numerical simulation, rock masses are simulated with different elastoplastic equations. Among kinds of equations, the Mohr–Coulomb equation is more commonly used. This equation is relatively simpler and its input parameters can be acquired directly from experimental tests. However, it cannot properly simulate the post-failure behavior of rock masses. Specifically, after the peak, the strain softening behavior and residual behavior of rock masses cannot be properly simulated. In this case, the interaction between the numerical rock mass and bolts cannot be the same as in the reality. This is also the reason why the numerical simulation work should be calibrated and compared with experimental results.
Nevertheless, this is not to deny the significance of analytical simulation and numerical simulation. In fact, these two approaches are more effective for researchers to understand the SS propagation mechanism of bolts. Therefore, it is suggested that combining the experimental tests, analytical simulation, and numerical simulation is a better choice for studying the SS propagation mechanism of bolts.
CONCLUSION
This article conducted a literature review on the SS propagation mechanism of rock reinforcement bolts. The previous investigation approaches were summarized. It is concluded that previous researchers usually used experimental tests, analytical simulation, and numerical simulation. Among those approaches, the experimental approach is more widely used. The experimental test results are also more likely to be accepted by others. By contrast, the analytical approach had more degree of freedom. With this approach, researchers can use different bond-slip equations to depict the slip behavior of the bolt surface. As for the numerical simulation, it is convenient for users since the original constitutive equation has already been created by the developer. Moreover, developers usually reserve the secondary development interface for users to modify the original constitutive equations.
As for the SS propagation mechanism, it is more commonly agreed that during the pulling process of bolts, the SS at the borehole collar firstly increased. With the loading level increasing, the SS at the borehole collar gradually reaches the peak strength. Then, with the further increasing of the loading level, the maximum SS starts propagating toward the internal end. This phenomenon was consistently observed in experimental tests, analytical simulation, and numerical simulation.
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Deep mining is an inevitable trend in China and the world, for which the construction of deep and large vertical shafts is the primary task. A shaft sinking headframe is a basic structure for supporting various hoisting and sinking equipment during vertical shaft construction. The design of the shaft sinking headframe is challenging due to the significant differences in the geometry and working load compared to conventional steel structures. Recently, the effect of uneven foundation settlement on the shaft sinking headframe has been of great concern when sinking shafts by the freezing sinking method or in permafrost soil areas. In this study, finite element calculations were performed to investigate the mechanical behavior of the SA-3 shaft sinking headframe under uneven foundation settlement (0.001–0.006 L) and normal working-load conditions. The results indicate that the most unfavorable condition for the stress of members is the diagonal double foundation settlement, and in the view of the geometric offset, the most unfavorable condition is the same-side double foundation settlement. The corner members near the settled foundation were changed from a state of compression to tension. Uneven foundation settlement of less than 0.001 L is acceptable for the safety and service performance of the shaft sinking headframe. These criteria can be used for reference in engineering practice.
Keywords: shaft sinking headframe, uneven foundation settlement, FE analysis, mechanical behavior, deep mining
INTRODUCTION
Shaft sinking headframes are a basic structure for supporting various hoisting and sinking equipment during shaft construction. It mainly consists of a sheave wheel platform and a muck discharging platform (Wang, 2018a). After shaft construction, the shaft sinking headframe will be replaced by a permanent headframe to meet the needs of mine production. Therefore, in the general sense of engineering, the shaft sinking headframe is a temporary structure and needs to have advantages of installation, simple structure, and convenient transport.
During the period from 1965 to 1986, seven steel pipe shaft sinking headframes were widely used in China and finalized as types I, II, III, IIIG, IV, IVG, and V by the Ministry of Coal Industry of China (Wang, 1988). However, with the increasing demand for deep mining, the vertical shafts being sunk in China are tending to get deeper or larger (Yu and Shi, 1991; Qi and Pu, 2013; Liu et al., 2017a). Until recently, the maximum vertical shaft depth in China was 1915 m (under construction, auxiliary shaft of Sanshandao Gold Mine) and the maximum vertical shaft internal diameter was 11 m (under construction, auxiliary shaft of Sanshandao Gold Mine), respectively. To meet the demands of deep (depth of 1,000–1,500 m), large (internal diameter of 10–12 m) vertical shaft constructions, several new large shaft sinking headframes have been developed by researchers and engineers, such as Wang (Wang et al., 2012; Wang, 2018b), who presented the design idea and application of two new shaft sinking headframes and classified them as type VI and VII. Liu et al. (Liu et al., 2017a; Liu et al., 2017b) also proposed a series of new large shaft sinking headframes based on the study of the National High Technology Research and Development Program of China (Study of key technology and equipment on large sinking headframes and shaft wall hanging method). The new large shaft sinking headframes can be divided into two categories: the SA set with a single sheave wheel platform and the SM set with a double sheave wheel platform (Wang et al., 2017). For each category, three specifications, which are suitable for internal shaft diameters of 6–8 m, 8–10 m, and 10–12 m, respectively, are included. These developments in the shaft sinking headframe have successfully supported deep and large shaft construction in China (Wang et al., 2019).
Design of the shaft sinking headframe is challenging due to the significant differences in the geometry, rigidity, and behavior of shaft sinking headframes compared to conventional steel structures (Shu et al., 2016; Hardy, 2019). The differences are related to the main purpose of the shaft sinking headframe, which is the support of hoisting and sinking equipment. However, for the design of shaft sinking headframes, there are no special codes and standards to refer to, nor are there regulations for the behavior of shaft sinking headframes against the differential foundation settlements (Xiao et al., 2009; Lu and Ma, 2016; Wang, 2018b). The structure of the shaft sinking headframe is redundant and sensitive to uneven foundation settlement. On the one hand, uneven foundation settlement will induce large secondary stress in members and thus reduce their bearing capacity. On the other hand, it will cause inclination of the shaft sinking headframe, which directly affects the overall stability of the shaft sinking headframe, causes offset of the hoisting centerline, and thus, affects the safety of the hoisting system.
As noted by Liu et al. (Liu et al., 2005), when using the freezing sinking method or in permafrost soil areas, the frost heave and thawing settlement may cause uneven uplift or settlement of the foundation and thus result in large secondary stress, excessive deformation, overall tilting, and even collapse of the shaft sinking headframe. The effect of the uneven settlement of the foundation on the superstructure has been of much concern to engineers. Chen and Shi (Chen and Shi, 1999; Chen, 2014) studied the strain and stress of a multi-rope hoisting steel headframe (permanent shaft headframe) subjected to the unequal settlement of foundations through model tests and theoretical analysis. The weak aspects of the steel shaft permanent headframe were: the torsion of members; weak axial strength of cross section of members; rigidity of the corner post; and sensitivity to uneven settlement. Liu and Zheng (Liu and Zheng, 2004) simulated the ground as an elastic support to investigate the influence of the ground’s unequal settlement on the steel structure’s behavior and found that the distance of the columns was an important factor affecting the internal force redistribution caused by unequal settlement. Wang et al. (Wu, 2006) investigated the uneven settlement of the Xinli auxiliary shaft tower and found that the differential settlement between the southeast corner and northwest corner of the shaft tower was about 80 mm during a 250 day monitoring period. The research indicated that the melting of frozen soil, load eccentricity, and groundwater pumping were the three main factors affecting the uneven subsidence of the shaft tower foundation. Xiao et al. (Yang and Chen, 2015) presented details of uneven settlement and reinforcement of a type V shaft sinking headframe foundation after the freezing and sinking of the south return-air shaft at Tunliu Mine. After thawing the frozen wall, the shaft sinking headframe foundation sunk 15, 67, 14, and 88 mm in the southeast, northeast, southwest, and northwest, respectively, and, correspondingly, the east and west sides of the sheave wheel platform moved northward by 124 and 143 mm. Although it is important to consider the total displacement of the foundation, the differential settlement is very important to the behavior of the shaft sinking headframe and must be considered in its structural design (Dong et al., 2000). Due to the complicated physical and engineering properties of subsoil, phenomenon of uneven foundation settlement is inevitable in many cases and it can further lead to many engineering problems such as bearing capacity losses and even overturning of superstructure. At present, few studies focus on the behavior of shaft sinking headframes under uneven foundation settlement. The related technical qualifications and application scope are not yet clear.
Therefore, in this paper, we took a type SA-3 shaft sinking headframe as an example to study its behavior and influence mechanism under the uneven settlement of foundations. The type SA-3 is one of the newly developed shaft sinking headframes with a single sheave wheel platform and has been used at the Sishanling auxiliary shaft, which has a net diameter of 10 m and a depth of 1,503 m. The resultant stress of the SA-3 shaft sinking headframe due to an imposed uneven settlement was analyzed using a finite element model. Compared with those reported earlier by other researchers, the maximum allowable value of the uneven settlement of foundations under normal working conditions was put forward.
MAIN PARAMETERS AND ANALYZE METHODS
Main parameters of the SA-3 shaft sinking headframe
The SA-3 shaft sinking headframe was designed for sinking vertical shafts with an internal diameter of 10–12 m and a depth of 1,200 m. The structure and major dimensions of the SA-3 shaft sinking headframe are shown in Table 1 and Figure 1.
TABLE 1 | Main parameters of the SA-3 shaft sinking headframe.
[image: Table 1][image: Figure 1]FIGURE 1 | 3D sketch of the SA-3 shafts sinking headframe.
The SA-3 shaft sinking headframe adopts an MU type sheave wheel platform and an REN type bracing frame and achieves a maximum bearing capacity greater than 10,000 kN under the rope breaking condition. The height of the SA-3 shaft sinking headframe is 28 m, and sizes of the sheave wheel platform and bottom section of the SA-3 shaft sinking headframe are 9.5 and 19 m, respectively.
As shown in Figure 2, the sinking equipment on the SA-3 shaft sinking headframe mainly includes: four hoisting buckets (one double-hook hoisting and two single-hook hoisting), two central rotary muckers, a movable metal form (four wire ropes for suspending), a four-layer sinking platform (six wire ropes for suspending, four of them are used as guide ropes for the bucket), and a safety ladder, cables, pipes, etc.
[image: Figure 2]FIGURE 2 | Layout of sinking equipment on the SA-3 shaft sinking headframe.
Loads acting on the shaft sinking headframe generally include permanent, variable, and special loads. Permanent loads refer to the self-weight of the shaft sinking headframe and sinking equipment. Variable loads refer to the loads that may change during shaft sinking, such as the working load of the hoisting wire rope, wind load, etc. Special loads refer to the breaking load of the hoisting wire rope, because the bucket is running at high speeds, and accidents, like jamming, serious over-winding, or cable slipping away from the sheave, are more likely to happen. In design, the following two load conditions shall be taken into consideration: the normal working condition and the rope breaking condition.
In the normal working conditions, the weight of the shaft sinking headframe and accessory equipment and the working loads of various hoisting and suspending ropes are included.
In the rope breaking condition, the considered loads include the weight of the shaft sinking headframe and accessory equipment, the breaking load of one hoisting rope, the double working load of the yoke rope, and the working load of the other ropes. In general, the partial factors of the permanent and variable loads are selected as 1.2 and 1.4 under normal working conditions and are selected as 1.0 under rope breaking conditions. The values of the loads under the working and rope breaking conditions are listed in Table 2. It can be seen that the total loads applied to the SA-3 shaft sinking headframe under normal working conditions and rope breading conditions are approximately 5,000 kN and 10,000 kN, respectively.
TABLE 2 | Loads applied to the SA-3 shaft sinking headframe under normal working conditions.
[image: Table 2]Finite element analysis of the SA-3 shaft sinking headframe
The finite element (FE) analysis method is effective for evaluating the behavior and strength of the space steel pipe truss structure. In this paper, SAP 2000 was used to model the behavior of the SA-3 shaft sinking headframe subjected to uneven foundation settlement. As shown in Figure 3, a finite element model was built in accordance with the SA-3 structural design drawings. Sections of the boundary beam and middle beam on the sheave wheel platform were welded I-beams with dimensions of H1350 × 700 × 25 × 50 mm. Sections of the main bracing structure members are pipes with dimensions of ∅377 × 16 mm and ∅299 × 10 mm, respectively. The main beam on the muck discharging platform is double channels of ][36a. Because this study focuses on the behavior of the structural member, the connections between the members were not addressed. We assumed that the beam-to-beam joint and beam-to-corner post joint are rigid connections (red point shown in Figure 3) and other joints of the members are pinned for FE modeling. This assumption more properly presents the real structural behavior of the shaft sinking headframe. In SAP 2000, the pin connections of the members can be simulated by releasing one or more of the element degrees of freedom from the joint. For rigid connections, the three translational and three rotational degrees of freedom of the frame element are continuous. For pin connections, rotation at the end of the element should be released, and this assures that the moment is zero.
[image: Figure 3]FIGURE 3 | FE model of the SA-3 shaft sinking headframe.
In the FE analysis, only normal working conditions were considered. Based on the layout of the sinking equipment on the SA-3 shaft sinking headframe, loads under normal working conditions were applied to the FE model. Figure 4 shows the loads applied on the sheave wheel platform, each load was resolved into vertical and horizontal components at the connection of the secondary beam (for installation of hoisting and suspension sheaves) and applied to the FE model as a concentrated load. The weight of the members is calculated automatically by the program. The reliability of the FE model was verified by comparison with model test results in the structural design stage of the SA-3 shaft sinking headframe.
[image: Figure 4]FIGURE 4 | Loads applied on the sheave wheel platform under normal working condition.
Uneven foundation settlement of the SA-3 shaft sinking headframe
The foundation form of the shaft sinking four posts is independent of the foundation, and the settlement does not affect either. Therefore, there are various possible combinations of uneven settlement between the four post foundations, such as single, same-side, diagonal, double, and three-foundation settlement. According to the symmetrical characteristics of the bracing structure of the SA-3 shaft sinking headframe, the effect of three foundation settlements will be similar to a single foundation settlement, more specifically, it will be similar to the effect of single foundation uplift. The effect of same-side double foundation settlement is more likely to cause inclination and reduce the overall stability of the shaft sinking headframe. Referring to the standard for the design of mine headframes in China (GB 50385-2018), the allowable foundation deformation of mine headframes is as follows: for a single-diagonal-bracing steel headframe, the settlement difference between foundations should not exceed 0.001 L, in which L is the center-to-center spacing of the adjacent foundation; for a double-diagonal-bracing steel headframe, the settlement difference between foundations should not exceed 0.0005 L; and for both, the maximum settlement should be less than 80 mm.
Based on the above considerations, in this study, the following three combinations of uneven foundation settlements are discussed: Single, same-side, and diagonal double foundation settlement with a maximum uneven settlement of 160 mm. Details of the considered uneven foundation settlement combinations are shown in Figure 5 and Table 3.
[image: Figure 5]FIGURE 5 | Diagram of uneven foundation settlement of the SA-3 shaft sinking headframe.
TABLE 3 | Combinations of the uneven foundation settlement on the SA-3 shaft sinking headframe.
[image: Table 3]RESULTS AND ANALYSIS
Mechanical performance of the SA-3 subjected to uneven foundation settlement
Figure 6 shows the axial force diagram of members caused by the settlement of a single foundation A under normal working conditions. From the figure, it can be seen that the axial force of the members near foundations A and C was changed from compression to tension, whilst the members near foundations B and D were subjected to compression and their axial force increased as the foundation settlement increased.
[image: Figure 6]FIGURE 6 | Axial force of the members versus the settlement of a single foundation A. (A) A-0 mm (B) A-20 mm (C) A-40 mm (D) A-60 mm (E) A-80 mm (F) AB-100 mm
The additional stress ratio (∆λtotal, which is the additional total stress ratio caused by uneven foundation settlement compared to the initial state of members under normal working conditions) of beams on the sheave wheel platform and total stress ratios (λtotal = λN+λMmaj+λMmin, in which λN is the axial stress ratio, λMmaj is the moment stress ratio in the principal axis direction, and λMmin is the moment stress ratio in the secondary axis direction) of the corner members are plotted in Figures 7, 8. Figure 7 shows that additional stress occurs in the middle beams, ZL-1 and ZL-2. The additional stress ratio is about 35% under a single foundation settlement of 20 mm (0.001 L = 19 mm), and approximately 141% under a diagonal double foundation settlement of 20 mm. In Figure 8, the results show that the axial force of the corner posts has essential variations under single foundation settlement and diagonal double foundation settlement. The states of the corner posts, G-5, G-9 (foundation A side), G-7, and G-11 (foundation C side), changed from compression to tension. In view of the total stress ratio, 60 mm of single foundation settlement (max. additional stress ratio is 51% in G-3) and 40 mm of diagonal double foundation settlement (max. additional stress ratio is 82% in G-2) are acceptable for the safety of the corner members.
[image: Figure 7]FIGURE 7 | Additional stress of beams under uneven foundation settlement.
[image: Figure 8]FIGURE 8 | Axial force of the corner members under uneven foundation settlement.
Deformation behavior of the SA-3 subjected to uneven foundation settlement
Figure 9 shows the contours of the displacement of the deformed sheave wheel platform under various foundation settlements. The results show that the displacements were mainly toward the side of the settled foundation and increased as the uneven foundation settlement increased. At the maximum foundation settlement of 120 mm, displacements of the top corners reached 263 mm, 288 mm, and 175 mm under a combination of single A, double AB, and AC foundation settlement.
[image: Figure 9]FIGURE 9 | Contours of the deformed sheave wheel platform of the SA-3 shaft sinking headframe.
The ratio of the resultant displacement to the geometric offset is important in evaluating the ability of the shaft sinking headframe subjected to uneven foundation settlement. The geometric offsets at the top center position of the shaft sinking headframe can be approximately calculated according to the following formula:
[image: image]
Here ∆s is the settlement difference between foundations in mm; H is the top surface height of the sheave wheel platform; and L is the distance between the corner members at the bottom of the SA-3 shaft sinking headframe.
Figure 10 shows the analyzed displacement in the X-Y plane at the top center position of the SA-3 shaft sinking headframe by FE analysis. It can be seen that the resultant displacement in the X-Y plane occurred under the conditions of the same-side double and single foundation settlement. The displacement in the X-Y plane increased almost linearly with the foundation settlement. The ratios of the resultant displacement in the X-Y plane to the geometric offset were 2.0 and 2.8, respectively. There was no significant displacement in the X-Y plane at the top center of the SA-3 shaft sinking headframe under the condition of the diagonal double foundation settlement.
[image: Figure 10]FIGURE 10 | Axial force of the corner posts under uneven foundation settlement.
DISCUSSION
As mentioned above, uneven foundation settlement can cause additional stress on members and geometric offset on sheaves, which affects the safety and service performance of the shaft sinking headframe. The accurate prediction of the adverse effects of uneven foundation settlement on shaft sinking headframe is of practical importance. In general, the total stress ratio of the members should be less than 1.0 (standard for designing steel structures: GB 50017-2017) and the distance between the sinking platform and the concrete shaft lining should not exceed 100 mm (code for construction of shaft and roadway of coal mine: GB 50511-2010). Therefore, determining the criteria of uneven foundation settlement should consider both the stress and deformation behavior of the shaft sinking headframe structure. Figure 11 plots the number of overstressed frames versus the uneven foundation settlement ratio (∆s/L). It shows that the numbers of overstressed frames under the foundation settlement of AC and A were larger, and the number of overstressed frames under the foundation settlement of AB was comparatively small. For safety considerations, the number of overstressed frames can be ignored when the uneven foundation settlement is less than 0.001 L. Meanwhile, as shown in Figure 10, displacement at the top center of the sheave wheel platform was less than 100 mm when the uneven foundation settlement was less than 0.001 L. This result is consistent with the standard for design of mine headframes (GB 50385-2018), which makes the result reliable and very useful in engineering practice. At present, although there are grouting reinforcement and rectification technologies to deal with the uneven foundation settlement under emergency conditions, we should pay more attention to geotechnical investigation and to prevent the uneven settlement of foundations.
[image: Figure 11]FIGURE 11 | Axial force of the corner posts under uneven foundation settlement.
CONCLUSION
In this study, an FE analysis was performed to investigate the effects of uneven foundation settlement on the mechanical and deformation behavior of the shaft sinking headframe. The criterion of the shaft sinking headframe subjected to uneven foundation settlement was discussed. The main conclusions are as follows:
1) Uneven foundation settlement can cause additional stress of members and geometric offset of sheaves and affect the safety and service performance of the shaft sinking headframe. The most unfavorable condition for the stress of members is diagonal double foundation settlement. In contrast, the most unfavorable condition for the geometric offset of the structure is same-side double foundation settlement.
2) The axial force of the members near the settled foundation changed from compression to tension, whilst the members near the unsettled foundation were subjected to compression and their axial force increased as the uneven foundation settlement increased.
3) Displacement in the X-Y plane mostly occurred under conditions of same-side double and single foundation settlement. The displacement in the X-Y plane increased almost linearly with the uneven foundation settlement.
4) Acceptable uneven foundation settlement for the shaft sinking headframe can be determined as 0.001 L. This result is reliable and can be used for reference in engineering practice.
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When blasting to enhance permeability in deep-buried soft coal mining face with a hard roof whose gas drainage requirement is higher, the charging hole and control hole (which doubles as drainage hole) are easy to be deformed and damaged, seriously affecting the blasting implementation and effect. Combining with the stratum characteristics of soft coal seam and hard surrounding rock, the idea of arranging boreholes near the surrounding rock to reduce deformation, inspired by the end effect, is put forward. Then, the experimental research on the deformation characteristics of boreholes at different distances from the surrounding rock is carried out, and the results show that the closer the borehole is to the roof (floor), the smaller the deformation, under the same stress conditions and within a certain distance. Based on this, a new scheme of arranging control holes and blasting holes near the roof and floor is proposed and designed. The field test results show that the blasting of 60 m deep holes are successfully realized and the remarkable permeability enhancement effect is achieved, verifying the feasibility and effectiveness of the improved scheme. This study explores a new blasting permeability enhancement scheme with practical value and reference significance for deep-buried soft coal mining face with a hard roof.
Keywords: blasting, permeability enhancement, deep buried, soft coal, borehole deformation
INTRODUCTION
Gas dynamic disasters with noteworthy burstiness, destructiveness, and complexity often cause huge casualties and property losses (Yu et al., 2013; Wang et al., 2021), and its most important and fundamental technical means of prevention and control is gas drainage (Li, 2015; Zhou et al., 2016; Nikitenko and Glukhikh, 2021). However, coal seams with the risk of gas-dynamic disasters are always not only with high gas content but of poor permeability, resulting in a small drainage radius and poor drainage effect, which requires permeability enhancement to strengthen gas drainage (Lei et al., 2016; Cheng and Pan, 2020; Zhang et al., 2020).
Among a variety of common technologies of permeability enhancement, controlled blasting with the advantages of simple process and high efficiency, has been more and more widely studied and applied (Bhandari, 1980; Zhang and Liu, 2013; Guo et al., 2020). It is found that the gas drainage rate of the working face was increased by more than 17% in the pre-drainage test of underground deep hole pre-splitting blasting (Wang et al., 2012). By analyzing the changes in coal stress and longitudinal wave velocity in different blasting ranges, Zhicheng Xie and others predicted the effective cracking radius and effective influence radius and then optimized the drilling layout, and brought the net drainage quantity after blasting which is 1.54∼2.24 times higher than that before blasting (Xie et al., 2017). To improve the gas drainage effect of a coal seam with high gas content and low permeability, hydraulic-controlled blasting of a deep hole was carried out to provide pressure relief and to increase the permeability of a coal seam. The mechanism for pressure relief and permeability improvement caused by the hydraulic-controlled blasting was then analyzed. It was found that the outcomes were the result of joint action by the blasting force and the hydraulic pressure (Ye et al., 2017). Based on the analysis of the influence of the charging structure on the propagation characteristics of explosion stress waves and the zoning of blasting cracks, the field test of coal seam deep hole-shaped charge blasting was designed and carried out. The results showed that the charging structure affects the permeability enhancement effect of coal seam deep hole-shaped charge blasting (Guo et al., 2018a). It is calculated that the single drilled fracture crack extension range is 3.11∼5.24 m according to the coal seam deep-hole pre-splitting blasting joint mechanism and fracture propagation mechanics model, providing a theoretical basis for choosing the appropriate hole spacing (Ti et al., 2018). The multi-hole pre-splitting blasting technology is proposed and applied and it was found that the permeability of the coal seam which improved by deep hole pre-splitting blasting was 2.5 times than that of the original coal seam (Huang et al., 2019). To reduce gas disasters in low permeability and high-gas coal seams and improve gas pre-drainage efficiency, by comparing and analyzing the damage distribution nephogram of coal and rock mass under the influence of different millisecond blasting time intervals and the blasting effect of the simulation model, the optimal layout parameters of multilayer through cracks were obtained theoretically (Zhao et al., 2021).
These research and application results of blasting permeability enhancement technology have played an important role in coal seam gas control, but most are aimed at shallow or hard coal seams, and focused on the blasting mechanism, charging structure, or permeability enhancement effect. Few studies have been carried out on the problem that the charging hole and control hole (doubles as drainage hole) are easy to be deformed and damaged in deep-buried soft coal seams, which seriously affects the blasting implementation and effect. With the increase of mining intensity and depth, gas dynamic disasters become more and more serious and complex. Not only does the high incidence zone expand from the coal roadway heading face to the mining face with a much wider range, but gas dynamic disasters of the mining face directly covered with hard rock, under the disturbance of roof breaking, often occur in the case of “low threshold”, namely lower than the conventional critical index (Yin et al., 2017; Zhao et al., 2020). It brings many problems to the gas drainage work based on blasting to enhance permeability. First, the deformation and damage of blasting holes and control holes in deep-buried soft coal seams are much more severe, resulting in slow drilling speed, small hole forming depth, low hole forming rate, and short holding time, which makes it difficult to charge in ultra-deep hole required by mining face and easy to block the control hole (doubles as drainage hole) seriously hindering gas drainage (Xue and Feng, 2018; Zhang et al., 2021). Second, with the increase of gas pressure and the decrease of permeability in deep coal bodies, the difficulty of gas drainage increases, but the standard indicators of the mining face are stricter due to the gas dynamic disasters which often occur in the case of “low threshold” under the disturbance of roof breaking. These factors have become the bottleneck problem of deep buried soft coal face gas prevention strengthened by controlled blasting permeability enhancement technology.
Aiming at this, taking 14,020 mining faces of Xin’an Coal Mine as the research background, the targeted research is carried out. On the basis of the permeability enhancement mechanism of deep hole controlled blasting in coal body combined with the stratum characteristics of soft coal seam and hard surrounding rock, the experimental research on the deformation characteristics of boreholes at different distances from the surrounding rock is carried out, and on this basis, a new blasting scheme which can control the borehole deformation and promote the implementation and permeability enhancement is designed. Finally, field tests are carried out to verify the feasibility and effectiveness of the new scheme.
RESEARCH BACKGROUND
The research takes 14,020 mining faces of Xin’an Coal Mine as the background. Xin’an Coal Mine is located in the west of the Henan Province. The only minable No. 21 coal seam in the minefield is of simple structure and stable horizon. As a result of multi-period strong tectonic movements, the whole coal seam universally develops into class III–V soft coal shaped like earth and powder, with less obvious bedding and very low mechanical strength. The coal seam is covered with thick hard sandstone at close range and underlying hard mudstone, forming good engineering geological conditions. Since the “low threshold” gas dynamic disaster of the mining face has occurred many times after the mine enters deep mining, the drainage evaluation indexes gas pressure and gas content are tightened from the original 0.74 Mpa and 8 m3/t to 0.6 Mpa and 6 m3/t, respectively.
The14020 mining face is located in mining area 14 in the west of the mine. The buried depth of the coal seam in the mining face is about 600 m, the thickness varies from 2.8 to 3.2 m, with an average of 3.1 m; and the dip angle varies from 5° to 8°, with an average of 6°. The false roof of the mining face is not developed, and the direct roof is sandstone with an average thickness of 3 m. The basic roof is medium-grained sandstone with an average thickness of 8.6 m and hard lithology. The false bottom of the mining face is not developed, and the direct bottom is sandy mudstone with an average thickness of 2 m. The basic bottom is mudstone with an average thickness of 10 m.
MECHANISM ANALYSIS OF CONTROLLED BLASTING TO INCREASE PERMEABILITY
Analysis of Cracking Effect of Controlled Blasting
When ordinary blasting in the medium far from the free surface, strong shock waves and a large amount of high temperature and high-pressure gas are generated instantly. When the shock wave acts on the medium around the blasting hole, it will form dynamic stress whose strength is far greater than the medium compressive strength, resulting in the strong compression of the medium and the expansion of the original blasting hole, which also consumes a considerable part of energy. After that, the shock wave decays into a stress wave and continues to propagate around, causing the medium under its action to produce radial compression and circumferential tension. When the circumferential tensile stress exceeds the dynamic tensile strength of the medium, radial cracks radiating outward from the explosion center generate and expand continually with the propagation of stress waves until the tensile stress is lower than the medium tensile strength.
After the radial cracks are formed, the high temperature and high-pressure explosive gas quickly flows into these radial cracks promoting the cracks’ further expansion in the action pattern of wedges. As the explosive gas expands and cools down, its pressure drops to a certain extent, and the compressive elastic energy accumulated in the medium will be released, forming an unloading wave to propagate towards the center of the blast hole, which turns the medium into a radial tensile state and producing circumferential cracks. The area formed by the intersection of radial fractures and circumferential fractures is called the fracture area. When the stress wave propagates further forward, it has attenuated to the point of being only able to make the medium particles vibrate and propagate in the form of the seismic wave rather than destroy the medium and finally decays to disappear.
Under the strong blasting compression, unlike the near area of the blasting hole in brittle hard rock will be crushed to form a crushing circle, the near area of the blasting hole in plastic soft coal will be locally compacted forming a compaction circle, which consumes more blasting energy and greatly reduces the crack range and permeability enhancement effect (Shakeran et al., 2016; Cao et al., 2020). For this reason, the controlled blasting technology of adding a control hole at a certain distance from the blasting hole is introduced. When the explosion stress wave propagates to the auxiliary free surface provided by the additional control hole, it will produce reflection forming a tensile stress wave. The reflected wave not only causes the tensile failure of the coal body near the control hole wall but propagates to the center of the blasting hole and superimposes its generated stress on the stress field at the tip of the radial fracture promoting the expansion of radial and circumferential fracture (Guo et al., 2020). In addition, the combined action of the tensile stress caused by the reflected wave and the weak discontinuous wave behind the strong intermittent shock wave front makes the edge of the control hole produce a crack pointing to the blasting hole center and connect with the radial cracks generated firstly (Figure 1).
[image: Figure 1]FIGURE 1 | Schematic diagram of controlled blasting.
It should be noted that, in addition to the aforementioned functions in blasting cracking, the control hole also compensates for the space required for coal fracture avoiding or greatly reducing the compaction of coal, and improves the utilization rate of blasting energy forming a broader crack network in coal seam (Guo et al., 2018b).
Analysis of Permeability Enhancement Effect of Controlled Blasting
When the gas is extracted by a borehole, the free gas in the coal body flows into the drainage borehole under the action of its pressure and drainage negative pressure, which causes the pressure to decrease and breaks the original dynamic balance state between adsorbed gas and free gas in the coal body, so that part of the adsorbed gas is desorbed into free gas, and then enters the drainage borehole through the coal matrix and fissure in turn. This gas migration expands from the near area of the drainage hole wall to the deep and weakens gradually with the decrease of the drainage negative pressure caused by the increase of the radial distance.
According to the law of mass conservation, the migration process of gas in coal body conforms to the following equation:
[image: image]
where m is the gas content of coal, kg/m3; t is the gas migration time of coal body, s; ρ is the density of the gas, kg/m3; [image: image] is the gas seepage velocity in coal, m/s; [image: image] is the gas source term in the coal body, kg/m3s.
According to the linear seepage characteristics of Darcy’s law, ignoring the influence of gravity on drainage gas migration:
[image: image]
where [image: image] is the permeability of coal body, m2; [image: image] is the dynamic viscosity of gas in coal, [image: image]. It is obvious that gas migration is positively correlated with coal permeability and pressure gradient, and inversely correlated with gas viscosity. When taking controlled blasting in the coal seam, the stress and temperature of the coal around the blasting hole rise sharply, substantial flow channel cracks that can improve coal permeability are produced, and the exposed area and internal energy increases which promotes the desorption and reduce gas viscosity, effectively improving the gas drainage effect in many ways (Nie and Li, 2012; Kong et al., 2021).
DEFORMATION CHARACTERISTICS OF BOREHOLES WITH DIFFERENT DISTANCES FROM SURROUNDING ROCK
In the deep-buried soft coal mining face with a hard roof whose gas drainage requirement is higher, the implementation and permeability enhancement effect of controlled blasting is severely restricted since the borehole is easy to be deformed and damaged. Combining with the stratum characteristics of soft coal seam and hard surrounding rock in the mining face, the idea of arranging boreholes near the surrounding rock to reduce its deformation, was inspired by the relevant research results such as the end effect (Xu et al., 2017; Wang et al., 2022), is put forward and the simulation test of borehole deformation characteristics at different distances from the surrounding rock is carried out in order to provide guidance for improving the scheme design of controlled blasting to enhance permeability.
In order to conveniently and economically control the test conditions and observe the deformation and failure of rock mass, the simulation test for the deformation characteristics of boreholes with different distances from the surrounding rock is carried out, taking the 14,020 mining face of Xin’an Coal Mine as the background.
Simulation Test System of Borehole Deformation
The simulation test system of borehole deformation is shown in Figure 2. The loading device is a steel frame structure with full restraint around mainly composed of a strong rigid reaction frame, three parallel movable loading plates, the front and rear transparent limit guards reinforced with channel steel, and a loading system. It can carry out the test of front and rear plane rigid restraint and surrounding loading to the specimen with the maximum size of 800 mm × 800 mm × 200 mm. Considering the size of the simulated borehole is small and using the traditional embedded displacement sensor to measure the deformation of the surrounding rock of the borehole will affect the stress distribution and deformation of the surrounding rock of the model borehole, the pouch drainage method is designed to measure the deformation of the borehole. In order to facilitate observation and improve data accuracy, an electronic scale with an accuracy of 0.001 g is used to measure the discharge water.
[image: Figure 2]FIGURE 2 | Borehole deformation similarity simulation test system.
Design and Implementation of Similarity Test
Comprehensively considering the test purpose and the performance of the simulation test device, the similarity model includes their strata: direct roof, coal seam, and direct bottom. According to the strata occurrence characteristics and mechanical parameters of 14,020 mining faces of Xin’an Coal Mine, the model materials of each layer are selected with strength as the main index and used to build a physical model according to the geometric similarity ratio of 10, the unit weight ratio of 1.6 and the stress ratio of 16. After consulting literature materials and similar conversions (Li et al., 2007), the model is made of sand, calcium carbonate, cement, and gypsum according to the ratio and dosage shown in Table 1.
TABLE 1 | Physical model proportioning parameters.
[image: Table 1]After the materials of each layer are separately prepared and mixed according to the proportion, add 1% borax solution whose amount is 1/10 of its total weight and stir well, and then lay and compact layer by layer. Before laying each layer of the model, the front and rear guard plates of the experimental device shall be fixed neatly and firmly. For more convenient observation, the coal and rock stratum is sprayed orange and white, respectively.
The laid model is dried for 3 days, and then the simulated borehole is excavated with an electric drill. Since it is difficult to completely repeat the process of model building, drying, and loading, the boreholes at different distances from the roof are carried out loading deformation tests on the same model and in the same loading process. According to the size of the model and borehole, it is designed to sequentially excavate three boreholes along a coal seam with a diameter of 10 mm and length of 200 mm from the position 150 mm away from the side in the model coal seam. The three boreholes are 5, 30, and 55 mm away from the roof, respectively, and their horizontal spacing is 250 mm (Figure 3).
[image: Figure 3]FIGURE 3 | Schematic diagram of model borehole layout.
Then, the borehole deformation measuring device is installed. A pouch made of the long balloon with the length equal to the drilling depth and the diameter slightly larger than the drilling diameter is first put into every borehole (Figure 4A). Then, one end of a tube with a valve is tightly connected with the pouch’s mouth, and the other end extends into the measuring cup placed on the precision electronic scale (Figure 4B); and then, using a syringe, the pouch and the tube is completely filled with water, keeping the pouch pressed against the borehole wall and the height of the tube outer end slightly higher than the drilling hole, so that the water is extruded when and only the pouch is synchronously deformed with the borehole wall which flows wholly into the measuring cup (Figure 4).
[image: Figure 4]FIGURE 4 | Borehole deformation measuring device. (A) pouch, (B) electronic scale.
When the aforementioned preparations are completed, the loading deformation test is carried out on the model. According to the actual situation that the side pressure coefficient of 14,020 mining face in Xin’an mine is about 1, two-way equal pressure (upper and lower, right and left) loading is slowly carried out and the borehole deformation and pouch drainage are continuously observed during the test.
Test Results Analysis
According to the water discharge measurement results reflecting the borehole deformation, the relationship between the loading pressure of the oil cylinder and the surrounding rock deformation of boreholes at a different distance from the roof are obtained (Figure 5).
[image: Figure 5]FIGURE 5 | Relationship between loading pressure and deformation of boreholes near the roof.
As can be seen, when the pressure loaded by the oil cylinder is 1∼2 MPa, the water discharge of the three boreholes is 0 ml. When the loading pressure reaches 3 MPa, the No.3 hole that is farthest from the roof begins to drip. When the loading pressure reaches 5 Mpa, the No.2 hole begins to drip. Until the loading pressure reaches 10 MPa, the No.1 hole nearest to the roof begins to drip. The water discharge of boreholes gradually increases with the increase of loading pressure. When the loading pressure reaches 14 Mpa, the water discharge of borehole No.3 suddenly increases rapidly to 3.6 ml, and then the borehole collapses. At this time, the No.2 hole produces obvious deformation but no instability and the water discharge was 0.95 ml. While, the No.1 hole produces slight deformation, and the water discharge is only 0.35 ml.
With reference to the aforementioned scheme, a similar loading deformation test of boreholes at different distances from the floor is carried out, and basically consistent results are obtained (Figure 6), which will not be described here to avoid repetition.
[image: Figure 6]FIGURE 6 | Relationship between loading pressure and deformation of boreholes near the floor.
It can be found that, through the aforementioned simulation test results, within a certain distance, under the same stress conditions the closer the borehole is to the roof (floor), the smaller the deformation, which provides a direction and basis for improving the layout design of blasting boreholes.
SCHEME DESIGN AND FIELD TEST OF DEEP HOLE CONTROLLED BLASTING TO ENHANCE PERMEABILITY
Borehole Layout
In light of the aforementioned deformation characteristics, test results of boreholes at different distances from the surrounding rock, and comprehensively considering the blasting purpose, site conditions, drilling equipment, explosive specification, and operation safety, the blasting hole is arranged adjacent to the coal seam floor and its diameter is designed to be 65 mm, for the convenience of hole forming and charging as well as avoiding blasting to break the roof affecting the safe mining of the mining face. The control hole is arranged adjacent to the roof and its diameter is designed to be 113 mm, so as to better guide the blasting energy and compensate for the space required for coal fracture, promoting the formation of a blasting joint network and gas drainage.
In order to investigate the actual effect of the improved scheme, as shown in Figure 7, two groups of controlled blasting permeability enhancement tests were designed and implemented in Xin’an 14,020 mining face. In the figure, holes A and C are control holes (doubles as drainage holes), while holes B and D are blasting holes. Their dip angles are designed according to the dip angle of the coal seam of 6°, and the orientation is perpendicular to the center line of the roadway. The depth is set as half the width of the mining face of 60 m, according to the need for gas drainage covering the mining face.
[image: Figure 7]FIGURE 7 | Diagram of controlled blasting borehole layout.
Blasting Parameters
For the safety of blasting operation, coal mine-permitted three-level emulsion explosive is selected, and radial uncoupled axial continuous charging is adopted. The radial uncoupling coefficient is controlled at 1.2∼1.8 to improve the cracking effect of blasting in coal seam (Gong et al., 2006).
According to relevant research, the relationship between uncoupled blasting crack radius and explosive radius is as follows (Liu et al., 2018):
[image: image]
where [image: image] is the explosive radius; b = [image: image], [image: image] is the Poisson’s ratio of coal; [image: image] is the stress wave reduction index, a =2-[image: image]; [image: image] is the dynamic Poisson’s ratio of coal body, generally taken 0.8 times of Poisson’s ratio [image: image]; [image: image] is the tensile strength of coal; [image: image] is the initial radial stress caused by stress wave, which is calculated as follows:
[image: image]
where D is the detonation velocity; [image: image] is the explosive density; [image: image] is the radius of the blasting hole; n is the pressure increase coefficient, generally taken as 10.
According to the aforementioned borehole layout scheme and actual relevant parameters of blasting in 14,020 mining faces of Xin’an mine (Table 2), the calculated diameter of the explosive roll is 40 mm, which can meet the requirements of fracture range for coal seam permeability enhancement.
TABLE 2 | Relevant parameters of coal seam blasting calculation.
[image: Table 2]To ensure the reliability of detonating and avoid the pipe effect, double millisecond delay electric detonators with parallel connections are selected for forwarding initiation in the design, and the allowable detonating cord of the coal mine is placed along the full length of the explosive column in the auxiliary charging PVC pipe with an inner diameter of about 45 mm.
The blocking length in gas-bearing coal is generally 20 ∼ 40% of the blasting hole depth. According to the field measurement, the pressure relief zone width and equivalent discharged gas width of roadway in Xin’an mine are 15 and 21 m, respectively. Comprehensively considering the blasting safety and the permeability enhancement needs of the mining face, the blocking length is taken as 20.0 m, the charging length 40 m, and the charging amount 62 kg.
Field Test
The field test is carried out in Xin’an 14,020 mining faces according to the design scheme. First, drill the control hole and connect the pipe for gas drainage in time. Then, drill the blasting hole and fully discharge the drilling cuttings in the holes with compressed air. Afterward, a positive charge with the help of an antistatic PVC pipe with screwed joints. For smooth pipe delivery, the front end of the foremost PVC pipe is equipped with a conical head. Connect and charge the PVC pipes one by one and send them into the blasting hole. The explosive rolls shall be closely adjacent to each other, and the allowable detonating cord of the coal mine shall be placed along the full length of the explosive column. The explosive roll at the outermost end shall be inserted into two same types allowable Millisecond Electric Detonators of a coal mine with a parallel connection.
When plugging the blast hole after charging, first fill with water-stem at the inner end 2 m, then fill 12 m long sand into the borehole with compressed air hole sealer, and finally fill 6 m yellow mud and tamp it section by section with tamping bar (Figure 8). After checking and confirming the safety, blasting shall be carried out.
[image: Figure 8]FIGURE 8 | Schematic diagram of controlled blasting charge structure.
From the field drilling, it is found that the drilling speed of boreholes adjacent to surrounding rock is more than 50% higher than that of the traditional boreholes with the same diameter arranged in the middle of the coal seam, and the borehole forming performance is significantly improved.
Within 1 week after blasting, the gas drainage parameters of boreholes A and C are observed every day. It is found that compared with the traditional nonblasting drainage borehole with the same diameter, depth, and drainage time drilled in the middle of the coal seam, the average gas concentration and gas pure flow volume within 1 week after blasting is significantly increased (Table 3). The drainage concentration and drainage pure flow volume of test hole A increased by 45.5 and 52.2%, respectively, and those of test hole C increased by 25.5 and 43.5%, respectively.
TABLE 3 | Drainage data of blasting permeability enhancement hole and traditional hole.
[image: Table 3]CONCLUSION

1) Based on the blasting cracking mechanism and the law of gas migration, the mechanism of controlling blasting permeability enhancement is further clarified: under the action of blasting, the stress and temperature of the coal around the blasting hole rise sharply, and substantial flow channel cracks that can improve coal permeability are produced, the exposed area and internal energy increases which promote the desorption and reduce gas viscosity, effectively improving the gas drainage effect in many ways.
2) Aiming at the problem that the borehole in a deep soft coal seam is easy to deform and destroy which affects the implementation of controlled blasting and the effect of permeability enhancement, the assumption of arranging the borehole near the surrounding rock to reduce its deformation is put forward, and the simulation test of borehole deformation characteristics at different distances from the surrounding rock is carried out. The results show that under the same stress condition, the closer the borehole is to the roof (bottom plate), the smaller the deformation, which provides the direction and basis for improving the layout design of blasting boreholes.
3) In light of the deformation characteristics test results of boreholes at different distances from the surrounding rock, and comprehensively considering the blasting purpose, site conditions, drilling equipment, explosive specifications, and construction safety, a new scheme of arranging, respectively, control hole and blasting hole near the roof and floor is proposed and designed, and the effectiveness and practicability of the new scheme are verified by field tests. The field test results show that the new scheme significantly improves the drilling speed and the borehole forming performance, successfully realizes the controlled blasting of a 60 m ultra-deep hole, and effectively improves the concentration and pure gas flow volume of drainage gas.
4) This study explores a new blasting permeability enhancement scheme with practical value and reference significance for deep-buried soft coal mining face with a hard roof.
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With the continuous improvement of infrastructure, some high-speed railway lines will inevitably cross the goaf ground, and there is less research on the safety of high-speed rail construction in goaf ground. To make a reasonable and accurate safety evaluation of the high-speed railway construction in the mine goaf ground, machine learning combined with numerical simulation is used to evaluate the safety depth of goaf under the impact of high-speed railway load. An optimal algorithm is selected among BP, RBF, and PSO-RBF neural networks based on the accuracy of the predicted height of a caving fracture zone. Numerical models for simulating high-speed railway founded on goaf are set up using the commercial software package FLAC3D, where factors such as subgrade height, train speed, and axle load are investigated in terms of train load disturbance depth and the extent of the caving fracture zone. The results indicate that the PSO-RBF neural network has an error of 2.76% in predicting the height of the caving fracture zone; the depth of train load disturbance is linearly related to the axle weight and roadbed height but is a sinusoidal function of the train speed. Based on the numerical simulation results, a formula for calculating the depth of train load disturbance is proposed, which provides a certain reference value for the construction of high-speed railways in the goaf ground.
Keywords: goaf ground, activation evaluation, high-speed railway, combined method, disaster prevention
1 INTRODUCTION
Stringent ground settlement criteria are required for construction and operation of high-speed railways. When high-speed railways cross goaf zones, the dynamic load generated by trains could destabilize the existing stable goaf, resulting in settlement and inclination of subgrade and endangering the driving safety of high-speed railways (Lei et al., 2013; Liang et al., 2016). The waste of land caused by mining activities has become an important issue restricting sustainable development (Bian et al., 2012; Yu et al., 2018) Taking Qinshui coalfield in Shanxi Province as an example, due to the goaf site area of nearly 3000 square kilometers formed by coal mining, the high-speed railway line inevitably passes through the goaf site. As shown in Figure 1, the built Tai-jiao section, Shi-tai section, and Tai-xi section and the Qing-Yin high-speed railway and Tai-yan high-speed railway under planning and research all pass through the goaf site.
[image: Figure 1]FIGURE 1 | Study area: (A) Qinshui coalfield location in Shanxi Province, China; (B) high-speed railway line through Qinshui coalfield.
At present, domestic and international research is focused on the stability of goaf ground and stability under building loads (static loads). Guo et al. (2019) proposed an evaluation model of a goaf expressway with seven evaluation factors based on fuzzy theory, calculated the factor weight by gray correlation method, and applied the model to Wuyun Expressway to prove the reliability of the model. Liu et al. (2011) proposed a fuzzy matter-element model which used the AHP and matter-element extension method to identify the risk level of goaf zones. Maria et al. (2013) used the calculation method based on material resistance to analyze the sensitivity of goaf roof stability to the variation of roof material properties. Ashok et al. (2012) proposed a concept of panel stability based on Salamon stability (Merwe, 2003) criterion, which is further applied to analyze the critical failure modes of coal pillars. Debasis and Choi (2006) conducted sensitivity checks on various factors affecting the stability of aged goafs and used fuzzy collection theory to predict the occurrence probability of surface subsidence pits. Dong et al. (2008) proposed an evaluation index system based on uncertainty measure theory to predict the risk of goaf. Henry et al. (1989) summarized four mine collapse mechanisms, namely, single-force source, dual-force opposition, shear dislocation, and tensile force. However, there are fewer research results on the safety of high-speed railway construction at the goaf ground. Unlike other construction loads, high-speed railway loads are not only influenced by vehicle speed, roadbed height, and axle weight but also have the characteristics of strong periodicity and large changes. Once the activation and deformation of the extraction area by train load occurs, it will cause great hidden danger to the safety of high-speed railway traffic.
In this study, the machine learning method is used to predict the height of the caving fracture zone induced by construction and operation of high-speed railways. The numerical simulation method is used to obtain the train dynamic load disturbance depth under various working conditions by changing the embankment height, train speed, and train axle load. A calculation formula is provided to predict the train load disturbance depth, which can be combined with the caving fracture zone to evaluate the safety of foundations for high-speed railways.
2 CRITICAL DEPTH-TO-THICKNESS RATIO OF A HIGH-SPEED RAILWAY GOAF GROUND
2.1 Failure characteristics of overlay rock in coal mine goaf
Along with the coal seam being mined out, stress redistribution occurs in the goaf, and the original structure is destroyed. Upon completion of stress redistribution, a relatively stable mining-induced secondary rock structure is finally formed. The overlying strata can be divided into the caving zone, fracture zone, and bending zone, as shown in Figure 2A, after mining by the long arm caving method. The caving zone is mainly destroyed by the original overlying roof. The rock stratum breaks, and the caving fills the mining area. The caving zone is denser in the middle, but there are more cavities on the sides. The fracture zone induced by the bending of the rock layer is located above the caving zone. Different from the caving zone, the fracture zone maintains its layered structure and has more cracks in the rock layer. The bending zone mainly refers to the rock (soil) layer from the fracture zone to the surface. The vertical displacement of each rock layer in the bending zone is basically the same, though there are some separations and cracks. Masonry beam structures may also be present in the caving zone and fracture zone Figure 2B.
[image: Figure 2]FIGURE 2 | Characteristics of the mine goaf. (A) Three zones of goaf. (B) Masonry beam structure
2.2 Critical mining depth-to-thickness ratio
According to the overlay rock failure characteristics of goaf, the broken rock mass and cracks in goaf exist mostly in the caving zone and fracture zone. When the broken rock mass is compacted or the cracks are closed by external force, the goaf will be reactivated and deformed, resulting in surface subsidence and affecting the safety of surface buildings.
In general, the evaluation of the stability grade of the goaf site is based on the location of the depth of the additional stress influence and the depth of the caving fracture zone. Through numerical simulation, theoretical analysis, and model experiment, Zhang (2005) and Guo (2001) pointed out that the primary factor affecting the construction site of goaf should be the mining depth-to-thickness ratio. When the goaf site has a certain mining depth-to-thickness ratio, the existence of goaf has no effect on the foundation of buildings. Therefore, before traditional evaluation, it is necessary to preliminarily determine the mining depth–thickness ratio. If the condition is not met, the influence grade is divided by the relationship between the influence depth of additional stress and the depth of the caving fracture zone.
In order to determine the critical mining depth-to-thickness ratio, Zhang (2005) analyzed the simulation results of 12 calculation models and 144 calculation schemes and obtained the critical mining depth-to-thickness ratio under different loads and different action positions, as shown in Table 1 (building load).
TABLE 1 | Determination of critical mining depth-to-thickness ratio of load.
[image: Table 1]Compared with the traditional building foundation, the high-speed railway engineering foundation has more strict requirements for settlement and inclination. When calculating the critical ratio in Table 1 (building load), due to the high degree of compaction and full filling in the middle area of the goaf, the safety factor is found to be 1.2. In the edge area, the structure similar to the masonry beam is formed after the rupture of the hard rock stratum. There are voids and uncompacted areas, and the safety factor is 1.5. In this study, the safety factor of the middle region is increased to 1.5, and that of the edge region is increased to 2.0. The criterion of the critical depth-to-thickness ratio of high-speed railway engineering is obtained (train load).
2.3 Load position
As shown in Figure 2B, the outer edge area mainly refers to the area from the open-off cut to the restoration level of the masonry beam rock block. The formula for calculating the length of this region can be obtained from the masonry beam theory (Qian, 1981):
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where n is the number of rock blocks in the masonry beam structure, H is mining depth, φ is fully mining angle, Lz is the length of periodic weighting step distance, hi is the thickness of the key layer, ∑ hi is the thickness of the upper weak rock layer, σt is the ultimate tensile stress of the key layer, γ is the volumetric force of the rock layer, and L is the length of the outer edge region.
The inner edge area refers to the area where the rock block restores the horizontal position to the stop line. The compactness of the inner edge area is better than that of the outer edge area. For safety, Eqs 1–3 are also adopted for regional determination.
The compaction area is located in the middle of the inner and outer edge areas. Due to sufficient collapse of rock mass, there are fewer cracks in this area and the safety is high.
2.4 Foundation base load
The calculation of load mainly comprises static load of subgrade and dynamic load of a train. Liang and Cai (1999) proposed a sine function formula of train load considering geometric irregularity, which comprises single-wheel static load and dynamic load caused by geometric irregularity. The value of irregularity is shown in Table 2.
[image: image]
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where P0 is the single-wheel static load, kN; ωi is circular frequency under various conditions; m0 is unsprung mass, kg; ai is arch rise under various conditions, mm; V is train speed, m/s; and Li is wave-lengths under various conditions, m.
TABLE 2 | Irregularity selection.
[image: Table 2]Based on the measured data of dynamic stress attenuation law, Bian et al. (2010) obtained the attenuation formula of subgrade dynamic stress:
[image: image]
where z is the subgrade height, a and b are the fitting coefficients, and the mean values of the fitting coefficients a and b of ballasted track are 0.64 and 0.86, respectively.
In summary, the calculation formula of the base load can be obtained:
[image: image]
where γi is the bulk density of the subgrade material for layer i, zi is height of the subgrade material of layer i, and W is the foundation base width.
3 INFLUENCE DEGREE OF GOAF GROUND ACTIVATION
When the critical depth-to-thickness ratio of the goaf site does not meet the standards given in Table 1, the influence degree of reactivation needs to be determined. The additional load distributed from the foundation of any structures above, once its value is no more than 10% of the weight of the overburden rock-soil mass, is considered to impose no significant effect on the rock and soil mass at this depth. Due to a stringent requirement for subgrade settlement for the construction and operation of high-speed railways, a critical influence depth of train load, Ha, is defined as the disturbance depth at which the distributed additional stress from the train load is 5% of the weight of rock and soil above.
The relationship between the critical influence depth of train load and the depth position of the caving fracture zone is depicted in Figure 3.
[image: Figure 3]FIGURE 3 | Interaction between high-speed railway and the mining zone.
Because of strict requirements for high-speed railway ground deformation, the more stringent evaluation criteria should be adopted after considering China code’s criteria (The Professional Standards Compilation Group of People’s Republic of China, 2014): 1) when the buried depth of the caving fracture zone is greater than or equal to 2.5 times the load influence depth, the influence is little; 2) when the buried depth of the caving fracture zone is less than 2.5 times the load influence depth and greater than or equal to the load influence depth, the influence is moderate; 3) when the buried depth of the caving fracture zone is less than the load influence depth, the influence is great.
4 HEIGHT PREDICTION OF THE CAVING FRACTURE ZONE
This study compares the depth of train load disturbance (Ha) and the depth of the caving fracture zone (Hlf) to determine the “re-activation” of the goaf ground. Prediction of the height of the caving fracture zone is commonly based on the empirical formula in GB 51044 (2014). This method is relatively straight-forward, but it will produce a less accurate prediction of the safety depth of the goaf ground for considering only the coal seam mining thickness.
Machine learning, as an objective and effective prediction variable or classification method, has been widely used in geotechnical engineering (Tan et al., 2011; Cai et al., 2020; Mahmoodzadeh et al., 2021). There are many factors affecting the development height of the caving fracture zone. As such, a reasonable influencing factor system is critical for a more accurate prediction based on the machine learning method. As per Guo et al. (2021), seven factors are selected in this study: overburden structure, buried depth, dip angle, mining thickness, working face size, coal mining method and layered mining number. Thirty-eight sets of data as provided in Wang et al. (2016) are adopted to train and test samples, which are listed in Table 3.
TABLE 3 | Learning samples.
[image: Table 3]4.1 Introduction of machine learning methods
The back-propagation (BP) neural network is a widely used neural network trained according to the error back-propagation algorithm. The BP neural network adopts the gradient descent method, but which tends to terminate the learning by only achieving a local optimal value. As such, the prediction accuracy of using a BP neural network is not high.
The RBF neural network is a feedforward nonlinear neural network. The RBF (radial basis function) neural network consists of three layers, namely, the input layer, hidden layer and output layer. The radial basis function of multivariable nonlinear interpolation is adopted to transfer the input layer data to the hidden layer instead of the “weight” function used in the BP neural network. A linear interpolation is adopted in the RBF neural network when the hidden layer outputs to the output layer. In this way, the mapping of the network from input to output is nonlinear, but the network output is linear for variables. The “weight” factor of the network can be directly solved based on a set of linear equations. In this study, the RBF neural network algorithm is further combined with the PSO-RBF-neural network algorithm (Qin et al., 2005) for learning, and the results are compared with those based on the BP neural network. The optimal algorithm is then selected in order to overcome the local convergence issue of the BP neural network.
4.2 Error analysis and selection
According to the results of sample training and testing, the performance diagrams of each algorithm are provided in Figure 4. The PSO-RBF algorithm is found to provide the highest fitting degree.
[image: Figure 4]FIGURE 4 | Neural network fitting results: (A) BP neural network fitting results; (B) RBF neural network fitting results; (C) RBF-BP neural network fitting results.
Equation 9 is adopted to calculate the error between the training set and the testing set for each algorithm mentioned above:
[image: image]
where E is error of the training set or testing set, ypi is the ith predicted value, yi is the ith measured value and n is the total number of objects in the set.
The results in terms of the error of the training set and test set based on Eq. 9 are provided in Table 5. It shows that some algorithms have a high fitting degree on the training set but a low fitting degree on the test set. This might be attributed to a relatively small number of samples (38 groups). A comprehensive error is thus defined in Eq. 10:
[image: image]
where Es is composite error, Etrain is the error of the training set, and Etest is the error of the test set.
The calculation of Eq. 10 shows that in the case of the same training samples and test samples, the PSO-RBF neural network algorithm provides a minimum comprehensive error of 2.76%, while the RBF and BP neural network algorithms provide 8.048% and 12.84%. The PSO-RBF neural network algorithm performs even better than the GA-BP prediction model (2016) and thus will be used to predict the height of the caving fracture zone.
5 NUMERICAL SIMULATION OF TRAIN LOAD DISTURBANCE DEPTH
A lot of research works have been carried out to investigate the dynamic response of soil under the influence of train load. Xia et al. (2009) proposed a coupling model to simulate the train–track–soil dynamic response by considering the track irregularity condition and the vibration induced by track irregularity. Galvin and Dominguez (2009, 2010a, 2010b) established the train–track–subgrade finite element model to analyze the dynamic response of three typical tracks under train load.
As a commonly used numerical analysis software in geotechnical engineering, FLAC3D is widely used in slope stability (Zhou and Qin, 2020), mining engineering (Booth et al., 2016), and geotechnical engineering (Yang et al., 2020). To accurately obtain the depth of ground disturbance under train load, FLAC3D software is used to simulate this study.
5.1 Prediction of disturbance depth
5.1.1 Train load simulation
Lamaran and Derdas (2002) simulated the load as the sum of the static load and additional dynamic load as a function of train speed, sleeper spacing, rail properties, and wheel weight. Auke and Gerard (2001) pointed out that the geometric irregularity caused by rail wear will produce huge wheel–rail impact force. Manabe (2004) studied the rail vibration caused by multiple wheelsets under track irregularity. Various geometric irregularities can also contribute to the variation of the train dynamic load magnitude (Jenkins et al., 1974). At present, the commonly used train load simulation formula is composed of a series of sine functions. In this study, the sine function of Eq. 4 considering irregularity is taken as the function of simulating train load.
5.1.2 High-speed railway subgrade–foundation model
According to the geotechnical engineering investigation results of the research railway section, the subgrade–foundation structure model is established as shown in Figure 5.
[image: Figure 5]FIGURE 5 | Train foundation structure.
The length of the model is 64.8 m, and the height is 55 m.
5.1.3 Constitutive model and parameters
The British Derby Railway Research Center indicates that the dynamic behavior of a traditional ballast track subgrade is similar to that of an elastic damping material. In this study, a Mohr–Coulomb constitutive model is used for the rock and soil layer, and an elastic constitutive model is used for subgrade structure. The material parameters of each layer are shown in Table 4.
TABLE 4 | Parameters of subgrade and soil layers.
[image: Table 4]5.1.4 Boundary condition and damping
A viscous boundary condition is adopted in FLAC3D to absorb the vibration wave and improve the calculation efficiency. Rayleigh damping is selected in this study, with a damping ratio parameter of 0.5%.
5.1.5 Model validation
The numerical model is first validated against the monitoring data obtained from the Qinhuangdao–Shenyang passenger line (Nie, 2005). The dynamic stress at the bottom of the foundation bed predicted in this numerical simulation and the measured values are provided in Figure 6. It can be seen that the numerical model can capture the upper bound and lower bound values for the dynamic stress and the variation period. It can be seen from Figure 6 that the simulated dynamic stress value changes faster than the measured value because the simulated dynamic stress considers the geometric irregularity. When the train runs several times, it will be partially worn, which makes the train travel on the railway similar to a jumping state. The measured value is measured when the railway has just been built and the track is relatively smooth.
[image: Figure 6]FIGURE 6 | Model verification.
5.2 Disturbance depth formula
In this study, FLAC3D software is used to simulate the depth of train load disturbance as a function of axle load, speed, and embankment height, and twelve groups of models are designed by control variables as shown in Table 5. The depth of load disturbance was determined by comparing the maximum additional stress at each monitoring point with the 5% self-weight of the rock and soil mass at the point.
TABLE 5 | Experimental groups.
[image: Table 5]When two high-speed trains meet at the goaf ground, the load on the goaf ground is the largest. In order to accurately determine the disturbance depth of train load, stress monitoring points are set between the single rail and double rail in the same numerical model so as to determine the location of the maximum disturbance depth. The results are shown in Figure 7.
[image: Figure 7]FIGURE 7 | Load size under different action positions.
At −4 and −8 m, the load of the monitoring points between the double track is always greater than that between the single track. At 0 m, the load fluctuates greatly, but it is still the maximum value of the monitoring points between the double track. So, the position between the two tracks is selected to arrange monitoring points for determining the maximum disturbance depth. The diagram of stress change and disturbance depth for each group is shown in Figure 8.
[image: Figure 8]FIGURE 8 | (A) Relationship between influence depth of dynamic load and axle load; (B) relationship between dynamic load influence depth and velocity; (C) relationship between dynamic load influence depth and embankment height; (D) disturbance depth under different axial loads; (E) disturbance depth under different train speeds; (F) disturbance depth under different embankment heights; (G) fitting of axle load and disturbance depth; (H) fitting of train speed and disturbance depth; (I) fitting of embankment height and disturbance depth.
5.2.1 Influence analysis of train axle load
In this study, the influence depth under the five grades of axle load listed in Table 5 is studied. As shown in Figures 8A,D, the increase of axle load would increase the additional dynamic stress on the base and increases the influence depth significantly. This is because the axle load directly affects the unilateral static wheel load, and the size of the unilateral static wheel load accounts for a large proportion of the dynamic load (see Eq. 4).
5.2.2 Influence analysis of train speed
Five grades of varying train speed between 150 and 350 km/h, as listed in Table 5, are used to study the change of dynamic load influence depth. It can be seen from Eq. 4 that the increase of train speed would result in a corresponding increase in the force acting on the rail, which should be attributed to the impact of the change of speed on the circular frequency under various control conditions. The influence depth, as indicated in Figure 8B, is observed to increase linearly with the train speed increases from 150 to 300 km/h but remains nearly constant when the train speed increases from 300 to 350 km/h. This observation is consistent with the findings of Bian et al. (2014). Such impacts of train speed on influence depth should be attributed to a shorter duration of train load with the train speed increasing.
5.2.3 Influence analysis of embankment height
Five groups of embankment height, namely, 3.35 m, 3.75 m, 4.15 m, 4.55 m, and 4.95 m are studied regarding their influence on the depth of train dynamic load. As shown in Figures 8C,F, with the increase of embankment height, the static load imposed on the foundation by the embankment would increase, which, thereby, would increase the influence depth of train load. In fact, due to the characteristics of high-speed rail, dozens of high-speed railway will pass through every day, and increasing the embankment height can effectively reduce the impact of dynamic load on the site. For example, the curve of 4.15 and 4.55 m embankments in Figure 8C shows that the additional load under the condition of 4.15 m is basically the same as that under the condition of 4.55 m at the monitoring point of 4 m below the base. Although the static load of the 4.55 m embankment is larger than that of the 4.15 m embankment, the increase of embankment height makes the disturbance consumption of train dynamic load increase, resulting in the additional stress being equal at the base of 4 m.
5.2.4 Disturbance depth of train load
Figures 8A–F show that the disturbance depth is dependent on the additional stress, the latter of which is a function of the axle load, train speed, and embankment height. These three factors are mutually independent. As such, the relationship between the disturbance depth and each factor can be obtained by data fitting. A comprehensive formula by superposition can be obtained for the critical disturbance depth of train load.
The fitting results of the relationship between the three factors and disturbance depth are shown in Figures 8G–I. A linear relationship is apparent between the two factors of axle load and embankment height and the disturbance depth. A sine function relationship is, however, observed between the train speed and disturbance depth, which should be attributed to the loading function (a sine function, Eq. 4) used in this study.
As shown in Eq. 11, the relationship between the critical disturbance depth of train dynamic load and the three factors, i.e., axle load, speed and embankment height can be obtained as
[image: image]
where Hd is the critical disturbance depth of train dynamic load, m; G is axle load, ton; H is height of embankment below subgrade bed, m; v is train speed, km/h; and a0, a1, a2, and a3 are fitting coefficients.
By using a multiple linear regression analysis, the following values for the fitting coefficients can be obtained:
[image: image]
Substituting a0, a1, a2, and a3 into Eq.11, the formula for calculating the critical depth of train dynamic load disturbance is shown in Eq.12.
[image: image]
The residuals obtained by this multiple linear regression are shown in Figure 9. The confidence interval of residual values at each data point contains 0 points, and the R2 value of this formula is 0.97, indicating that this fitting can better reflect the original data.
[image: Figure 9]FIGURE 9 | Fitting residual error.
6 CASE STUDY
6.1 Engineering geology
In order to verify the validity of the judgment method and the correctness of the FLAC3D model, an engineering example, DK259 + 690-DK259 + 710 road section of Tai-Jiao high-speed railway, as shown in Figure 10, is used to verify the approach provided above. The high-speed rail line crosses No. 2 goaf, which has a buried depth of goaf about 46.6 m and a maximum mining height of about 6.5 m. The dip angle of the coal seam is 2°–5° and was mined by blast mining. The backfilling material is sandstone and mudstone gravels, and the backfilling structure is loose. The high-speed railway is constructed with ballast track, and the height of the embankment below the subgrade bed is 0 m. The ground profile and the design parameters are the same as those adopted in this study above (Figure 6 and Table 4). The design train speed is 250 km/h, the design axle load is 22 t, and the railway trunk line is 40 m from open-off cut.
[image: Figure 10]FIGURE 10 | Engineering location.
6.2 Critical mining depth-to-thickness ratio determination
The goaf site of the railway trunk line is determined according to Eqs 1–3, and relevant data are inserted: hi is 3 m, Σhi is 10 m, γ is 2.5e4 N/m3, σt is 10 MPa, and H is 46.6 m. The calculation shows that Lz is 9 m and n is 5. The length of the outer edge and inner edge is 45 m. Therefore, the location of the high-speed railway project is the outer edge area.
The mining depth-to-thickness ratio of the goaf site is only 7, which does not meet the critical value of any working condition in Table 1. Therefore, the relationship between the depth of the caving fracture zone and the disturbance depth is used to determine the influence level of goaf activation.
6.3 Height prediction of the caving fracture zone
The height of the caving fracture zone in the goaf is predicted by the PSO-RBF algorithm. The engineering condition of the goaf is normalized and compiled, with an input matrix being obtained:
[image: image]
The trained grid is used to train the input matrix, and the height of the caving fracture zone in the goaf is calculated to be 39.37 m.
6.4 Train load disturbance depth prediction
To verify numerical simulation and Eq.12, these two methods are compared by predicting the disturbance depth of the train dynamic load.
The numerical simulation model produces the Z direction stress figure. As shown in Figure 11, the influence depth under this condition is 32.96 m. At the same time, the numerical simulation model results show that the maximum stress load at 0 m is 72.56 kPa, and the result obtained by Eq. 8 is 80.682 kPa, indicating that the equation is reasonable.
[image: Figure 11]FIGURE 11 | Z-Direction stress map.
With the train parameters substituted into Eq. 12, the dynamic load disturbance depth is predicted to be 33.675 m. The difference between the values predicted by these two methods is only 0.679 m.
Calculations of the height of the caving fracture zone and the depth of train load disturbance show that the critical disturbance boundary of the train dynamic load is expected to intrude into the top boundary of the caving fracture zone. The dynamic load of the train would impact the caving fracture zone, closure of the separation layer and cracks, and reactivate goaf deformation. The influence level of the goaf site is significant.
Grouting treatment was carried out during the construction of high-speed railway in this section to fill the separation layer and cracks in the caving fracture zone to improve the foundation performance. This is consistent with the predicted results of the research method and indicates that the method has some engineering reference value.
7 CONCLUSION
Due to the high-intensity and long-term mining of China’s coal resources, a large area of goaf sites have been formed. In addition, with the rapid development of high-speed railway, some key lines will inevitably cross the coal mine goaf site. The activation evaluation criteria of goaf ground are one of the urgent problems to be solved to ensure the safe operation and maintenance of high-speed railways. Based on the neural network and numerical simulation, the combined methods for the goaf ground activation criteria of high-speed railway are proposed. The main conclusions are as follows:
1) The criteria for determining the critical mining depth-to-thickness ratio of high-speed railway in the goaf site is given, the zoning formula of the goaf site is proposed, and the simplified formula of combined action under subgrade and train load is obtained.
2) The BP, RBF, and PSO-RBF neural networks are used to learn the 38 mine goaf samples, and the error of each model for sample learning and testing is obtained. The PSO-RBF neural network model has the lowest error, which can be used to predict the height of the caving fracture zone in the goaf site.
3) One evaluation criterion for the influence degree of goaf ground stability of high-speed railway is proposed, and a simple and effective numerical simulation model about applying train dynamic load is established. Comparisons on the additional dynamic stress and self-weight stress of the goaf ground are drawn, the disturbance depth of train dynamic load is predicted, and the influence degree of goaf ground stability is judged.
4) Activation judging formula with high availability and reliability is deduced. By changing the embankment height, train speed, and train axle load, the FLAC3D model was used to simulate various working conditions. The results show that the disturbance depth of train dynamic load has a good functional relationship with the abovementioned three factors. The calculation formula of critical depth of train dynamic load disturbance is given by using the superposition principle and multiple linear regression analysis.
5) An example verification process through a line section of the Taijiao high-speed railway proves that the method has a certain reference value in the safety evaluation of high-speed railway construction projects at the site of the mining area, but it cannot provide detailed hazard classification, such as the corresponding measures to be taken for each level of hazard.
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Structural coal has low permeability and high gas content. The increase of mining depth seriously restricts the safe mining of deep mines. Hydraulic flushing is the main means of gas extraction. The shape of the hydraulic flushing hole is an important basis to determine the pumping radius, which is widely regarded as a cylinder. However, due to the differences in the stress level, water force, friction and external moisture, the pore morphology, and permeability evolution need to be further studied. At present, the hole shape for hydraulic punching is equivalent to a cylinder in drilling design and evaluation, which is one of the important bases to determine the effective extraction radius. However, the hole shape is affected by many factors, so the scientific equivalent to a cylinder remains to be discussed. The BR-PKN equation describing the hole shape is established by introducing and combining the Bergmark–Roos equation and PKN model, and the hole’s shape is shown by MATLAB. To verify its accuracy, YZD18.5 is used as an onsite logging tool for data acquisition and analysis, and the hole section is drawn. The BR-PKN equation and permeability evolution model are simulated by COMSOL Multiphysics, and the permeability evolution law of conventional cylinder with hydraulic flushing is compared and analyzed. The results show that 1) the shape of the hydraulic punch hole is ellipsoid with three different axes, and its horizontal section is approximately an ellipse; 2) within the influence range of quasi-ellipsoid holes, the permeability changes in the long and short axis of quasi-ellipsoid holes are similar. The permeability evolution curve of the coal first increases, then decreases, and finally, flattens with the increase of distance from borehole, and the permeability of the coal body increases with the extension of extraction time); 3) the permeability of the equivalent ellipsoid pore decreases with the increase in coal water content. The effective radius in the long and short axes of the minimum cross section of the quasi-ellipsoid hole is 0.89 and 0.95 times the effective extraction radius of the equivalent cylinder, which provides a basis for a drilling layout.
Keywords: hydraulic flushing, hole shape, the moisture content, numerical simulation, extraction of radius
1 INTRODUCTION
After a long period of intense tectonic activity, coal is primarily formed after extrusion, shear deformation, and cohesion of low strength and low permeability. With the increase in mining depth, the distribution of tectonic coal tends to expand. Unloading is a deep mine gas disaster management technology. Hydraulic punching is a tectonic coal unloading extraction gas effective technique, and its role is mainly reflected in the following three aspects (Wu et al., 2002; Wang et al., 2013; Jiang et al., 2018; Liu and Liu, 2019; He et al., 2021): 1) high-pressure water is used to break the coal body, forming a certain range of pressure relief area around the hole, in which the permeability increases substantially, so as to achieves the purpose of gas extraction; 2) wetting coal reduces its elastic potential energy; and 3) water lock reduces gas desorption speed. The pore shape is a key influencing factor in the design of gas drainage. Scholars generally regard the process of hydraulic flushing as a uniform pore expansion, that is, a cylinder with regular pore shape (Wei et al., 2014; Yang et al., 2018; Ren, 2019). However, after flushing, the stress state of the coal body around the hole will change, and the shape of the hole will change correspondingly under the influence of stress, which is not a regular cylinder, thus affecting the gas extraction design.
External moisture is an important part of coal. When external moisture enters coal, it will affect the permeability characteristics and structure of the coal. After hydraulic flushing, the external moisture of the coal around the hole changes, and the permeability of coal will also change under the influence of external moisture. To explore the relationship between water and coal reservoir permeability, many scholars have carried on fruitful research. For example, Jianping Wei conducted independent research and development of the gas coal and rock triaxial seepage test system, determination of coal sample under different moisture content and confining pressure and gas pressure combination of seepage flow, moisture content, and the relationship between the coal containing gas permeability characteristics of expression (Yuan et al., 2015). Li et al.( 2020) established a coal-rock permeability model considering the comprehensive effect of water content and fracture compressibility and analyzed the response mechanism of effective compressibility coefficient and permeability of coal rock under different water content conditions. Hao et al. (2016) explored hydraulic flushing around coal gas migration rule and established a creep-under the coupled action of seepage flow hydraulic flushing on the surrounding coal permeability dynamic evolution model, and their results show that hydraulic flushing measures can greatly improve the permeability of the coal body around drilling and coal permeability depending on the space distance, which can quickly reduce the negative power function relationship. On the basis of studying the process of hydraulic flushing and hole shape, this paper studies the hole shape produced by hydraulic flushing and the evolution of coal permeability around the pore with time by means of theoretical analysis and numerical simulation. The results can provide a theoretical basis for the design of mine gas extraction and data support.
2 METHODS
2.1 Establishing a hole shape equation for hydraulic flushing
Bergmark–Roos ore drawing theory establishes a mathematical model of loose ore and rock flow from the mechanical point of view. It is assumed that ore and rock particles move continuously from the initial position to the ore drawing port in the shortest distance. The relationship between the gravity of ore and the direct friction of surrounding particles is analyzed from the force of particles in the movement, and the formation principle of ore drawing ellipsoid is clarified. This is a significant development in ore drawing theory research (Ma et al., 2016; Tao et al., 2010; Melo et al., 2007; Kuchta, 2002; Zhang et al., 2019; Liu et al., 2020). The maximum and minimum horizontal principal stresses are the key factors affecting the shape of hydraulic flushing holes. In the horizontal section of the hole after hydraulic flushing, coal and rock are regarded as elastic and brittle materials, the height of the hole is fixed, and the force of water is a constant, which is highly consistent with the PKN model (Tao, 2009; Garikapati et al., 2019; Zheng et al., 2019). In this study, based on the characteristics of coal extraction by water jet and the influence of horizontal stress, the Bergmark–Roos and PKN models were used to establish the shape equation of hydraulic flushing. The BR-PKN equation is as follows:
[image: image]
where s is the moving distance of particles, m; H is the height of ore body, m; α is the angle between the particle moving trace and the vertical direction, °; and αG is the maximum angle of dispersion movement, which is determined by the following formula:
[image: image]
where φ0 is the internal friction angle of particles, which changes with particle size and particle roughness. The coarser the particles, the greater the value.
The stress analysis of hydraulic punching coal cinder is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Stress analysis of hydraulic flushing cinder.
The resultant force F of each component force on coal cinder along the trajectory direction of coal cinder production is
[image: image]
where M is mass of coal and rock bulk, kg; G is the acceleration of gravity, 9.81N/kg; F0 is the force of punching water on coal cinder, N, constant value; and Ff is the friction force between coal and rock bulk, N. Because F0 is a constant value, so F0/m is a constant, let F0/m = ge, e is a constant.
According to the stress analysis of the horizontal section of the hole, the horizontal section is not regular round, and has long axis and short axis. Its short semi-axis r1 is
[image: image]
Hole height Z is
[image: image]
The long half-axis r2 of the horizontal section can be obtained by the following formula:
[image: image]
where Q is the change of hole volume, [image: image], m3/min; C is the coefficient, taken as 1; t is the movement time of coal and rock bulk; [image: image] ; and erfc (x) is the error compensation function of x.
2.2 Drawing of the hole shape equation based on MATLAB
The coal seam thickness of 14250 working face of Xin’an Coal Mine is 0.3–13.1 m, and the average coal thickness is about 4 m. The deduced BR-PKN equation suitable for coal cinder output of hydraulic flushing is displayed in three dimensions by MATLAB, and the shape and section of hydraulic flushing holes are expressed in Figure 2. It is found that the shape of hydraulic flushing holes is a quasi-ellipsoid with a slightly larger top than bottom. The horizontal section of the hole (r1-r2 section) is a flat ellipse.
[image: Figure 2]FIGURE 2 | Pore morphology and section of hydraulic flushing.
2.3 Field verification of the shape characteristics of hydraulic flushing holes
The hole’s shape in hydraulic flushing is restricted by many factors, such as coal-rock bulk gravity, coal-rock friction, water force, stress and so on. Through theoretical derivation, it is found that the hole’s shape is ellipsoid-like. To verify the feasibility of BR-PKN equation and verify that the holes’ shape is ellipsoid, the hydraulic flushing test was carried out in the cutting bottom plate roadway of 14250 working face in Xin’an mine. Figure 3 is the stratum bar chart of Xin’an Coal Mine
[image: Figure 3]FIGURE 3 | Strata histogram of Xin’an Coal Mine.
2.3.1 Test equipment
YZD18.5 mine lateral resistivity video imaging logging tool is mainly composed of a probe, host control box, host control panel, and push rod.
Working principle: select the appropriate detection method according to the demand, then carry out onsite layout and construction, and select the corresponding detection method according to the construction method. The instrument can analyze the rock stratum structure of the borehole through video (e.g., layered lithology, rock hole fracture development, water outlet point characteristics, roof separation, etc.), automatically generate the borehole orientation profile, borehole plane trajectory, and borehole histogram according to the scale through the detection data. There is a camera ahead, which can realize automatic continuous measurement. With the continuous deepening of the push rod in the hole, the instrument can collect parameters such as different hole section diameters and shapes along the hole direction of hydraulic flushing.
Instrument parameters: the video resolution is 1280 * 960, the probe angle of view is 120°, and the effective sight distance is 300mm; the data acquisition frequency is 15 points/second; the measurement range of borehole inclination is –90° to 90°, and the measurement accuracy is +0.1°; the detection depth is 0–200m, and the hole depth error is less than 0.5%. Figure 4 shows YZD18.5 mine lateral resistivity video imaging logging tool.
[image: Figure 4]FIGURE 4 | YZD18.5 mine lateral resistivity video imaging logging tool.
2.3.2 Test procedure

1) Select the drill hole after hydraulic flushing, blow out the coal and rock slag in the hole with compressed air to minimize the residue, ensure the smooth drilling, and maintain the drilling shape after hydraulic flushing to the greatest extent
2) The YZD18.5 mine lateral resistivity video imaging logging tool is used for borehole peeping, the collected video files are analyzed, and the standards including acquisition frequency, frequency, and image definition are formulated after many tests
3) The collected image information is summarized and processed in CAD, a section diagram of the hydraulic flushing hole’s shape is drawn, and the hydraulic flushing hole’s shape is analyzed
2.3.3 Data acquisition and analysis
When the probe of YZD18.5 mining lateral resistivity video imaging logging tool enters the borehole, it is necessary to install the centralizer of corresponding model to ensure that the probe remains in the center of the borehole. The borehole diameter is 113 mm, and the centralizer with diameter of 93 mm is selected. After the probe enters the borehole, it will collect the hole information on the path. When the probe rod reaches the hole bottom and saves the data, the data acquisition is completed.
We then analyze the video files obtained after data acquisition, consider the observation angle of the probe, the effective detection distance of the probe, the forward speed of the probe, the data acquisition frequency and other factors, and use the intercepting frame function on the premise of ensuring the clarity and high accuracy of the image according to the actual test on the site. We plan to collect images every 0.15 m along the hole axis and every 90° along the hole circumference. The gray value of the collected image information is analyzed by schlieren method, the spatial position information contains in the hole section is obtained, and the hole’s shape section is drawn, as is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Borehole aperture peep view. (A) Coal section without flushing hole. (B) Coal section of flushing and drilling.
2.3.4 Data processing
Two holes 9-03# and 7-09# are selected to draw the hole morphology diagram, as shown in Figure 6.
[image: Figure 6]FIGURE 6 | Drilling for hydraulic flushing. (A) 7-09# hole section. (B) 7-09# hole section.
In Figure 6, the spatial information of about 40 images was used to draw the sectional map of the cavity morphology. r1-Z and r2-Z sections are quasi-ellipsoids with the upper part slightly larger than the lower part and the right-hand side is slightly larger than the left-hand side, and the maximum values of long semi-axis and short semi-axis are obtained at about z = 0.6H. The r1-r2 section shows an approximate ellipse, and the values of r1 and r2 are close to a constant value. The cross-sectional view of the hole’s shape is roughly the same as the three-dimensional display of BR-PKN equation deduced above in MATLAB; that is, the hole’s shape after flushing is an ellipsoid with a slightly larger top than the bottom.
2.4 Adsorption-permeability model of coal and rock considering water content
The pore and fissure of coal seam are the main factors affecting the permeability of coal seam, which directly affect the adsorption capacity and permeability characteristics of coal:
[image: image]
where φ - porosity of coal and rock, %; φ0 - Initial porosity of coal, %; Vp - volume of coal pore and fissure, and ΔVp - variation; Vp0 - initial coal pore fissure volume; Vb - total coal and rock volume, ΔVb–variation; Vb0 - initial total coal and rock volume; Vs0 - coal-rock skeleton volume; Vs - coal-rock skeleton volume change; and Vε - Volumetric strain of coal mass.
The internal deformation of coal rock is mainly composed of three parts, which are caused by temperature, gas pressure and adsorption/desorption. Assuming that the temperature of coal and rock is constant, the deformation caused by temperature can be ignored, and only the deformation caused by gas pressure and adsorption/desorption can be expressed as
[image: image]
where the strain caused by gas pressure εp can be expressed as
[image: image]
where Δp- gas pressure change, Δp=p0-p, MPa.
Under the condition of uniform surface properties of adsorbents, the adsorption amount of methane in coal and rock was calculated by the Langmuir isothermal adsorption model:
[image: image]
where V0- gas adsorption capacity (cm3/g), a- adsorption constant (cm3/g), b- adsorption constant (MPa−1), and p- gas pressure (Mpa).
When there is water on the surface of coal and rock fissure, there will be adsorption of gas. When the water reaches a certain amount, there will be “water lock effect”, which will slow down the release rate of gas and affect the adsorption characteristics of coal and rock (Maggs, 1946; Hu and Wu, 2014). Therefore, the existence of water content should be considered in the establishment of the adsorption model:
[image: image]
where V- solid adsorption gas volume (cm2/g), λ- reduction coefficient of adsorption capacity of coal by humidity, and m- water content (%).
Adsorption deformation of coal rock after adsorption of gas can be obtained by Bangham’s theory:
[image: image]
where l- coal-rock width (m), Δl- coal-rock width change value (m), π- surface free energy (J), and γ- deformation constant.
F. A. P. Maggs proposed the relationship between deformation constant and physical and mechanical properties of solids as follows (Tao et al., 2017):
[image: image]
where ρc- density of coal and rock mass (kg/m3), η- specific surface area of solid (cm2), and Ks- adsorption modulus (MPa).
In Gibbs surface adsorption equation, the surface free energy generated by the relative movement between molecules can be described as
[image: image]
where R- Ideal gas constant, Γ- surface excess, and T- temperature (K). When the adsorbed substance is CH4, the surface excess Γ can be described as
[image: image]
where n- total surface excess of adsorbed gas; Vm- molar volume of gas. By substituting Eqs 9, 11–13 into Eq. 12, the linear deformation of coal rock can be obtained as follows:
[image: image]
Therefore, the adsorption deformation of coal rock is
[image: image]
Substituting Eqs 7, 8, 16 into Eq. 6, the expression of porosity φ can be obtained:
[image: image]
The permeability of coal is closely related to its stress state, and the change of stress will lead to the change of coal skeleton and pore volume. Permeability and porosity are closely related. According to the relationship between permeability and porosity,
[image: image]
Among them,
[image: image]
where K- permeability, m2; Kz- dimensionless constant, value 5; Sp- pore surface area per unit pore volume of coal, cm2; and As- total surface area of pores in coal, cm2. When the permeability changes from the initial state k0, the porosity can also be re-expressed:
[image: image]
[image: image]
where ∂ is the increase coefficient of pore surface area of coal rock, %.
Therefore, the ratio of changed permeability to initial permeability can be obtained:
[image: image]
According to the work of Tao (2009),
[image: image]
Then, the permeability evolution model considering water content can be obtained:
[image: image]
3 RESULTS
3.1 Geometric model and boundary conditions
Xin’an Mine is mainly mined in the Permian coal seam group 1, the thickness of the coal seam is 0.3–13.1 m, the thickness of coal seam is 0.3–13.1 m, the average coal thickness is about 4m, the whole layer soft coal, the firmness coefficient f=0.17, the homogenization is strong, the coal seam density ρ=1400 kg/m3, the coal seam gas content is 4.0 m3/t ∼14.0 m3/t, The original gas pressure was 0.4–1.4 MPa, and the coal was extracted by hydraulic flushing technology of the floor roadway through layer, and 1t coal is produced per meter of coal section during hydraulic flushing. Based on this, a numerical calculation geometric model is established, and the maximum punch aperture of the long axis and short axis is 0.76 and 0.63m, respectively. The model parameters are shown in Table 1.
TABLE 1 | Numerical model parameters.
[image: Table 1]3.2 Permeability evolution of hydraulic flushing coal based on quasi-ellipsoid
During hydraulic flushing, a water jet is used to stimulate coal breaking in a coal seam. During coal breaking, the external moisture of coal seam is increased and the spatial distribution characteristics of permeability of coal body in hydraulic hole are affected. Therefore, the permeability evolution law of coal body under different water bearing conditions is carried out based on the shape of hydraulic flushing hole. COMSOL Multiphysics simulation software was used to simulate the permeability changes of coal body in the long and short-axis directions of equivalent ellipsoid holes and equivalent cylindrical holes at 0, 1, 10, 30, 60 and 90 days after hydraulic drilling under different water cut conditions, on the basis of ellipsoid hole shape, as shown in Figures 7, 8. And Figures 9 shows the comparison of coal permeability along the long and short axes of ellipsoid when water content is 6%. In these figures, the arc length on the abscissa represents the normal distance from the hole (m), and the ordinate represents the permeability of coal around the hole (m2).
[image: Figure 7]FIGURE 7 | Evolution of coal permeability along the long axis of equivalent ellipsoid-like holes under different water content. (A) The moisture content is 4%, (B) the moisture content is 5%, (C) the moisture content is 6%, (D) the moisture content is 7%, and (E) the moisture content is 8%.
[image: Figure 8]FIGURE 8 | Evolution of coal permeability along the short axis of equivalent ellipsoid-like holes under different water content conditions. (A) The moisture content is 4%, (B) the moisture content is 5%, (C) the moisture content is 6%, (D) the moisture content is 7%, and (E) the moisture content is 8%.
[image: Figure 9]FIGURE 9 | Comparison of coal permeability along the long and short axes of ellipsoid when water content is 6%.
3.2.1 Permeability evolution of the long axis of the equivalent ellipsoidal cavity
According to the permeability curve after hydraulic flushing and the stress state of coal around the hole, the area around hydraulic flushing can be divided into three zones (Hao et al., 2014; Fan et al., 2021). The first is the increased permeability zone; that is, the stress decreased zone, which is 0–2.1 m away from the hole. The coal permeability in this zone increases obviously, and it always exists with the extension of time, and the permeability continues to increase with the extension of time, but the increase rate is small. The second is the decreased permeability zone; that is, the increased stress zone, which is 2.1–6.0 m away from the hole. The permeability of this zone decreases rapidly but it is still larger than the original permeability. Moreover, this zone always exists with the extension of time, and the permeability continues to increase with the extension of time, with a slightly larger increase than that of the increased permeability zone. In the third zone, the permeability flat area, namely the original rock stress area, the distance from the hole is greater than 6.0 m. The stress to the original rock stress in this region is not affected by hydraulic flushing. The penetration of the area gradually overcomes the original permeability, the change is very small with the extension of time, and there is a small increase of permeability.
As can be seen from Figure 7, with the same water content, the coal permeability along the long axis of the equivalent ellipsoid hole shows a trend of uniform growth with the extension of extraction time. With the increase of the distance from the hole, the permeability first increases, then decreases rapidly, and finally tends to be stable. In 0 days of permeability, with the increase of the distance between holes distance fell sharply, and there is a peak at 0.3 m away from the hole location. Permeability then increases because after the hydraulic flushing there is an increased stress anomaly zone around the hole, the area affected by ground stress and force transmission shifts, and the effective stress increases after the coal by water jet impact by compaction. The porosity of coal becomes smaller, resulting in the decrease of permeability in this area. With the extension of time, the coal body gradually recovers. With the increase of water content, the permeability evolution is basically consistent, but the permeability gradually decreases. When the extraction time is 90 days, the water cut is 4%, 5%, 6%, 7%, and 8%, the maximum permeability is the same, which increases by 23.8% compared with the original permeability. Compared with the original permeability, and the stable permeability decreases by 0.9%, 4.6%, 8.3%, 14.8%, and 19.4%, respectively, compared with the original permeability.
3.2.2 Evolution of coal permeability along the short axis of equivalent ellipsoid
It can be found that the evolution curve of coal permeability along the short axis increases first, then decreases, and finally flattens with the increase of distance from the borehole, which is almost consistent with the permeability along the long axis and slightly smaller in value than that along the long axis.
By observing Figures 7, 8, it can be found that the permeability of coal in the short-axis direction has the following characteristics compared with that in the long-axis direction:
1) The variation law of coal permeability in the short-axis direction of the equivalent ellipsoid hole is roughly consistent with that in the long axis direction.
2) The permeability of the long axis and the short axis changes with the change of stress. The stress value of the long axis and the short axis is almost the same when the distance from the borehole is greater than 4 m, which explains the phenomenon that the evolution curves of the permeability of the long axis same as the short axis when the distance from the borehole is greater than 4 m.
3.3 Simulation of the effective radius of hydraulic flushing based on quasi-ellipsoid
COMSOL Multiphysics software was used to simulate the extraction radius of the derived equivalent ellipsoid hole. The area where the gas content is reduced to less than 6 m3/t is considered as the influence range of effective extraction radius (Li et al., 2011; Wen et al., 2012; Hu et al., 2020; Xu et al., 2020; Xie et al., 2021). COMSOL Multiphysics software was used to set the coal quantity as 1 t/m, the extraction time as 3 months, the spacing of boreholes as 6.60m, and the hole depth as 4.00 m. The drilling sections of equivalent ellipsoid are different. Here, only the maximum and minimum horizontal sections are analyzed. The minimum horizontal section is obtained when it is near the roof and floor of coal seam, and the maximum long axis and short axis are about half of the maximum horizontal section. The maximum horizontal section of short semi-axis r1m and long semi-axis r2m are 0.63 and 0.76 m, respectively, while the minimum section of short semi-axis r1 and long semi-axis r2 are 0.315 and 0.38 m, respectively. After 90 days of drainage, the gas content distribution around the borehole is shown in Figures 10, 11.
[image: Figure 10]FIGURE 10 | Gas content distribution of the maximum horizontal section of the equivalent ellipsoid hole.
[image: Figure 11]FIGURE 11 | Gas content distribution of the minimum horizontal section of the equivalent ellipsoid hole.
Figures 10, 11 show the gas content isolines after 90 days of extraction, and areas below the isolines of 6 m3/t are regarded as effective extraction ranges. It is found that the maximum effective extraction radius of the equivalent ellipsoid hole is 3.25 m in the long-axis direction and 3.40 m in the short-axis direction. The minimum effective extraction radius in the long-axis direction of the cross-section is 2.50 m and the effective extraction radius in the short-axis direction is 2.65 m.
3.4 Comparison of ellipsoid-like and cylindrical holes
3.4.1 Permeability correlation
Figure 12 shows the moisture content of 6% when the equivalent of evolution of coal permeability curves around the cylinder holes. When the moisture content is 6%, the coal permeability of two horizontal directions are perpendicular to each other, which in the equivalent cylinder showed a uniform growth trend. With the increase of the distance from the hole, the permeability first increases, after rapidly decreases, and finally tends to be stable. With the increase of water content, the permeability evolution is basically consistent, but the permeability gradually decreases. At 90 days of extraction, the maximum permeability at a water cut of 6% increased by 23.8% compared to the original permeability and the stationary permeability decreased by 10.6% compared to the original permeability.
[image: Figure 12]FIGURE 12 | Permeability evolution of coal around cylinder hole when water content is 6%.
Figure 13 shows the evolution curve of coal permeability around the quasi-ellipsoid hole and cylindrical hole with different distances from the hole under the condition of 6% water content. The dotted line in the figure represents the evolution law of coal permeability around the equivalent quasi-ellipsoid hole, and the solid line represents the permeability and evolution law around the equivalent cylindrical hole. By comparing the permeability curves of the two holes, it can be found that
1) The permeability evolution of the two pore shapes has the same change trend with water content, and both of them show that the permeability decreases with the increase of water content
2) When the time is the same, the water content is 6% and the coal output is 1 t/m, the permeability of coal around the long axis of the equivalent ellipsoid hole is less than that of the equivalent cylinder hole within 0–30 days after flushing, and that of coal around the long axis of the equivalent ellipsoid hole is greater than that of the equivalent cylinder hole during 60–90 days
[image: Figure 13]FIGURE 13 | Permeability evolution under different pore morphology when water content is 6%.
3.4.2 Comparison of effective extraction range
Figure 14 shows the gas content distribution diagram of the section of the equivalent cylinder hole. It can be found that the effective drainage radius of the equivalent cylinder hole by hydraulic flushing is 6.6 m after 90 days of drainage. A comparison with Figures 10, 11 shows that
1) The maximum effective extraction radius of the quasi-ellipsoid hole in the longitudinal direction is 1.16 times that of the equivalent cylindrical hole, and the effective extraction radius in the short-axis direction is 1.21 times that of the cylindrical hole
2) The effective extraction radius of the minimum section of the quasi-ellipsoid in the long-axis direction is 0.89 times that of the equivalent cylinder, and the effective extraction radius in the short-axis direction is 0.95 times that of the cylinder
[image: Figure 14]FIGURE 14 | Gas content distribution diagram of hole section of equivalent cylinder.
This suggests that in the actual hole pattern for the class under the condition of ellipsoid, an equivalent cylinder hole arrangement is not reasonable in the evaluation of extraction of prone to extraction standards. However, the existence of blank tape, ellipsoid to class hole of radius of the cross-section of short axis efficient extraction-based layout borehole can effectively avoid extraction of white space, improve the effect of the gas extraction, and ensure the safety of mine production.
3.5 Test data analysis
After the test, boreholes with different coal thicknesses in the bottom roadway at 14250 working face were selected to collect drilling parameters of hydraulic punching. The specific drilling parameters are shown in Table 2.
TABLE 2 | Hydraulic flushing drilling parameters.
[image: Table 2]In Table 2, coal extraction volume is composed of coal extraction volume from hydraulic flushing and coal extraction volume from drilling. By substituting test data into Eq. 5, parameters b=0.04 and αG=18° are fitted. Figure 15 shows the comparison between the actual coal output and the calculated coal output.
[image: Figure 15]FIGURE 15 | Comparison between actual coal output and calculated coal output.
As can be seen from Figure 15, with the increase of coal thickness from the borehole, the coal output presents a rising trend, and the average coal output per meter increases with the increase of coal thickness. The coal thickness of hole 9-03# is 2.60m, and the actual average coal output is 0.54 t/m. The coal thickness of hole 11-09# is 7.60m, and the actual average coal yield is 1.46 t/m; that is, the average coal yield from hole 11-09 increases with the increase of coal thickness. The calculated maximum short-axis r1 and long-axis r2 of the hole also increased, and the ratio of r2 to r1 remained roughly at about 1.20.
4 CONCLUSION

1) For the shape of the hole after hydraulic flushing, the BR-PKN equation was established by combining the Bergmark–Roos equation and the PKN model, and the numerical simulation was carried out. The shape of the hole was displayed in MATLAB in three dimensions, and it was found that the shape of the hole was a quasi-ellipsoid with the upper part slightly larger than the lower part and the horizontal section approximately elliptic.
2) When the water content is constant, the permeability of coal around the equivalent ellipsoid hole increases gradually with time. With the increase of the distance from the hole, the permeability increases first, then decreases rapidly, and finally tends to be stable. When the water content increases, the permeability of coal generally decreases, which indicates that the increase of coal external moisture will inhibit the permeability characteristics of coal seam.
3) When the water content is 6%, and the coal output is 1 t/m, the permeability of coal around the long axis of the equivalent ellipsoid hole is less than that of the equivalent cylinder hole in 0–30 days after flushing, and it is greater than that of the equivalent cylinder hole in 60–90 days.
4) When the extraction time is 90 days and the water content is 6%, the effective extraction radius of the minimum section of quasi-ellipsoid is 2.50 m along the long axis and 2.65 m along the short axis, which are 0.89 and 0.95 times of the hydraulic hole of equivalent cylinder, respectively. Combined with the above data, it is necessary to optimize the spacing of extraction holes. It is recommended that the spacing of drilling rows be 5.00 m (direction of maximum horizontal principal stress) and 5.30 m (direction of minimum horizontal principal stress).
5) The present study is in the vertical coal layers of drilling on the basis of research on the hydraulic flushing holes form. However, in practice the hydraulic flushing hole shape is affected by factors such as the dip angle of the coal seam and borehole inclination. These factors need further multi-factor coupling under the condition of hole shape characteristic research to optimize the extraction from drilling and to provide theoretical basis for design and evaluation.
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It is difficult to monitor the deformation of a rock mass in front of a tunnel owing to the large buried depth and complex geological conditions. In this study, by using a self-designed model test box as a carrier and using loess, sand, gypsum, cement, and water as the raw materials, the class V materials similar to the surrounding rock are obtained through an orthogonal test. These are used to study the deformation law of a rock mass in front of a tunnel in different ground stress soft rock. The results show that similar materials for the surrounding rock can meet the needs of the testing concerning the physical and mechanical properties and have economic and environmental protection advantages. The three-dimensional loading of a similar geological body is used to simulate the state of the rock mass. The real-time monitoring of the rock mass stress and deformation is conducted during a simulation of tunnel excavation, and the deformation laws of the rock mass and surrounding rock in front of the tunnel are obtained. In the range of 0.26 times the tunnel diameter in front of the tunnel in the high ground stress soft rock, the deformation of the core rock mass is the largest part of the tunnel deformation. Therefore, to reasonably control the advanced deformation of the tunnel, it is necessary to pre-reinforce the core rock mass within 0.26 times the tunnel diameter in front of the tunnel. At 1 times the diameter in front of the face, a longitudinal load-bearing arch is formed in the rock mass, and this effectively controls the extrusion deformation of the core rock mass to expand forward.
Keywords: similar materials, model test, soft rock, deformation law, different ground stresses
1 INTRODUCTION
Under the condition of high ground stress, some tunnel-collapse accidents caused by improper control of the surrounding rock stress release often occur in the construction of soft rock tunnels, which has caused great losses to the project. Many scholars have studied the engineering problems of soft rock tunnels with high stress and achieved fruitful results. Yang et al. (2017) found that owing to the complex tectonic stress of a deep rock mass, the stress field is a superposition of the gravity stress field and tectonic stress field; accordingly, it is mostly in a high-in-situ-stress state. Chen et al. (2021). Ma et al. (2021) found that tunnel-collapse accidents caused by improper control of the surrounding rock stress release, high ground stress, and discontinuity often occur in the construction process of soft rock tunnels, causing significant losses to the corresponding projects. A Kovacevic et al. (2021) and Cheng et al. (2018) found that to ensure the construction safety in a soft rock tunnel with high geo-stress and the stability and durability of the tunnel, it is necessary to initially study the deformation laws of the rock mass. At present, the control and monitoring processes for tunnel rock mass deformations are mainly concentrated on the surrounding rock of the excavated part. Zhang et al. (2019) and Sengani (2020) found that according to a geotechnical control deformation analysis method, all deformations of tunnel surrounding rock and instabilities caused by deformation are directly or indirectly related to the strength of the core rock mass in front of the tunnel face. Accordingly, it is necessary to control and monitor the stress release and deformation of the rock mass in front of the tunnel face. However, on the whole, these results are more inclined to construction technology and applicable to individual cases, while there are relatively few basic studies.
As an important means for studying geotechnical engineering problems, the tunnel model test is easy to operate and costs relatively less. Moreover, it can avoid certain immature theoretical problems and can directly reflect the deformation law of the rock mass as caused by tunnel excavation and interactions between the surrounding rock and support. Sun et al. (2018) conducted a physical modeling experiment to study the deformation mechanism of a tunnel excavated in deep-buried soft rock strata. Xiang et al. (2018) proposed a transparent soil model test technique and used a particle flow code (3D) numerical simulation to study the influences of the surrounding material (rock and soil) strengths and buried depths on the deformation and failure mechanisms. Hu et al. (2018) proposed a pre-supporting technique denoted the “Freeze-Sealing Pipe Roof method”, which combined a pipe-roofing method with an artificial ground freezing method and an innovative freezing scheme for the first time in China during the construction of the Gongbei Tunnel. Liu et al. (2019) relied on the Daban Mountain tunnel to build a model experiment system with a similarity ratio of 1:37, aiming to obtain the distribution law of a frost front in a cold-region tunnel under ventilation. There have also been great achievements in the study of tunnel face rock mass. Zhang et al. (2020) extended a traditional block theory to tunnels constructed using a tunnel boring machine (TBM) by incorporating a disc cutter–block interaction mechanism. Hao et al. (2021) conducted tests with 32 loading levels using three physical models combined with the numerical simulation to analyze the effect of the major principal stress direction with respect to the tunnel’s long axis on the stability of an underground tunnel. Yu et al. (2021) established a thermo–hydro–mechanical-coupled finite element model and verified it via a model test in the laboratory; then, they used it to consider the failure mode of the lining structure and investigated the influence of the burial depth on the temperature field and soil–lining interaction. Niu et al. (2021) developed a back-analysis method combining a model test and numerical simulation and derived results from the similitude criterion for the model based on similarity theory and elasticity mechanics equations. Zhou et al. (2021) studied the seismic response law of a loess tunnel based on the shaking table model of a 1/40 loess tunnel and considered the adverse conditions from an El-Centro bidirectional seismic wave and rainfall to discuss the damping effect of the loess tunnel structure (e.g., by setting a damping layer). At present, the research on the deformation law of the rock mass in front of the tunnel is not thorough, and on the whole, these results are more inclined to the construction technology and suitable for individual cases, while there is relatively little research on the foundation. Starting from the theoretical research, this study analyzes the deformation law of the square rock mass in front of the tunnel face in high-stress soft rock, makes a detailed study of the deformation characteristics of the core rock mass in front of the tunnel face and the rock around the tunnel by using the method of model test, and finally finds out the control range of the square rock mass deformation in front of the tunnel face.
2 PREPARATION OF SIMILAR MATERIALS
2.1 Three similarity theorems and single-value conditions of geomechanics

1) First similarity theorem
If the numerical values of the similarity criterion between two phenomena are the same or the similarity index is 1, then two phenomena satisfy the first similarity theorem. This similarity theorem defines the mathematical relationship between the similarity ratios of each similarity parameter.
2) Second similarity theorem
The second similarity theorem establishes a functional relationship between the similarity criteria of similar phenomena. This leads to the differential equation that similar phenomena should satisfy.
3) Third similarity theorem
The third similitude theorem can be regarded as obtaining the similarity conditions of specific phenomena by adding the single-value conditions of each phenomenon, i.e., by substituting the special solution of the differential equation so that a phenomenon is different from other phenomena.
The aforementioned great similarity theorems have different meanings for workers who solve practical problems. The first similarity theorem is a theoretical concept; the second similarity theorem gives the existence and function of similarity criteria, which are often used to guide practical work. The third similarity theorem provides the necessary and sufficient conditions for the actual model test.
During the model test, the physical phenomena shown by the model should be similar to the prototype structure, i.e., the material, shape, and external load of the model should follow a certain similarity law. A similar scale refers to the ratio of physical quantities of the same dimension between the prototype structure and the model, which is often represented by the letter C.
1) Geometric conditions
The establishment of a model must be scaled according to the actual size of the prototype to achieve geometric similarity. If individual parts or components cannot be geometrically similar owing to the limitations of the test conditions, it should be ensured that their characteristics are similar to those of the prototype.
2) Medium conditions
As the similarity ratios selected for each model test parameter are different, the similarity indexes that should be met between the similarity ratios of geomechanically similar materials are shown in Eqs 1, 2:
[image: image]
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The dimensionless similarity constants are all 1, and the similarity constant is CE= 1, so the calculation is shown in Eq. 3:
[image: image]
In the aforementioned equation the following are represented, C.-stress similarity ratio; [image: image] -bulk density similarity ratio; CL-geometric similarity ratio; [image: image] -strain similarity ratio; CE-elastic modulus similarity ratio.
3) Boundary conditions and initial conditions
The most difficult task when simulating similar conditions in geomechanics is simulating the stress state of the rock mass. A geological body is in a complex stress environment. To simulate the actual engineering conditions, it is necessary to simulate the initial stress state of the stratum, which requires three-dimensional loading of similar geological bodies. The range of the stress redistribution caused by underground engineering construction is approximately 3–5 times the excavation space. Therefore, the size of the surrounding geological model is at least three times larger than that of the surrounding geological model.
2.2 Engineering background
Jianshan tunnel is located in Baiyin City, Gansu Province. The starting and ending mileage is DK277 + 300 ∼ DK283 + 830. The total length of the tunnel is 6530 m. The physical and mechanical parameters of the surrounding rock 2 km away from the starting point of the tunnel are selected as the main parameters of the model test prototype. The surrounding rock within 1700 m of this section is an extremely fragile carbonaceous slate. Considering the influence of initial ground stress, the surrounding rock grade has been revised to grade V, and the average buried depth is 575 m (Figure 1).
[image: Figure 1]FIGURE 1 | Tunnel site conditions. (A) Site construction; (B) weak surrounding rock on the site.
The tunnel site area mainly includes fold and fault structures. The core of the fold structure exists near 2650 m from the beginning of the tunnel, and with an axial direction of 110°, the north occurrence is at W∠36°S and the south occurrence is at N13°W∠32°N. The underground water in the tunnel is formed by infiltration of atmospheric precipitation into the rock fissures and mainly penetrates downward along the fissures of the rock mass. The water abundance of underground water is also poor, and the underground water is unevenly distributed throughout the year. The increase of the underground water level follows a seasonal law: it rises significantly in July, August, and September.
The ground stress field in the tunnel area is obtained using a finite element multiple regression analysis method. From the magnitude of the expansion analysis results, when the lateral pressure coefficient λ = 1.8, the average value of the maximum horizontal principal stress, δH, at the tunnel axis is 15 MPa, and the average values of [image: image] and [image: image] at the tunnel axis are 9.7 MPa and 6.5 MPa, respectively. The uniaxial compressive strength RC of the surrounding rock is 30 MPa. According to the engineering rock mass classification standard (GB/T 50218-2014), when the strength stress ratio is between 2 and 4, the tunnel is considered to be in a high-stress state. According to this judgment, it is considered that the maximum buried depth of the tunnel of the project is in the state of high ground stress.
2.3 Preparation of similar materials
When the geometric similarity ratio of the model test is determined, for the qualitative model, it is generally taken as 100–200, and for the quantitative model, it is 20–50. In this test, considering the size of the existing model test box, if it was partially modified, it would not meet the requirements of the boundary conditions; hence, we chose to determine the appropriate similarity ratio according to the existing design.
The maximum width of the proposed tunnel is 6.8 m, the vertical height of the tunnel is 5.8 m, and the designed maximum diameter of the existing model in this study was 14 cm. The geometric similarity scale CL was 50, and the bulk density similarity scale Cγ was 1, according to the similarity index of the geomechanical model test shown in Eq. 4:
[image: image]
Therefore, the similarity ratios of other physical quantities could be calculated as follows:
1) Similarity ratio of stress, modulus of elasticity, and cohesion: Cσ=50, CE =50, Cc=50.
2) Similarity ratios of Poisson’s ratio and internal friction angle: [image: image] =1, [image: image] =1. According to the actual tunnel rock mass parameters, the ranges of the theoretical values of physical and mechanical parameters of similar materials in the model test are as shown in Table 1.
TABLE 1 | Value range of material, physical, and mechanical parameters.
[image: Table 1]Loess and quartz sand were used as the main raw materials, and gypsum and cement were used as cementing materials. Water was used as the regulating agent, and these materials were used as raw materials to develop similar materials for the rock mass (Figure 2).
[image: Figure 2]FIGURE 2 | Similar materials of the surrounding rock.
In general, in the process of developing similar materials, adding quartz sand can reduce the cohesion of loess and increase the bulk density of similar materials; gypsum can reduce the bulk density of materials; the addition of cement can improve the strength of materials and can still be used as cement when mixed with water.
When there are many factors and multiple tests need to be arranged, orthogonal design is a more commonly used design method, which can skillfully arrange the tests, reduce the number of tests, and shorten the test cycle on the premise of achieving the same statistical effect. Orthogonal design not only considers the balanced dispersion of factor levels but also takes into account the neat and comparable level of factors, which is convenient for analyzing the interaction between factors. Orthogonal design is a method to scientifically arrange and analyze multi-factor and multi-level experiments by using an orthogonal table. The orthogonal table is a standardized table constructed on the basis of Latin square and orthogonal Latin square by applying combinatorial mathematics theory according to the idea of balanced dispersion. It is the basic tool of orthogonal design. The orthogonal test design scheme is shown in Table 2.
TABLE 2 | Orthogonal test design scheme.
[image: Table 2]According to the aforementioned thought, different soil sand ratios, cement proportions, gypsum proportions, and water contents were selected as the four influencing factors, and three different proportions were selected for each influencing factor. Therefore, an L9 (34) orthogonal table was selected to combine the tests.
According to a comparison of the data in Table 3 and Table 1, it can be seen that the physical and mechanical parameters of the similar materials obtained from test No. 9 are within the theoretical value ranges of the model materials, thereby meeting the design requirements of the model test. Therefore, the proportions of similar materials in test No. 9 were selected as the formula for the similar materials in the model test, i.e., the soil to sand ratio was 6:4, the cement proportion was 7%, the gypsum proportion was 8%, and the water content was 10%.
TABLE 3 | Physical and mechanical parameters of similar materials with different proportions.
[image: Table 3]3 EXPERIMENTAL DESIGN
3.1 Design of the model box and loading mode
According to the actual project considered in this test, the tunnel width was 13.6 m, the vertical height was 11.6 m, and the proposed geometric similarity scale CL was 50. The final design of the test box size was 200 cm vertically, 200 cm horizontally, and 70 cm longitudinally (Figure 3). The frame of the model box was welded with 12 angle steel, and the six faces were designed as movable steel plates. The tunnel section in the test is approximately circular, and the tunnel diameter was 27.2 cm; this ensured that the tests conducted in the model box could meet the tunnel boundary conditions. This design not only saved a significant amount of cost but also ensured that the test could meet the theoretical requirements.
[image: Figure 3]FIGURE 3 | Model test box.
To simulate the high ground stress condition of the soft rock tunnel, the model needed to be loaded in three directions. This test adopted a loading mode comprising a combination of a pull rod and jack. The position of the tie rod was on the four corners of each surface of the model box, so there were four pairs of pull rods in the transverse, vertical, and longitudinal directions of the model box; when the rock mass was stressed, the relative panel was moved and pressurized by tightening the pull rod nut (Figure 4A). When the pull rod could not be tightened again, the reaction frame was considered sufficiently supported to load with the jack (Figure 4B). At the same time, the two hydraulic jacks on the top of the model system pass through mutually independent steel ropes (specification: Φ 20) so as to exert reverse load on the internal surrounding rock. In order to avoid the possible deviation and instability of the steel wire rope under its flexibility, the jack base is firmly in contact with the top boundary surface of the model system, and the top of the jack piston is stably placed with channel steel to limit the sliding movement of the steel wire rope.
[image: Figure 4]FIGURE 4 | Model test loading and stress and deformation monitoring. (A) Split bolt loading; (B) jack loading; (C) strain block embedded; (D) dial indicator installation
3.2 Stress and deformation monitoring in the test
The monitoring of the surrounding rock stress was realized by connecting the dh3818 strain gauge with an earth pressure box and strain block (Figure 4C). The earth pressure cell was a strain-type miniature earth pressure box for the model test, and the strain block was a measuring device comprising the nylon block and strain gauge.
The deformation monitoring was the key aspect of the test. The design of the monitoring device was required to allow for the deformation monitoring of the monitoring point without being affected by the surrounding rock mass. The deformation of the tunnel surrounding rock and core rock mass was mostly an inward convergence or longitudinal extrusion deformation. The deformation in other directions was not large, and it was difficult to monitor. Therefore, this test only monitored the convergence deformation of the surrounding rock and extrusion deformation of the core rock mass. In this way, the deformation considered in the test was only the vertical deformation of the vault, the lateral deformation of the wall waist, and the longitudinal deformation of the core rock mass (Figure 4D).
The tunnel excavation speed of the supporting project was 1.75 m per day. According to the proposed similarity ratio conversion, the tunnel excavation speed in the test was 7 cm per hour. The longitudinal length of the model test box was 100 cm. The monitoring section was set at the middle position (50 cm). The other sections were selected as the longitudinal 5 cm, 20 cm, 50 cm, and 65 cm positions of the model (Figure 5).
[image: Figure 5]FIGURE 5 | Monitoring section and monitoring device distribution.
Each section was equipped with two stress monitoring devices and two deformation monitoring devices, and their respective positions were located at the vault and wall waist of the tunnel. Because the stress and deformation of the arch crown section needed to be monitored simultaneously, the earth pressure box (strain block) and the deformation-monitoring device were staggered by 1 cm; owing to the symmetry of the wall waist, the earth pressure box (strain block) is arranged on one side, and the deformation-monitoring device was arranged on the other side. In addition, a deformation-monitoring device was arranged at the center of the face of the No. 3 section to monitor the longitudinal extrusion deformation of the core rock mass of the tunnel.
3.3 Test method and test comparison arrangement

1) Test method
After the test bench was filled with similar materials in the layers, compacted, and implanted with the stress- and deformation-monitoring device, loading was started, and the stress collection work was performed simultaneously. When the stress measured by the earth pressure box (strain block) reaches the test design value, it was considered that the surrounding rock had reached the designed initial stress state.
In the process of the test, it was found that the boundary conditions had great influence on the 1 # and 5 #sections. The deformation of the rock mass monitored at section 1 # was excessively large, and the tunnel excavation was completed when the rock mass deformation of section 5 # was very small, so the monitoring was not complete. Therefore, only the monitoring data of each measuring point of sections 2 #, 3 #, and 4 # were recorded, and the change of each footage excavation focused on the shape value.
2) Experimental comparison
To compare and study the deformation of the tunnel rock mass under different stress states of the surrounding rock with and without a lining, a double-layer wire mesh was selected as a lining-similar material, and the support was employed during excavation and jacking.
To study the deformation law of the rock mass under different stress states, the designed initial stress state of the rock mass had five groups: 0.1 MPa, 0.2 MPa, 0.3 MPa, 0.4 MPa, and 0.5 MPa, and each group was set with and without a lining.
3) Test arrangement
The divisional excavation method was used for tunnel excavation (Figure 6). In each group of test excavation, a constant speed of 7 cm per hour (1.75 m per day in actual engineering according to the proposed similarity ratio) was maintained (Figure 6A), and deformation and stress values were collected once for each excavation distance; among them, the lining test (Figure 6B) pushed the wire mesh lining to a certain distance for each distance.
[image: Figure 6]FIGURE 6 | Test arrangement. (A) Control of excavation speed; (B) effect picture of tunnel support.
4 ANALYSIS OF THE DEFORMATION LAW OF THE ROCK MASS IN FRONT OF THE TUNNEL FACE
4.1 Comparative analysis of the deformation law of the rock mass
Mentioned in his 2011 book ADECO-RS (Analysis of Controlled Deformation-Rock and Soil), Pietro Lunardi proposed the “New Italian Tunneling Method”, where the core of this method is to strengthen the rock and soil mass in front of the tunnel face in advance and improve its stiffness so as to control the deformation of the rock and soil mass in front of the tunnel face. In this approach, all deformations of the surrounding rock and instabilities caused by deformation are directly or indirectly related to the strength of the core rock mass in front of the face. The longitudinal extrusion deformation of the core rock mass in front of the tunnel face and surrounding rock pre-convergence should be included in the study of the deformation law, and the deformation analysis should be extended to a three-dimensional space.
Figure 7 shows the deformation of the tunnel vault and wall waist with and without the lining and the longitudinal extrusion deformation curve of the core rock mass at section 3 #.
[image: Figure 7]FIGURE 7 | 0.3 MPa test results. (A) Vertical deformation (0.3 MPa); (B) horizontal convergence (0.3 MPa); (C) extrusion deformation (0.3 MPa).
From the deformation curve of the surrounding rock, it can be seen that the deformation of section 2# is larger than that of section 4#. The longitudinal design length of the model is 0.7 m, the position of section 2# is 0.2 m, section 3# is the middle (0.35 m), and section 4# is at 0.5 m; from the beginning of tunnel excavation to the excavation of section 2#, the stress in the entire model concentrates on the excavated side, resulting in a large deformation of section 2#; section 4# is in the second half of the model, and the rock mass to be excavated is only 0.2 m. With the excavation of the tunnel, the stress release of the surrounding rock in the model is large, so the deformation value measured in theory is too small and does not conform to the actual situation. Therefore, this study should be mainly based on the deformation law of the rock mass with section 3#, and section 2# and section 4# should correspond to the entrance and exit sections of the tunnel, respectively.
By comparing the data extracted from the map, it can be concluded that the tunnel rock mass begins to deform at the position of 14–28 cm (0.5 D–1 D, where D is the tunnel diameter) in front of the tunnel without the lining. The position where the lining test begins to deform is 7–28 cm (0.26 D–1 D) in front of the tunnel. The extrusion deformation of the core rock mass starts to deform at 1 D in front of the tunnel face regardless of whether there is a lining or not, which indicates that the size and range of the disturbance area of the rock mass in front of the tunnel face are not significantly different under the conditions of lining or not. According to this changing trend, the tunnel deformation is divided into six regions for discussion, as follows:
1) Rock mass beyond 0.5 D in front of the tunnel
The results show that the pre-convergence deformation of the arch crown and wall waist at 0.5 D in front of the tunnel is very small. The test on the vault with the lining does not detect the trend of deformation; however, the central position of the core rock mass has a relatively evident extrusion deformation. The extrusion deformation of the core rock mass measured in the lining test is 0.024 mm smaller than that in the non-lining test. Because the deformation of the rock mass at this position is very small, it is impossible to judge whether the lining affects the rock mass deformation in front of the tunnel.
2) 0.5 D—0.26 D rock mass in front of the tunnel
At the position 0.26 D away from the heading face, the rock mass is greatly disturbed, and the deformation is evident relative to that at 0.5 D away from the face. The results show that the extrusion deformation of core rock mass in the lining test is greater than that of wall waist, but the difference between them is small; however, the extrusion deformation of the core rock mass in a non-lining test is much larger than that of the arch crown and wall waist, i.e., 6.39 and 2.35 times of that of the arch crown and wall waist, respectively. It can be seen that the extrusion deformation of the tunnel face at the 0.26 D position in front of the tunnel becomes much larger than the pre-convergence of the surrounding rock in the section of the main deformation.
3) Rock mass of 0.26 D—face in front of the tunnel
In the tunnel face, the vertical displacement in the test of the vault with the lining is smaller than that of the test for the unlined vault, whereas the lateral displacement of the wall waist has no significant difference whether under the condition of a lining or not. The extrusion deformation of the core rock mass in this section is still far greater than the pre-convergence deformation of the surrounding rock. The extrusion deformation value of the core rock mass in the non-lining test is 4.92 and 3.06 times that of the arch crown and wall waist, respectively, and is 5.57 and 2.59 times of those in the lining test, respectively. The extrusion deformation of the core rock mass in the lining test is only 13% less than that in the unlined test. The results show that the core rock mass extrusion deformation remains the largest part of the tunnel advance deformation, and the influence of the lining 0.26 D away from the tunnel face on the core rock extrusion deformation is very small.
4) Tunnel face position—the 0.26 D surrounding rock section behind the face
In this section, the deformation rate of the tunnel vault is fast, and the vertical deformation value of the surrounding rock of section 2# with or without the lining exceeds the lateral deformation value of the wall waist; although the lining test is not supported in this section, it can be seen that the surrounding rock deformation in this section is 23%–29% smaller than that in the unlined test and that the surrounding rock deformation has been controlled to a certain extent.
5) 0.26 D–0.5 D surrounding rock section behind the face
In this section, the deformation rate of the surrounding rock of the arch crown is still greater than that of the wall waist, and the deformation of the surrounding rock of section 2# is still greater than that of the wall waist. Although the deformation values of other sections are less than those of the wall waist, the deformation value of the surrounding rock in this section is reduced by 36%–47% compared with that without lining, so the deformation of the surrounding rock is obviously controlled.
6) 0.5 D—1 D surrounding rock section behind the face
The results show that the vertical deformation of the surrounding rock at each section exceeds the lateral deformation of the wall waist. The deformation of the surrounding rock in the lining test is reduced by 42%–53% compared with that in the non-lining test, and the surrounding rock deformation control effect is better.
In conclusion, the longitudinal extrusion deformation of the rock mass in front of the tunnel is the most important part of the tunnel’s advanced deformation. The results show that the extrusion deformation at the central position of the tunnel face when the tunnel face reaches the lining is equivalent to the final deformation value when the tunnel vault and wall waist are stable, whereas those in the non-lining test are 1.45 and 1.47 times of the final deformation values of the vault and the wall waist, respectively. The results show that the extrusion deformation of the core rock mass is the most serious part of the advanced deformation of a soft rock tunnel with high ground stress, and its deformation should be paid significant attention. At 0.26 D away from the face, the core rock mass in front of the tunnel begins to produce an evident longitudinal extrusion deformation and shows a large deformation rate in the rock section from 0.26 D to the face. Therefore, to control the extrusion deformation of the core rock mass of the tunnel, the strength of the rock mass from the face to the front 0.26 D should be strengthened.
4.2 Comparative analysis of the deformation law of the rock mass under different stress states
To study the change of the tunnel rock mass deformation law after increasing or reducing the initial ground stress, the maximum ground stress is increased and decreased, respectively. In this test, according to the initial test arrangement, lined and unlined tests are conducted, and the rock deformation laws are compared and analyzed in detail.
1) Analysis of the deformation law of the rock mass after stress increases
It can be seen from Figure 8 that the deformation of each part of the rock mass increases with an increase in the stress. The results show that the deformation of the arch crown increases from 0.314 mm to 0.363 mm, i.e., by 16%, that of the wall waist increases from 0.305 mm to 0.369 mm, i.e., 21%, and the extrusion deformation of the core rock mass increases from 0.300 mm to 0.410 mm, i.e., 37%. In the lining test, the deformation of the vault increases from 0.181 mm to 0.245 mm, i.e., 35%, that of the wall waist increased from 0.178 mm to 0.240 mm, i.e., also by 35%, and the extrusion deformation of the core rock increased from 0.262 mm to 0.356 mm, i.e., 36%.
[image: Figure 8]FIGURE 8 | 0.4 MPa test results. (A) Vertical deformation (0.4 MPa); (B) horizontal convergence (0.4 MPa); (C) extrusion deformation (0.4 MPa).
Figures 7–9 show that the deformation of each part of the rock mass increases with the increase of stress, and the proportion of advanced deformation also increases. However, the proportion of advanced deformation of section 2 # increases evidently, whereas that of section 4 #decreases. It can be seen that the release of the stress in the whole geological body tends to transfer to the excavation side, so the deformation rate of the rock mass in the first half of the tunnel excavation is faster, and the deformation value is larger. After the stress increases, the core rock mass extrusion deformation remains the most evident part of the tunnel surrounding rock advanced deformation. The analysis shows that a large part of the tunnel’s advanced deformation is represented by extrusion of the core rock mass; therefore, with the increase of the advanced deformation of each part, the extrusion deformation of the core rock mass will evidently increase.
2) Analysis of the deformation law of the rock mass after stress decrease
[image: Figure 9]FIGURE 9 | 0.5 MPa test results. (A) Vertical deformation (0.5 MPa); (B) horizontal convergence (0.5 MPa); (C) extrusion deformation (0.5 MPa).
Figure 10 shows that after a reduction of the ground stress, the deformation of the arch crown in the 3# section without the lining decreases by 20% from 0.314 mm to 0.250 mm, and that of the wall waist decreases by 25% from 0.305 mm to 0.230 mm; the extrusion deformation of the core rock mass decreases from 0.300 mm to 0.192 mm, i.e., by 36%. In the lining test, the deformation of the vault is reduced from 0.181 mm to 0.115 mm, i.e., by 36%; the wall waist is reduced from 0.178 mm to 0.115 mm, i.e., by 35%; the extrusion deformation of the core rock mass is reduced from 0.262 mm to 0.168 mm, i.e., by 36%.
[image: Figure 10]FIGURE 10 | 0.2 MPa test results. (A) Vertical deformation (0.2 MPa); (B) horizontal convergence (0.2 MPa); (C) extrusion deformation (0.2 MPa).
Figure 11 shows that when the initial stress decreases, the deformation of each part of the rock mass decreases and the proportion of the advanced deformation also decreases. The disturbed range of the rock mass in front of the tunnel is shortened from 1D to 0.9 D, and the disturbance range is evidently reduced. Compared with the situation in which the disturbance area of the rock mass is within 1D in front of the face after the increase of initial stress, it can be found that under the stable condition of the tunnel, the disturbance range in front of the face does not expand with the increase of the initial stress. The main reason is that the deformation of the core rock mass in front of the face is limited. With the increase in the distance from the face, the disturbed rock mass compresses the core rock mass in the process of stress release. The higher the ground stress, the greater the extrusion effect (which controls the extrusion deformation of the core rock mass). Further analysis shows that the deformation of the core rock mass is controlled in the position close to the face. Simultaneously, the longitudinal bearing arch of the rock mass in front of the tunnel is also formed and prevents the extrusion deformation of the core rock mass from expanding to a larger range.
[image: Figure 11]FIGURE 11 | 0.1 MPa test results. (A) Vertical deformation (0.1 MPa); (B) horizontal convergence (0.1 MPa); (C) extrusion deformation (0.1 MPa).
Based on the results of this test, a tunnel with the same section should have such an “ultimate longitudinal bearing arch” so that even under a higher initial stress environment, the maximum range of the rock disturbance caused by tunnel excavation to the rock mass in front of the tunnel is also on the inner side of the “ultimate longitudinal bearing arch.” The “ultimate longitudinal bearing arch” is actually the maximum upper limit of deformation that can be borne. The existence of the “ultimate longitudinal bearing arch” prevents the advanced deformation from expanding to a wider range and effectively controls the expansion of the extrusion deformation of the core rock mass to the front. From this test, the “ultimate longitudinal bearing arch” of the tunnel should be approximately 1D in front of the tunnel face.
4.3 Comparative analysis of deformation law of rock mass under different stress states

1) Analysis of deformation proportion of the surrounding rock in each part
It can be seen from Figure 12 that with an increase in the initial stress of the surrounding rock, the pre-convergence deformation of the surrounding rock has an evident increasing trend, and its law is evident. The ratio of the pre-convergence deformation value of the non-lining test arch crown to the final deformation value is between 16% and 28%, and with the increase of the initial stress, the proportion of the wall waist pre-convergence deformation value to the final deformation value is between 27% and 36%. The analysis shows that owing to the large transverse stress of the tunnel in this test, the final deformation of the vault and wall waist under different stress states is not different, but the proportion of the pre-convergence of the surrounding rock in the final deformation value is different by 8%–11%, leading to a larger proportion of advance deformation in the direction of the greater surrounding rock stress.
[image: Figure 12]FIGURE 12 | Deformation trend of the vault and arched waist under different stress states. (A) Vault deformation; (B) arched waist deformation.
The pre-convergence deformation of the arch crown with the lining is less than that without the lining. However, because the deformation of the surrounding rock is controlled by the lining, the proportion of the pre-convergence deformation in the final deformation value increases to 21%–32%. The pre-convergence deformation value of the wall waist is greater than that of the wall waist without the lining and accounts for 51%–59% of the final deformation value. This shows that after the deformation of the surrounding rock behind the face is controlled, the release of surrounding rock stress shifts to the unsupported section and front of the face, leading to the increase in the advanced deformation value of the surrounding rock.
In addition, the final convergence deformation of the surrounding rock of the tunnel with the lining is significantly smaller than that of the tunnel without the lining. After the lining, the convergence deformation of the vault only accounts for 13%–22% of the total deformation value, and the wall waist convergence deformation value only accounts for 6%–17% of the total deformation value. It can be seen that with the increase of the initial stress, the proportion of the convergence deformation value of the surrounding rock to the total deformation has a decreasing trend; this shows that the deformation rate of the surrounding rock is related to the stress of the stratum and that the deformation rate of the surrounding rock is evidently accelerated after the increase of initial stress. Therefore, the deformation of the surrounding rock under a high-stress state has already been completed before the lining with the same construction method. In practical engineering, tunnel support should be provided at a reasonable time, i.e., according to the different ground stress values.
2) Control of the surrounding rock deformation by the lining
It can be seen from Table 4 that the convergence deformation of the surrounding rock after the lining is well-controlled. The convergence deformation of the transverse arch waist with larger stress values decreases by 52.9%–68.1%, and that of the vertical vault with smaller stress values decreases by 29.2%–59.4%. It can be seen that the lining evidently controls the deformation of the surrounding rock, especially in the direction of large stress.
TABLE 4 | Proportion of the reduced deformation value of the surrounding rock after lining.
[image: Table 4]With the increase of the initial stress, the proportion of the lining controlling the convergence deformation of the surrounding rock decreases; this is caused by the same construction method under different conditions and leads to a missed support opportunity. Accordingly, the timing of support construction should be strictly controlled in such projects. In this test, the pre-convergence deformation of the surrounding rock of the arch crown is reduced by 20.5%–23.7%, that of the wall waist is reduced by 6.2%–8.8%, and the extrusion deformation of the core rock mass is reduced by 12.5%–14%. After lining, the deformation of the surrounding rock in this section is controlled, and the rock mass tends to be stable, simultaneously, owing to the concentration of rock stress caused by excavation of the excavation site, the surrounding rock in the section without the lining and in a certain range in front of the tunnel is compressed longitudinally. The shear strength of the surrounding rock in each section of the tunnel in this section is larger than that in the test without the lining, so the advanced deformation is smaller than in the test without the lining test. Owing to the control of the longitudinal stress release in the direction of larger stress, the pre-convergence deformation of the surrounding rock (arch waist) in this direction increases.
5 CONCLUSION
This study considers the deformation law and deformation control of the rock mass in front of a tunnel in high-ground stress soft rock. The deformation characteristics of the core rock mass in front of the tunnel face and the surrounding rock mass around the tunnel are studied in detail by means of model tests, and the control range of the rock mass deformation in front of the tunnel is identified. The conclusions are as follows:
1) Loess and sand are used as the main aggregates, cement and gypsum are used as the cementing agents, and water is used for mixing. According to the orthogonal test, the physical and mechanical parameters of the similar materials of the grade V surrounding rock under the final ratio meet the requirements of the indoor model test under similar ratios and have the advantages of easy access to the basic materials, along with easy preparation, processing, and maintenance; moreover, these materials are economic and reasonable and harmless to the environment.
2) At a certain position in front of the tunnel, the core rock mass is compressed and compacted after being subjected to the stress concentration caused by tunnel excavation from the stratum, and a longitudinal bearing arch is formed at this position. This arch effectively controls the expansion of the extrusion deformation of the core rock mass to the front. The higher the stress state, the stronger the extrusion effect caused by the stress concentration; accordingly, it is inferred that there is an “ultimate longitudinal bearing arch” at a certain position in front of the tunnel face under the higher stress state, which prevents the extrusion deformation of the core rock mass of the tunnel with the same section from exceeding the scope of the bearing arch even under larger initial stress conditions. According to the analysis of the test, the “ultimate longitudinal bearing arch” of the tunnel should be formed at approximately 1D in front of the tunnel face.
3) The pre-convergence deformation of the lining test tunnel is smaller than that of the non-lining test tunnel, and the lining has a certain control effect on the advanced deformation of the tunnel. This is because in the lining test, the surrounding rock of the lining section tends to be stable after the lining construction, and owing to the stress concentration caused by the excavation, the surrounding rock in the surrounding rock section without the lining and the surrounding rock in front of the tunnel in a certain range are compressed longitudinally. This improves the shear strength of the surrounding rock of each section of the tunnel in this section and makes the pre-convergence deformation smaller than that of the test without the lining.
4) The deformation rate of the tunnel rock mass accelerated with an increase of the initial stress, and a reasonable time should be selected for the construction of tunnel support. Under a low-stress condition, the surrounding rock can bear a large part of the stress concentration caused by tunnel excavation by its strength, thereby making the stress release slow; however, after the initial stress increases, the deformation rate of the surrounding rock accelerates, so support should be provided as soon as possible. Therefore, a reasonable time should be chosen according to the different ground stress states.
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In view of the deformation and instability law of hard roof without side filling retaining roadway, based on the systematic construction and analysis of the force and bearing model of roadway retaining structure, this article proposes the control mechanical model and calculation method of roadway retaining, which takes the anchor roof beam and the key block above to form the cantilever beam together, with the anchor solid coal side as the foundation support. The research and practice show that under the condition of hard roof, the mechanical connection between the roof of gob-side entry retaining and the roof of mining face can be effectively cut off so as to improve the structural configuration and mechanical properties of the lateral roof of gob-side entry retaining and the key blocks above, and reduce the damage of upper strata subsidence and goaf roof collapse to the roof of roadway. Then, through strengthening by anchor to significantly enhance solid coal side, bearing capacity of anchor roof beam, so they can share the upper strata caused by the load and deflection of mining influence, in addition, the roof bolting, reinforcement of waste rock bolting supporting role can better improve the structure for stability, adaptability and engineering applicability, this method is successfully applied in engineering practice. It is worthy of further research and application.
Keywords: hard roof, gob-side entry retaining, no gateway sidewall back, stability control, mechanical model
1 INTRODUCTION
For a long time, coal pillar mining has been adopted in most mining areas of China’s coal mines, resulting in the loss of produced coal accounting for about 40% of the total coal loss of the whole mine (Chen and Lu, 1994). The pillarless mining along a gob retaining roadway can improve the mining area’s recovery rate by 10–20% and reduce the roadway driving rate by 25–30% (He et al., 2016). It can also realize y-type ventilation, control gas, relieve mining imbalance, and eliminate isolated working face. With significant economic benefits and technological advantages, it can better meet the goal of safe, economic, efficient, green, and sustainable mining. It has important strategic significance (Sun and Zhao, 1993; Qian et al., 2003).
According to roadway side support materials and action modes, it can be divided into filling support and non-filling support (Cao et al., 2016). The calculation models around the resistance of roadway side support mainly include the mechanical model of separated rock block, the mechanical model of roof tilt, the mechanical model of rectangular superimposed plate bending moment failure, the mechanical model of limit equilibrium beam of coal body, and the mechanical model of elastic thin strip (Chen, 2012). The research shows that the application and development of roadway side filling support are affected by the complexity of the process, impedance lag, and high cost, while the non-filling support can effectively avoid these problems and realize the control of roadway roof and overlying rock strata more quickly (Hua et al., 2005). In fact, most coal mines, especially small- and medium-sized coal mines, are more likely to have the way of sideway filling without lane retention when conditions permit.
He et al. (2017a, 2017b), on the basis of the “roof cutting short-boom beam theory,” have put forward new technologies such as roof cutting pressure relief and 110 construction methods in recent years, which further promote the development of roadwayless side filling and retaining technology. Pre-split cutting top is to cut off the stress transfer path between goaf and roadway roof through pre-split action, shorten the length of the cantilever beam of the roof, and help the goaf roof collapse fully. The main technologies include slit pressure relief, drilling pressure relief, blasting pressure relief, and water injection softening. Kang et al. (2014), Sun et al. (2014), Zhang (2010) and other scholars have made many valuable research achievements in this regard.
As for the role of roadway anchoring and roadway side support, one view holds that roadway anchoring and roadway side support have no fundamental influence on the broken rule of the basic roof and cannot change the broken position and shape of the roof. The other holds that different roadway anchoring and roadway side support have different influences on the position, shape, and law of the basic roof breakage, which mainly depend on the strength and stiffness of roadway anchoring and roadway side support. In fact, strengthening roadway anchoring and roadway side support can improve the broken position and structural form of the basic roof, enhance the stability and adaptability of roadway retention structure, and significantly improve the effect of roadway retention.
Based on the previous research by others, the author takes the control of retaining roadway in hard roof as there search object. By systematically constructing the force and bearing model of goaf retaining roadway with no roadway side filling (referred to as non-filling retaining roadway, the same below), the feasibility, rationality and calculation method of bearing capacity of anchoring solid coal slope, anchoring roof beam and key blocks above on the retaining roadway structure are studied. And through effective roof cutting to improve the overburden structure configuration and stress field distribution, significantly improve the stability, adaptability and engineering applicability of roadway retaining structure, promote coal mine safety, economic, efficient and sustainable production
2 THE CONTROL PRINCIPLE OF HARD ROOF WITHOUT FILLING IS “ANCHORING - CUTTING - SUPPORTING - BLOCKING - CLOSING”
A hard basic roof refers to a layer of hard rock with good mechanical properties, good structural integrity, and bearing capacity above the direct roof of the coal seam. The direct roof of the coal seam is generally a composite layered structure, with different strengths and stiffnesses in each layer. The bond between adjacent layers is weak, and the weak surface is developed, showing a heterogeneous layered occurrence form. In order to improve the bearing capacity of the roadway’s direct roof, it is necessary to adopt high-strength materials to coordinate and strengthen the anchoring during tunneling, so that it has high strength and high stiffness that meet the requirements of roadway retaining bearing performance. After stoping the first working face, the cantilever beam structure will not be formed together with the goaf roof due to the strength of the anchor roof beam and the key block above. Compared with ordinary roadways, the load-bearing structure of roadway retaining is changed from roof, solid coal side, gangue side and floor “tetrahedron” to roof, solid coal side and floor “trihedron.” Under the comprehensive influence of key block overturning and subsidence, upper weak rock layer, and mining, there will be separation, deformation, and failure between the anchor roof beam and the basic roof, so it is necessary to optimize the position and state of the roadway side structure and reconstruct the bearing structure. Therefore, on the basis of previous research and practice, the control principle of “anchor-cut-support-stop-close” was proposed.
For the reserved roadway, it is necessary to consider its anchorage strength and stiffness to meet the mechanical property requirements of repeated mining failure. Therefore, the roadway cannot adopt the control mode of ordinary roadway, and it needs to adopt “bolt + anchor cable + anchor net + steel belt” to strengthen the anchoring of roadway roof and solid coal side. It means that the bolts are interlocked horizontally with W steel bands, and the bolts are interlocked longitudinally with T steel bands to form “anchor cable beam.” In addition, the layout density of anchor cable beam is appropriately strengthened to effectively improve the anchoring strength and stiffness of roof and solid coal side, so as to improve their bearing capacity and anti-deformation capacity, which is the “anchor” principle. In contrast, if the mining coal gang is going to be excavated when the working face is mined, the ordinary anchoring method can be adopted, and it only needs to meet the mining impact requirements.
Because it is a hard roof and the anchoring roof beam has good bearing capacity, the basic roof will form a single cantilever beam with large span above the lateral roof and goaf, which is very unfavorable to the stability of the roadway retaining structure. Therefore, a certain distance ahead of the working face is needed to cut off the mechanical connection between the roof of the roadway and the roof of the mining face in advance. When the goaf roof collapses, the stress transfer and damage to the roof of the roadway can be significantly reduced, which is the “cutting” principle. Considering the effect and influence of periodic pressure, the top-cutting distance should be greater than the fracture length of the basic roof along the advancing direction of the working face, generally 50m ahead of the working face.
In order to enhance the stability and adaptability of the lateral roof of roadway retention and prevent large overturning and subsidence of the direct roof and the basic roof above the roadway retention, “single column + steel beam” or hydraulic support should be adopted to support the roadway side to form the roof cutting support structure. At the same time, through the joint action of roof cutting and caved gangue bursting, caved gangue usually fills the goaf and forms gangue support structure, thus forming a certain support force for the basic roof above the goaf and the lateral roof of roadway retaining. The principle of “support” is to make good use of the self-support function of gangues in goaf and the support function of roadway side cutting roof support structure.
In addition, in order to prevent the gangue in goaf from falling into the roadway, it is necessary to build a gangue retaining and supporting structure with steel beam and steel mesh before the caving, so that the gangue in goaf can form a new gangue side on the outside of the structure, which is the “retaining” principle. In addition, in order to prevent the gas or harmful gas in the goaf from spilling into the roadway and the air in the roadway from flowing into the goaf, it is advisable to use “wire mesh + sealing cloth + steel mesh” to construct a closed structure between the gangue retaining structure and the caved gangue in the goaf. If necessary, grouting or higher sealing treatment should be carried out on the gangue side, which is the “closed” principle.
As mentioned previously, by cutting the mechanical connection between the roadway and the roof of the stoping working face, the configuration and stress transfer path of the roadway retaining structure are optimized, and the roadway retaining structure is placed in the low-stress zone so as to weaken the damaging effect of upper rock strata activities on key blocks and the roadway retaining structure. On this basis, through the implementation of tunnel anchorage structure, cut the roof supporting structure and supporting structure of coal and gangue and gangue supporting structure of retaining the effective control to form has a good stability and adaptability for bearing structure, so that we can better meet the requirements of coal mining, it is the control principle of “anchor-cut - support - solid - block - close” for hard roof without filling roadway retention, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Control diagram of “anchor - cut - support - block - close” of unfilled gob-side entry retaining structure.
Compared with the side filling retaining roadway, the non-filling retaining roadway has high efficiency, simple construction process and technology, and most of its supporting materials can also be recycled, which significantly saves production cost. In addition, the bearing performance of the roadway roof and solid coal side can be adjusted by changing the control mode and parameters, including cutting roof support which has strong controllability, and it is easier to realize the cooperative bearing between them. For the hard layered roof, it is undoubtedly effective, efficient, and applicable to use this control principle and technology to realize lane retention, and it also has an important reference value for other conditions of roof lane retention. For example, under the condition of a thick layer soft rock roof of a coal mine in Guizhou, the authors successfully retained the roadway by effectively cutting the roof, strengthening the anchoring in the roadway, and cutting the roof support.
3 MIGRATION LAW OF HARD ROOF WITHOUT FILLING RETAINING ROADWAY
According to the cantilever beam hypothesis, masonry beam mechanical model, transfer rock beam mechanical model, key layer theory, large–small structure stability principle, and other theories (Allard and Swelsky, 1986; Zhu, 1987; Song, 1988; Qian, 1994; Ortlepp and Stacey, 1998; Hou and Li, 2001; Qian et al., 2010; Chen, 2012; Yuan et al., 2013), the key layer that has the greatest influence on the entry retention is mainly the basic roof, and the fracture position of the basic roof determines the structural characteristics of the lateral roof strata of the stope. It is necessary to study the influence of fracture, movement, and stability of the basic roof on the stability of roadway retaining structure. With the advancement of the working face, the overlying strata of the goaf collapsed, and the “O-X” fracture was formed by the initial pressure on the basic roof, while the masonry beam structure was formed along the direction of the working face by periodic pressure, and the curved triangle block was formed at the end of the working face. As for the filling and retaining roadway beside the roadway, due to the hysteresis of the loading at the side of the roadway, the arc-shaped triangular block will fracture, rotate, and sink under the overburdening pressure. Usually, the first fracture occurs above the side of the solid coal body, and finally three blocks A, B, and C are formed, as shown in Figure 2A.
[image: Figure 2]FIGURE 2 | Schematic diagram of basic roof fracture. (A) Filling retaining roadway, (B) no filling entry.
Compared with ordinary roof roadway, the periodical pressure of hard roof stope is more intense, which is unfavorable to control the stability of roadway retention. However, according to the control principle of the hard roof, as the roof of roadway and the roof of working face have been effectively cut off, two blocks A and B are formed on the basic roof before mining. Under the advanced action of periodic pressure, the cutting condition between block A and B will be further intensified, and certain slippage and spacing will occur along the cutting surface. When the working face is pushed, the direct roof above the mined coal seam collapses first, which provides space for the settlement of the upper basic roof. Subsequently, block B will have obvious settlement, and the scattered between block A and block B will further increase, which is mainly related to the degree of gangue filling in the goaf and the degree of upper rock subsidence. Due to differences in structural performance and settlement sequence of the goaf roof, block B will also fracture during settlement, forming new blocks B and C, which are finally compacted on the gangue structure of goaf, as shown in Figure 2B. Therefore, to master the basic law of hard roof stope mine pressure, a reasonable control mode of roadway retention is adopted, which is the key to the safety of stope production and the stability of roadway retention structure.
4 STABILITY CONTROL MECHANISM OF ROADWAY RETAINING WITHOUT FILLING IN HARD ROOF
4.1 Stress and Load-Bearing Model of Roadway Retaining Structure
For the hard roof, the mechanical properties, fracture position, and geometric parameters of block A on the roof of entry retention are the key factors affecting the stability of entry retention structure. Under the action of its upper strata and its own gravity, block A will transfer the load to the anchoring roof beam in the way of bending subsidence, and then the anchoring roof beam will transfer to the roadway retaining structure such as a solid coal wall, cutting roof support in a similar way. In order to simplify the construction of the mechanical model, it is assumed that 1) roadway roof and working face roof, especially block A and block B, can be effectively cut off; 2) the load generated by the rock strata at the basic top is mainly transmitted to the gangue of the entry retaining structure and the goaf through block A, B, and C, respectively; 3) through the synergistic anchoring effect of anchor rods, anchor cables, and composite components, the roadway roof is directly anchored into an integral rock beam, which forms a cantilever beam structure together with block A and plays a major role in the stability of roadway retention; and 4) the solid coal seam is continuous, homogeneous, and isotropic.
According to the control principle of the hard roof without filling and roof migration law, after the first working face is pushed over, the roadway retention structure mainly bears the load imposed by the self-gravity G1 of soft rock in the upper part of block A, the bending load G2 of block A, and the bending load G3 of the anchoring roof beam. The supporting force F1 of the solid coal side, the bearing capacity F2 of block A, the bearing capacity F3 of the anchoring roof beam, the supporting force F4 of roof cutting support, the supporting force F5 of gangue retaining support, the supporting force F6 of goaf gangue supporting block B, the lateral supporting force F7 of roadway roof, and the lateral supporting force F8 of block B supporting block A are jointly undertaken. Thus, taking the boundary line of the loose area of solid coal side and the intersection point O under roadway roof as the origin, the force and bearing model of roadway retaining structure is established, as shown in Figure 3A. The basic mechanical equation of roadway retaining structure is as follows:
[image: image]
[image: Figure 3]FIGURE 3 | Structural mechanics model diagram of gob-side entry retaining without filling. (A) Stress and load bearing model diagram, (B) stability control model diagram.
Formula (1) considers the balance relationship between the force and load of the roadway retaining structure. When this relationship is satisfied, the roadway retaining structure is in a stable state.
4.2 Stability Control Mechanism of Roadway Retaining Without Filling in Hard Roof
According to Formula (1), as long as the equilibrium state is not broken, the lane retention structure can remain stable. For actual engineering conditions, the basic structure remains the same, the change of movement is produced by the mining effect, and the structure bearing capacity because the control mode, control parameters and controlled time different and change, That is, the structural bearing capacity is variable, when a lack of structure bearing capacity and advance damage can cause the structure for the overall destruction and instability. Therefore, it is necessary to optimize the mechanical model and calculation method of load-bearing structures from the perspective of enhancing the stability of retaining structure.
In practical engineering, this article considers that gangue may not be able to fill the goaf in time, which may result in insufficient support force F6 of gangue on block B, lateral support force F7 on roadway roof, and lateral support force F8 of block B on block A, and limited support force F4 of roof cutting support and F5 of gangue retaining support. Therefore, F4 ∼ F8 on the left of Formula (1) is not included in the calculation of roadway retaining structure bearing capacity. In this case, the bearing capacity of anchoring solid coal wall and roof anchoring beam needs to be realized by strengthening anchoring, while the bearing capacity of block A can be realized by effectively cutting the roof and forming a short arm beam, as shown in Figure 3B:
[image: image]
where [image: image] is the load-bearing performance of the solid coal seam after strengthened anchoring, kN; [image: image] is the load-bearing performance of the roof after strengthened anchoring, kN; and [image: image] is the bearing performance after block A is cut off to form a short-boom beam, kN.
Formula (2) shows that under the condition of hard roof, if only the anchoring coal slope is considered, the anchoring roof beam and block A withstand, respectively, from deflection of strata above the load, and the load is realized by strengthening the anchoring or structural optimization; then, combined with the “reinforcing bearing” effect of F4 ∼ F8 forces, the roadway retaining structure will be more stable because top-cutting support, retaining gangue support, and gangue support exist objectively. Notably, it is of great significance to carry out such treatment, which is the stability control mechanism of retaining the roadway without filling in the hard roof. The next step is to calculate the bearing capacity and related parameters of the anchoring solid coal wall, anchoring roof beam, and block A, which meet the requirements of Formula (2).
4.3 Mechanical Calculation of Stability Control Model of Roadway Retaining Structure
As shown in Figure 3B, according to the stability control mechanism of unfilled roadway retention in hard roof, and on the basis of satisfying the relationship between force and bearing capacity in Formula (2), load-bearing performance, relevant mechanical parameters and control requirements should be provided by anchoring solid coal slope, anchoring roof beam and upper block A can be designed and constructed to provide load-bearing structure with good stability. Thus, the theoretical research is transformed into engineering practice, and verified and optimized in practice. Thus, the stress diagram of anchoring roof beam and block A is established, as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Stress diagram of anchoring roof beam and block A. (A) Block A, (B) anchor roof beams.
4.3.1 Block A Geometric Parameters

1) Fracture length of the basic roof along the advancing direction of the working face. It can be obtained through on-site mine pressure monitoring or theoretical calculation (Qian et al., 2010):
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where L is the fracture length of the basic roof along the advancing direction of the working face, m; [image: image] is the basic top thickness, m; [image: image] is the tensile strength of block A, MPa; and q is the unit length self-gravity of the soft rock above the basic roof, kN/m.
2) The basic roof along the lateral fracture span. According to the yield line analysis of the plate (Jiang, 1993), it is considered that the lateral fracture span of block A is related to the length of the working face and the periodic compression step of the basic roof can be written as:
[image: image]
where [image: image] is the lateral fracture span of the basic roof, m, and Lm is the length of the working face, m; According to the calculation and analysis, when [image: image] > 6, the lateral fracture span [image: image] is basically equal to the periodic compression step L, that is, [image: image].
3) Width of the loose zone of the solid coal wall. Under the influence of mining, the solid coal will form a certain loose area. The basic roof rock is regarded as a semi-infinite beam, and the elastic foundation beam model is used to obtain the width of the loose zone of solid coal wall (Qian and Zhao, 1987; Qian and He, 1989):
[image: image]
where [image: image], [image: image] [image: image]; [image: image] is the width of the loose zone of the solid coal seam, m; and [image: image] is the coefficient of Winkler foundation, which is related to the thickness and mechanical properties of the upper and lower strata, MPa/m. EI is the flexural stiffness of the basic roof beam; [image: image], [image: image], N are the sectional internal forces corresponding to the possible fracture position of the solid coal side of the working face, kN.
4.3.2 Pre-Split Cutting Top Parameters
Under the condition of hard roof, the lateral fracture span [image: image] along the basic roof is generally large, and under the action of upper rock, there will be great pressure and damage to the entranceway structure. Therefore, before the first face mining, the top cutting needs to be completed at a given angle and cut to the upper bound of block A. Roof cutting angle and depth (length) are related to the thickness of roof strata, mechanical properties, and natural caving angle of goaf, which can be determined according to the calculation of relevant parameters or actual engineering conditions. According to the roadway width, roof cutting angle, and other parameters, the span of block A after roof cutting is:
[image: image]
where [image: image] is the span of block A after cutting the top, m; [image: image] is the width of roadway, m; [image: image] is the thickness of the direct roof of the roadway, m; and θ is the cutting angle, °.
In order to make block A, the anchoring roof beam can form a short cantilever beam; the cutting angle is generally 5–10°, but it needs to be determined according to coal seam dip angle and roof rock structure to ensure the formation of a short-boom beam structure. According to Eqs 4 and 6, when [image: image], there is no need to cut the top. According to the cutting angle, the cutting depth (length) is:
[image: image]
where [image: image] is the cutting top depth, m.
4.3.3 Self-Gravity of Upper Strata of Block A
Under the influence of mining, the upper weak rock layer will separate and sink, and act on block A in the way of self-gravity:
[image: image]
where [image: image] is the unit width self-gravity of the upper weak rock layer, kN; [image: image] is the thickness of soft strata, m; and [image: image] is the bulk density of soft rock, kN/m3.
4.3.4 Bearing Capacity of Block A
As shown in Figure 4A, block A is subjected to force and load in the form of fixed beam, that is, the left boundary is constrained by the fixed end. When conducting mechanical analysis and calculation, lifting the fixed constraint is equivalent to bending moments Fb and Mb. According to the balance equation of bending moment and force, the following equation can be obtained:
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where [image: image] is the bending moment of block A at the cutting position, kNm; [image: image] is the force at the fracture position, kN; [image: image] is the bending load of block A with unit width, kN; and [image: image] is the load transfer coefficient of the overlying strata of block A, which can be:
[image: image]
where [image: image] is the bulk density of block A, kN/m3.
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where φ is the friction angle within the rock layer and [image: image] is the lateral stress coefficient.
In addition, according to relevant formulas of material mechanics,
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where σ is the tensile stress at the cutting position of block A, kN; [σ] is the flexural strength of block A, kN/mm2; [image: image] is the shear stress at the cutting position, kN; and [τ] is the shear strength of block A, kN/mm2.
When Eqs 15 and 16 are satisfied, block A will not suffer from buckling failure. It can be seen that the mechanical properties of block A for the stability of entry retention can be obtained by changing the angle of cutting top and geometric parameters of entry retention structure, so that block A can remain stable.
4.3.5 Bearing Performance of Anchoring Roof Beams
As shown in Figure 4B, according to the mechanical characteristics of the hard roof, the anchoring roof beam is simplified as the cantilever beam for mechanical calculation. The left boundary of the beam is assumed to be a fixed end constraint. When mechanical analysis and calculation are carried out, lifting the fixed constraint is equivalent to bending moment Fa and Ma. According to the balance equation of bending moment and force, the following equation can be obtained:
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where [image: image] is the bending moment of the anchoring roof beam at the cutting position, kNm; Fp1 is the force at the cutting position, kN; [image: image] is the bending load of anchoring roof beam per unit width, kN/m; and [image: image] is the load transfer coefficient of the overlying strata of the anchoring roof beam:
[image: image]
where [image: image] is the bulk density of anchoring roof beam, kN/m3.
[image: image]
In addition, according to the formula of rectangular section stress calculation of material mechanics, the stress of beam per unit width is calculated as follows:
[image: image]
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where [image: image] is the tensile stress at the cutting position of the anchoring roof beam, kN; [image: image] is the bending strength of the anchoring roof beam, kN/mm2; [image: image] is the shear stress at the cutting position, kN; and [image: image] is the shear strength of anchoring roof beam, kN/mm2.
When Eqs 23 and 24 are satisfied, the anchoring roof beam will not bend and sink. It can be seen that the mechanical properties of the anchoring roof beam can be obtained by changing the cutting angle, geometric parameters of roadway retaining structure, and anchoring parameters of roadway roof, so that the anchoring roof beam can remain stable.
4.3.6 Anchor Solid Coal Side Support Force
During the process of roadway excavation to retaining, the stress of solid coal wall will be redistributed and abutment pressure will be formed at its wall. Under the premise of no control of the solid coal seam, the solid coal seam is subjected to vertical load, and two regions, namely, limit equilibrium zone and elastic zone, which will appear successively, as shown in Figure 5A.
[image: Figure 5]FIGURE 5 | Force model of solid coal wall. (A) Stress distribution model, (B) simplified model of force.
Due to the irregularity of the stress characteristics of coal seam, the abutment pressure above the solid coal seam is simplified as a linear distribution form for convenient discussion (Ke, 2020). Taking any unit body within a certain range of solid coal seam as the research object, the abutment pressure above the solid coal seam can be regarded as two load distribution forms of uniform distribution and linear distribution, and its stress-simplified model can be obtained, as shown in Figure 5B. According to the analysis principle of stress components of a semi-infinite body under normal load, the stress components [image: image] [image: image] [image: image] generated by the unit body under partial load are calculated, respectively, and then the stress components at any point in the solid coal seam can be obtained by superposition of the stress components. Let the peak stress be [image: image] According to the elastic theory, the stress component at any point in the coal wall rock mass under uniformly distributed load is:
1) Linear load in limit equilibrium zone:
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2) Uniform load in elastic zone:
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3) Linear load in elastic zone:
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By determining the stress component of any point in coal seam rock mass under the action of abutment pressure of each part, the stress component of this point can be obtained from the theory of elasticity:
[image: image]
Based on the Moore Coulomb criterion, the ultimate compressive strength of the anchored solid coal seam under triaxial stress is (Hui, 2021):
[image: image]
where [[image: image]] is the ultimate compressive strength of anchored solid coal wall, MPa; [image: image] refers to the solid lateral confining pressure of coal side, MPa. Since there is no confining pressure in the coal side, [image: image]. C is the cohesion of coal and rock mass, MPa; φ is the internal friction angle of coal and rock mass, 0.
Then, according to the formula of extreme value of mechanical normal stress of material:
[image: image]
where [image: image], [image: image] are the stresses in three directions. The values of the two principal stresses can be obtained by using the aforementioned formula, and given that [image: image], the three principal stresses can be obtained by ordering the three principal stresses in order of their numerical values, namely, [image: image], [image: image].
Finally, for safety reasons, the third strength theory is adopted, and the ultimate condition of instability failure of anchored solid coal wall is:
[image: image]
where [image: image] is the ultimate compressive strength of anchored solid coal wall, MPa;
When Eq. 37 is satisfied, in other words, the stress at any point in the anchoring solid coal wall is less than its ultimate compressive strength, and the anchoring solid coal wall will not be damaged under compression. It can be seen that by strengthening the anchoring of the solid coal slope, changing its mechanical property parameters and crushing range to obtain the mechanical properties of the solid coal slope for the stability of roadway retention, the stability of solid coal slope can be maintained and the structure of roadway retention is more stable.
4.4 Cooperative Bearing Relationship of Roadway Retaining Structure
Based on the previous analysis and calculation, relevant structural and mechanical properties parameters required to meet the stability of roadway entry retention can be obtained by changing the cutting angle, the anchoring performance of roadway solid coal wall and roof, and the geometric parameters of key blocks, so as to realize the construction and control of roadway entry retention structure. According to the stability control mechanism of roadway retaining structure, the following synergistic relationships should be satisfied among key load-bearing structures:
1) When the roof lithology is poor and the strength and stiffness of the anchoring roof beam are insufficient, it is necessary to take effective ways to enhance the synergistic support effect of anchoring solid coal side, roof cutting support structure, retaining gangue support structure, and gangue support structure to realize the reinforcement control of the anchoring roof beam;
2) When the coal is soft and the bearing capacity of the anchoring coal seam is insufficient, the bearing capacity of the anchoring roof beam, the cutting roof support structure, and the gangue support structure should be strengthened to reduce the stress transfer and damage of the solid coal seam in the upper strata;
3) When the goaf roof caving is not sufficient and the bearing capacity of gangue support structure is limited, the anchorage strength and stiffness of roadway roof and solid coal side should be further improved, and the supporting force of roof cutting support structure should be increased to adapt to the destruction caused by the violent movement of overburdened strata;
4) By contrast, cutting roof bolting controllability is strong, according to the roof, solid coal wall, gangue collapse degree and so on, the supporting force in the roadway and the side of the roadway can be adjusted. For example, to improve the support density or adopt hydraulic support, can effectively improve the bearing capacity of the roof support, and even play a key bearing role. There are also examples of the use of dense pillar to successfully retain the roadway.
5 FIELD TEST
5.1 Engineering Conditions
According to the aforementioned research methods, the practice of retaining roadways was carried out in the haulage lane of 5,921 working faces of the Longfeng Coal Mine in Guizhou province. The average thickness of the coal seam is 2.0 m, and the direct roof is a gray medium thick-bedded argillaceous siltstone with obvious horizontal bedding. There are soft rocks, thin coal seams, or coal lines in the middle, and the old roof is light gray medium thick-bedded fine sandstone with good stability. The direct bottom is a gray thin-bedded argillaceous siltstone, showing horizontal bedding. There is a floor-heave phenomenon during driving.
5.2 Anchorage Structure Design of Retaining Roadway
According to the control mechanism of non-filling lane retention and combined with the actual situation of the transport lane, the scheme design of important processes such as roadway anchor solid, roadway side support body, and directional blasting pre-splitting cutting roof were systematically carried out, as shown in Figure 5.
5.2.1 Control Parameters of Anchoring Roof Beam
Each section of the roof is drilled with 6 high-strength bolts. Because the loose ring is about 2,000 mm, the bolt specification is φ 20 × 2,500 mm, and the row distance is 700 × 800 mm. Located in the roof on the shoulder angle of mining face bolt straight drill, the roof shoulder angle of solid coal bolt and plumb line form 30°; Bolt preload is 100 kN. A total of 4 anchor cables were drilled, among which the second anchor cable by the stoping side was φ 17.8 × 9,200 mm, which was drilled straight. The angle between the anchor cable at the shoulder angle of solid coal and the plumb line is 30°. The other two anchor cables are drilled vertical to the roof, with specifications of φ 18.9 × 7200 mm. The spacing of anchor cables is shown in the figure, and the row spacing is 1,600 mm. Anchor cable preload is 200 kN.
5.2.2 Control Parameters of Anchoring Solid Coal Seam
Each section of solid coal wall is drilled with 4 bolts, and the row spacing is 800 × 800 mm. Other parameters are the same as those mentioned previously. In order to enhance the bearing performance of solid coal seam, two φ 17.8 × 4200 mm short anchor cables are drilled in each section with row spacing of 1,600 × 1,600 mm. Other parameters are the same as those mentioned previously.
5.2.3 Control Parameters of Pre-Split Cutting top
The roof is cut by directional blasting, with a hole depth of 8,000 mm, drilling angle of 150, and distance of 600 mm. There are 8∼10 holes in the same group of initiation. The cutting top position is always about 50 m ahead of the working face, and pre-crack detection is carried out every 20 m to ensure the cutting top effect.
Other control parameters are shown in Figure 6.
[image: Figure 6]FIGURE 6 | Gob-side entry retaining design drawing of 5,921.
5.3 The Control Effect
From the end of roadway excavation to the end of roadway retention, the construction quality inspection of anchor net cable, the stress monitoring of roadway deformation ,and anchor bolt (cable) are strengthened to ensure the construction quality and achieve the expected control effect.
As shown in Figure 7, during roadway excavation, the maximum subsidence of the roof is no more than 15 mm, and the shrinkage of two sides is no more than 30 mm, indicating that strengthened anchoring significantly improves the strength and stiffness of roadway anchoring surrounding rock. During roadway retention, except for some small sections such as drilling field and fault, the maximum subsidence of roof under normal conditions is not more than 260 mm, and the shrinkage of two sides is not more than 180 mm, indicating that the anchorage structure of roadway retention has better stability and adaptability, and achieved better control effect.
[image: Figure 7]FIGURE 7 | Monitoring chart of 5,921gob-side entry retaining deformation. (A) During the drivage, (B) during the left lane.
As shown in Figure 8 and Figure 9, the maximum axial force of bolt and cable during lane retention is no more than 140 and 220 kN, which are close to their initial anchoring force, with uniform force and no obvious stress concentration phenomenon, indicating that bolt and cable realize cooperative bearing and achieve the expected effect.
[image: Figure 8]FIGURE 8 | Anchor–anchor cable stress monitoring chart. (A) Anchor, (B) Anchor cable.
[image: Figure 9]FIGURE 9 | Actual effect drawing of gob-side entry retaining. (A) Roof cutting support and lane retention space, (B) gangue retaining and support.
6 CONCLUSION
1) In view of the law of retaining roadway with hard roof and deformation and instability of overlying strata, the author take reasonable way to cut off the roof and the working face roof for the mechanical contact, to improve the position and state of strata structure and stress field distribution and reduce mining face goaf roadway roof caving the roof damage, so more conducive to the structural stability for control.
2) In this paper, combined with the actual construction of unfilled roadway retaining force and bearing model, the bearing characteristics of each bearing structure are analyzed, and it is proposed that the roadway solid coal side and roof are taken as the key bearing structures, and their bearing performance can be significantly improved by strengthening the anchoring effect, so that they jointly bear the bending load and mining influence imposed by the upper strata. The stability and adaptability of the whole roadway retaining structure can be improved by the reinforcing support of cutting roof support and gangue support.
3) Engineering practice shows that the control effect of unfilled roadway retention can be significantly improved by enhancing the cooperative bearing capacity of roadway anchorage structure and roadway side support structure, and the technical problems and difficulties in engineering practice are effectively solved.
4) In this article, the hard roof without filling roadway retention is taken as the research object, and the corresponding mechanical model and calculation method are established, which can provide a reference for other conditions of roof roadway retention and is worthy of further research and promotion.
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Engineering problems are related to the failure of geological material, especially that of jointed rock masses. To investigate the influence of confining stress and inclination angle β on cracking behavior and failure mechanism, triaxial compression tests are conducted on rock-like samples containing parallel opening flaws. There are two patterns, namely, tensile failure and tensile-shear failure, and each occurrence has an equal frequency. Nine crack modes are summarized, and the most special one is mode 8, which is mainly observed in samples with β = 60° at high confining pressure. Both the compressive strength and internal friction in samples with β = 60° are the smallest in the experiments, and those in samples with β = 65.31° based on the improved theory are the smallest. The compressive strength decreases with the increase of inclination angle β when 0°≤β≤60°; however, it increases as inclination angle β increases when 60°<β≤90°. This phenomenon is found in laboratory experiments and numerical tests and is almost even in accordance with theoretical results. Numerical compression tests are performed to investigate the influence of the width-to-length ratio of opening flaws on compressive strength and to verify the improved theory reliability. Compared numerical results with the two kinds of theoretical results, the width-to-length ratio has an obvious impact on compressive strength and the opening fracture intensity factor KⅠ.
Keywords: opening flaw, crack type, compressive strength, fracture mechanism, numerical tests
1 INTRODUCTION
In geotechnical engineering, the occurrence of discontinuities in rock masses often results in a deterioration of strength. Compressive loading always contributes to the cracking of flaws, leading to rock mass failure (Lee and Jeon, 2011; Cao et al., 2015; Le et al., 2019a; Wan et al., 2019). In the past decades, a number of experimental and numerical researches on flawed rocks under uniaxial and biaxial loading have been carried out (Bahaaddini et al., 2013; Fu et al., 2016; Huang et al., 2016; Chenchen Huang et al., 2019; Chen et al., 2020; Bao et al., 2021). However, it is triaxial compression that is better in replying to the cracking behavior and is more realistic to investigate into fracture mechanism since flawed rock mass, especially in underground excavation, is in three-dimensional geological stress.
Some previous research studies have confirmed that the path of different loading has an impact on the development of cracks and the compressive strength of rock masses. Five coalescence crack patterns were found in uniaxial compression; however, four patterns were found in biaxial compression (Bobet and Einstein, 1998), which is one less shearing pattern than uniaxial compression. The compressive strength of flawed rock mass is mainly related to the mechanical properties of rock-like material and infill material, the geometrical parameters of flaws and confining stress. A comprehensive understanding of the influence of three kinds of materials infilling Naghdeh limestone samples on failure was made, and it was found that the weaker the infilling materials, the more the possibility of cracking in them (Haeri et al., 2020). Moreover, the compressive strength of samples with an inclination angle of 60° was the smallest one. Conventional triaxial compression was performed on jointed rocks with two parallel flaws; four crack coalesces modes were identified in samples with different inclination angles under the confining stress 0, 5, 10, 15, and 20 MPa (Huang and Yang, 2018). To investigate the discontinuities in cracking behavior, three groups of specimens containing different numbers of flaws (type A, granite specimens without cracks; type B, rock specimens with one inclined crack; type C, rock specimens with two parallel pre-existing cracks C) were prepared for experimental and numerical triaxial compression, and the failure of type C was constantly shear at any confining pressure (Yao et al., 2019). It was known from the abovementioned research that the compressive strength increased with the increase of confining stress. However, there are not enough investigations on the influence of pre-existing flaw geometry on the rock’s failure. Meanwhile, there are still difficulties in manual sample preparation due to the precise requirements of pre-existing flaws, especially opening flaws with a narrow width.
With the development of science and technology, more and more mature numerical simulation is one of the effective means to investigate the strength and deformation of rock mass (Guo et al., 2017; Cheng et al., 2019; Mu and Zhang, 2020; Wang et al., 2020). Compared to indoor experiments, there are fewer limitations to using the numerical method since many laborers and a specific area for the testing site are not required. Nine models with different joint numbers (1, 2, and 3) and joint angularities (0°, 45°, and 90°) were performed on the extended finite element method (X-FEM) (Haeri et al., 2020), and the failure process was fully demonstrated throughout. GPGPU was introduced to the finite element method to optimize modeling, and it was confirmed that more ductile flawed rock masses and less liable to fracture with an increase in confining pressure (Mohammadnejad et al., 2019). The interaction integral technique in ANSYS was applied to accurately predict the crack propagation paths and the mixed-mode stress intensity factors of jointed rock masses (Alshoaibi, 2021). As the failure mechanism of composite rocks can be effectively explained from the perspective of the migration of particles, the distribution of contact force, and the development of tensile cracks and shear cracks, the discrete element method is widely adopted to investigate the mechanical response of rock materials on the micro level (Camones et al., 2013; Cui et al., 2020). It was indicated that there were five failure modes, determined by the flaw’s orientation and step angle. Under triaxial compression, the cross-section of experimental specimens scanned by CT agreed with that of numerical models in PFC3D, and the numerical results well-revealed the failure mechanism of rock masses containing pre-existing flaws (Yan-Hua Huang et al., 2019). Therefore, numerical simulation has many advantages in the high accuracy of specimens’ preparation, making it possible for investigating the strength and failure mechanism of rock masses containing opening flaws.
In this study, rock-like specimens contacting four opening flaws were subjected to triaxial compression tests to investigate the effects of flaws’ inclination angle on compressive strength and cracking behavior in rock masses under different confining pressure. Types of cracks defined were used to determine the ultimate failure pattern, and the fracture theory of opening flaws was improved to make it more suitable for experimental results and reality. For verifying the reliability of this theory, numerical compression tests were performed. Numerical samples with min-width flaws were in high precision, and three width-to-length ratios were prepared to further understand the influencing factors of compressive strength. Results obtained from three methods (experiment, numerical simulation, and fracture theory) were expected to be compared and illustrated in the end.
2 MATERIALS AND METHODS
2.1 Specimens preparation
To reflect the brittle failure characteristics of rock mass with non-consecutive joints, cement mortar has been proved to be an ideal rock-like material for rock mechanics experiments. In this research study, specimens for triaxial loading tests were made of C32.5 Portland cement, fine sand, and water. The mechanical properties of the rock-like material with a cement-to-sand-to-water weight ratio of 1:2:0.4 were similar to those of sandstone are shown in Table 1. To reduce the effects of heterogeneity caused by formations of weak structural surfaces in the preparation process, the particle size of fine sand was selected to be less than 1 mm. Artificial flaws in specimens were prefabricated using a steel sheet with a width of 10 mm and a thickness of 1 mm, and the flat sheet of steel was fixed at the designed position. These samples were cured for 28 days in a tank with a temperature of 20°C to avoid an uneven shrinkage resulting from dehydration and cement hydration. Two mutually perpendicular strain gauges were attached to the surface of each specimen to monitor stains in the vertical and horizontal directions, respectively.
TABLE 1 | Mechanical properties of the experimental material.
[image: Table 1]The geometry of specimens is a cylinder shown in Figure 1, with a dimension of 108 mm in height and 54 mm in radius. Centers of the four pre-existing flaws remain consistent all the time, and the distance between each of the two adjacent centers is 20 mm. The inclination angle β is illustrated in Figure 1. In this experiment, five kinds of jointed specimens are composed of flaws with different inclination angles, and intact samples are used as control groups to calibrate microscopic parameters in numerical simulation. The evolution of flaws into transfixion under loading conditions can be clearly observed with these specimens.
[image: Figure 1]FIGURE 1 | Detailed information of the specimen containing four flaws from plane view.
2.2 Testing procedure
Triaxial compression tests were conducted by the ELE device, and the loading rate was 0.1 ∼ 0.2 kN/s until the failure of specimens. It should be noted that centers of the Hooke chamber and of the jack were on the same line before loading to ensure force equality. In this experiment, confining stress was set to five levels which were 2.0, 4.0, 6.0, 8.0, and 10.0 MPa. Four kinds of flaws angle (0°, 30°, 60°, and 90°) were prefabricated to investigate the influence of inclination.
3 EXPERIMENTAL RESULTS
3.1 Samples coalescence and failure patterns
Compared to failure patterns under uniaxial compression, it is difficult to discover the crack mode which has been defined in previous studies (Peng et al., 2021; Wong and Einstein, 2009; Yang and Jing, 2010) that a tensile crack initiates from the flaw tips and then propagates along the major stress under the biaxial or triaxial loading, due to the effect of confining stress. Based on the ultimate crack modes of rock-like samples shown in Figure 2, the failure patterns are summarized into two types: one is composed of pure tensile cracks, and another one is a mixed coalescence of tensile cracks and shear cracks. Moreover, there is no failure pattern that is only caused by shear cracks. According to the mechanical properties of single crack propagation in Figure 3, a total of nine crack modes are found. Five modes are tensile (mode 1∼5), three modes are tensile-shear (mode 6∼8), and one of them is a spalling surface (mode 9) which often appears after tensile cracks. Modes I∼4, 6∼7, and 9 as common crack types of jointed rock masses failure have been summarized in many studies (Yang, 2011; Le et al., 2019b).
[image: Figure 2]FIGURE 2 | The ultimate failure of samples containing four opening flaws under triaxial compression. *The symbol “00-2” means that the sample with the inclination angle of 0° is loaded at the confining pressure of 2 MPa.
[image: Figure 3]FIGURE 3 | Crack types initiated from a single flaw under triaxial loading. (T Tensile crack, S Shear crack, Cs enveloping cracks, and Ss Surface spalling).
In mode 5, anti-wing cracks initiate from the two tips of pre-existing flaw and then extend to connection, and an elliptical crack surface is formed to envelop the flaw in the end. Short shear cracks shown in mode 7 are distributed near the pre-existing flaw and are almost parallel to it. Their appearance is always accompanied by the propagation of tensile cracks. Different from the lateral crack found in the previous research (Yang and Jing, 2010), it always develops at the end of the anti-wing crack in mode 8 and is gradually vertical to the major principal stress. The surface of the lateral crack is smooth, and combined with Figure 3, this crack is identified as a shear crack.
Cracking evolution of all samples subjected to triaxial compression tests is demonstrated in Figure 4 and is in accordance with the conclusion (Bobet and Einstein, 1998): The coalescence of cracks (including flaws) is the main reason leading to the ultimate failure of flawed rock mass under biaxial compression. All crack types for each specimen are summarized in Table 2. It is of note that tensile crack is the most dominant crack during the loading of a specimen. Especially when β = 90°, no matter what the confining pressure is, only the failure pattern that is composed of pure tensile cracks is discovered, and these two crack types (mode 3 and mode 5) are found in each specimen with that angle. When β = 0°, there is only mode 1 under low confining pressure; however, the major tensile crack is mode 2 when β = 30°. When the confining pressure is 8 and 10 MPa, these two crack types (mode 4 and mode 5) begin to appear in specimens with an inclination angle of 60°. With the increase of confining pressure, shear cracks gradually form in samples with β = 0°, 30°, and 60°, and the failure pattern changed from tensile failure to tensile-shear failure.
[image: Figure 4]FIGURE 4 | Various crack types observed in the ultimate failure of all samples.
TABLE 2 | Crack types of rock-like specimens containing four parallel flaws with different angles under triaxial loading test.
[image: Table 2]Based on the frequency of occurrence of crack types, mode 1 is thought to be the most dominant crack type in this study that just is not found in five kinds of samples (33-6, 33-8, 66-10, 99-2, and 99-10). The second type is mode 3, and the least one is mode 4. Mode 5 crack initiates in some samples with an angle of 60° at the large confining pressure (8 MPa, 10 MPa) and in all samples with an inclination angle of 90°. The main reason is that shear stress distributed on the pre-existing flaw surface increases as the inclination angle becomes larger. When the flaw is parallel to the axial loading, shearing is the strongest, leading it to be more prone to anti-wing cracks. Moreover, large confining pressure also contributes to shearing, resulting in anti-wing cracks intersecting to form an envelope surface. The special crack type, mode 8, is only observed in samples with β = 30° and σ3 = 10 MPa and in samples with β = 60° and σ3 = 6, 8, and 10 MPa.
3.2 Compressive strength and mechanical parameters of the specimens under confining loads
In order to obtain cohesion c and internal friction angle φ of samples, assuming that the relationship between confining pressure σ3 and the corresponding compressive strength σ1 is linear, linear regression is carried out in the least square method.
[image: image]
in the equation, a is the slope of the resultant line, and b is the intercept of the resultant line on the σ1. Furthermore, c and internal friction φ are derived based on the Mohr–Coulomb criterion.
[image: image]
[image: image]
The experimental results are processed according to the abovestated equations. Table 3 shows the compressive strength in the axial direction, cohesion c and internal friction angle φ of jointed rock-like specimens with different inclination angles under corresponding confining stress. The compressive strength of intact specimens is always larger than that of jointed rock mass, no matter what the confining pressure is. Variations of compressive strength and internal friction as the inclination angle of flaws increases are described in Figure 5A. The compressive strength of samples with β = 90° is larger than that of samples with β = 0°. Because the action of confining stress applied to samples is considered as leading opening flaws to internal closure, the specimen with β = 90° is easier to be closed on account of the flaw surface perpendicular to the confining pressure. Hence, the compressive strength, cohesion c and internal friction angle φ of samples with β = 90° approach to those of intact samples.
TABLE 3 | Compressive strength and mechanical parameters of rock-like samples.
[image: Table 3][image: Figure 5]FIGURE 5 | (A) Analysis of influence of inclination angle on shear strength parameters; (B) Variations of compressive strength and internal friction angle with inclination angle.
An obvious experimental phenomenon is found: There is a V-shaped characteristic that the peak strength first decreased when β<60° and then increased when β>60°. At any confining pressure, the compressive strength of samples with β = 60° is the minimum. The compressive strength of samples with β = 30° is very close to that of samples with β = 0°. It is a further observation that these curves in Figure 5A become flatter and flatter with the decrease of confining stress.
In Figure 5B, regression analysis is carried out for thoroughly investigating the influence of flaws angles, and the lowercase letters of the same column indicate the difference between cohesion, internal friction angle φ under the condition of different flaw angles (LSD): there is no significant effect of the inclination angle on cohesion (p > 0.05) but on internal friction angle (p < 0.05). The existence of pre-existing flaws does not have a significant effect on cohesion because cohesion is directly related to properties of rock material, such as mineral composition and density. The variation of the internal friction angle φ of jointed rock masses is in agreement with that of compressive strength, which decreases first and then increases with the increase of inclination, and the minimum one is found in samples with β = 60°. When the confining pressure σ3 and cohesion are determined, the compressive strength decreases as the internal friction angle decreases.
Lateral cracks in mode 8 initiate after anti-wing cracks and are defined as shear cracks because those surfaces are smooth and flat; moreover, this mode is mainly discovered in samples with an inclination angle of 60°. It is speculated that there is a concentration of shear stress at the anti-wing crack end. In addition, the ratio of compressive strength and confining pressure in samples with β = 60° is smaller than other samples at high confining pressure, as Table 4 indicates, resulting in the crack gradually propagating along the lateral direction.
TABLE 4 | Micro-parameters for bond parallel contact model.
[image: Table 4]4 DISCUSSION
4.1 Fracture mechanical theory of rock masses containing opened flaws
The stress state of a simplified diagram for an inclined opening flaw in the infinite body under the compressive loading is shown in Figure 6. The flaw is described as an ellipse with 2a mm in length and 2b mm in width, where the biaxial loads σ1 and σ3 are distributed uniformly on the edges. The radius of curvature is ρ, and the angle of this flaw subjected to the direction of σ3 is represented by the symbol β.
[image: image]
[image: Figure 6]FIGURE 6 | Sketch of force applied to opening type flaw.
Based on the elastic mechanic, it is known that transverse compressive stress σT, normal stress σN and shear stress τ in the far field of the ellipse are represented by the Eq. 4. The stress intensity factor of opening mode is KⅠ, and that of sliding mode is KⅡ. A tensile stress perpendicular to σT will be produced by the transverse compressive stress at the prefabricated flaw tip (Muschelišvilli, 1975), and k is introduced as the coefficient of pressure conductivity. The compressive stress σ is described by the following formula.
[image: image]
[image: image]
Under triaxial compression, tensile-shear failure is found to be an important ultimate failure pattern of experimental samples in this study. In this pattern, only shear cracks initiated under confining stress cause the ultimate failure of rock masses (Zhou, 1987).
[image: image]
In Eq. 7, λ12 is the compression-shear coefficient, and KⅡC is a material constant. Cracks always develop from the tip of the flaw, and when the width of the flaw is small, the tip can be considered as the endpoint of the major axis of the ellipse. Therefore, the radius of curvature ρ is expressed by b2/a, and the compression-shear coefficient λ12 is considered as the friction coefficient f of rock material. When σ3 = σ3C, the compressive strength σ1C of open-flawed rock mass is derived.
[image: image]
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The angle βu corresponding to the minimum compressive strength is calculated by the following equations:when
[image: image]
hence,
[image: image]
For open-flawed samples with 10 mm in length and 1 mm in width, made of rock-like material with an internal friction angle of 37.95°, the βu calculated according to Eq. 11 is 65.31° at any confining pressure. In order to facilitate calculation, σ3C in Eq. 9 is set to 0. The infinite flawed rock masses under uniaxial condition is taken as the research object, and the fracture resistance R in Eq. 12, which is related to material properties and the width W mm of samples, is introduced to better describe the strength law (Ren et al., 2013). Both the compression-shear coefficient λ12, the width-to-length ratio k, and the fracture resistance R are dimensionless parameters.
[image: image]
Figure 7 demonstrates the relationship between compressive strength and inclination angle under uniaxial compression. This failure pattern occurs when the shear stress is larger than the frictional resistance, so when the inclination angle β is less than the internal friction angle φ, the compressive strength of the rock mass is close to the intact sample. It is clearly observed that the curves of inclination angle and compressive strength are V-shaped. When the angle increases from 0° to 65.31°, the compressive strength gradually decreases. When β > 65.31°, the compressive strength increases with the increase of inclination angle. This is also in accordance with the experimental phenomenon found in Figure 5A.
[image: Figure 7]FIGURE 7 | Relationship between fracture resistance of samples containing opening flaws and inclination angles.
4.2 Numerical verification tests for reliability
In the laboratory, when the pre-existing steel sheet is taken out from cement mortar, the opening flaw with a small width is easy to close. Therefore, numerical simulation is of great help in exploring the influence of flaw size. Numerical models are performed using the discrete element method to further verify relationships indicated in Eq. 9 between compressive strength and inclination angle and between compressive strength and flaws’ size. The finite element method is used to verify the reliability of taking the geometrical parameter k of opening flaws into account.
4.2.1 Influencing factors of compressive strength
A two-dimensional model with the size of 108 mm × 54 mm is filled with spherical particles named “balls” in PFC2D. The largest radius of balls is 0.332 mm, and the smallest is 0.2 mm. In the way of uniform distribution, it is constructed into a rectangular model with a density of 2630 g/cm3 and consisting of 21046 balls. For a good calibration of microscopic parameters in Table 4, intact specimens are subjected to uniaxial and biaxial compression tests, respectively, and the results of mechanical parameters are: The Poisson ratio 0.15, the elastic modulus 6.46 GPa, the uniaxial compressive strength 21.52 MPa, and the axial peak strength is 29.80 MPa under the confining pressure of 2 MPa. Compared to the results of experiments shown in Table 1, the absolute values of errors are small, not more than 3.0%.
In the numerical compression test, the length of the open flaw is 20 mm, and three width-to-length ratios (0.05, 0.1, and 0.2) are prepared for making a thorough inquiry into the influence of opening flaw geometry. Under the confining pressure of 8 MPa, there is an obvious finding that tensile-shear failure is the most common failure pattern in numerical samples. As Figure 8 shows, the minimum compressive strength is found in the numerical sample with β = 60°, no matter what the width-to-length ratio (0.05, 0.1, or 0.2) is. When the inclination angle grows from 0° to 60°, the compressive strength becomes larger; however, the compressive strength decreases with the increase of inclination angle when β > 60°. For samples with the same inclination angle, their compressive strength decreases as the width-to-length ratio of the opening flaw increases. These findings also can be illustrated by Eq. 9 and confirm that the geometrical parameter k has an important influence on the compressive strength of open-flawed rock mass.
[image: Figure 8]FIGURE 8 | Effect between different width-to-length ratios and inclination angles on compressive strength of numerical samples containing opening flaw.
Figure 9 shows the ultimate modes of cracks in the numerical samples under the confining stress of 8 MPa. It is worth noting that with the increase of inclination angle, anti-wing cracks gradually develop near the pre-existing flaw. Shear failure is not found in any specimen, and mode 1 is the main failure pattern of specimens when β = 0°, while mode 5 is found in all the specimens with an inclination angle of 90°. When k = 0.05, the development of a through crack is the main reason for sample failure. When k = 0.2, only the samples with β = 0° are destroyed by a through crack, while the main failure pattern of other specimens is mode 5. Therefore, it can be assumed that increasing the inclination angle, together with increasing the width, both positively affect the shearing on the flaw surface while the flaw’s length is constant. Compared with others, the open flaw with an inclination angle of 90° is more susceptible to closure by the confining pressure, increasing its compressive strength.
[image: Figure 9]FIGURE 9 | The ultimate failure modes of numerical samples with different width-to-length ratios and inclination angles.
4.2.2 Comparison of stress intensity factor
Without considering the influence of σT on the opening mode, the stress intensity factor of the opening mode is derived from the following equation. The improved effectiveness is investigated by ANSYS V19.2 in the finite element method. The material PLANE183 with eight nodes is used to deduct the singularity of the flaw tip, and details for meshing are demonstrated in Figure 10. The numerical model is a rectangle with a size of 108 mm × 54 mm, and the length of the pre-existing flaw is 20 mm.
[image: image]
[image: Figure 10]FIGURE 10 | Meshing of the simulation model in ANSYS.
The mechanical parameters in Table 1 are applied to the contact analysis procedure, such as coefficient of friction, elastic modulus, and Poisson’s ratio. These two kinds of stress intensity factors of open-flawed rock-like samples with different inclination angles are obtained in the method of interaction analysis at a confining pressure of 8 MPa in Table 5. The opening fracture intensity factor KⅠ and the sliding fracture intensity factor KⅡ calculated from Eqs 6–13, respectively, are listed in Table 5. At present, the finite element method (FEM) is a mature method to calculate fracture mechanics of linear elastic material; therefore, the numerical results obtained by FEM are temporarily taken as true values, and the error analysis is carried out, respectively.
TABLE 5 | Values of stress intensity factors derived from different methods and relative error between them.
[image: Table 5]It can be seen from Table 5 that the value calculated based on Eq. 6 is closer to the numerical value of the opening fracture intensity factor KⅠ compared with Eq. 13, especially when the inclination angle is less than 90°. The sliding fracture intensity factor KⅡ calculated by the finite element method is very close to the one calculated by Eq. 6. It indicates that the improved fracture theory of opening flaw is workable and reliable. Therefore, the flaw’s geometry is suggested to be considered as the influence factor of compressive strength of open-flawed rock mass, which makes the calculation more accurate.
5 CONCLUSION
A triaxial compressive test was carried out on rock-like specimens containing four parallel flaws, and nine crack modes and two failure patterns were found. The relationships between inclination angle and compressive strength and mechanical parameters, respectively, were summarized. Numerical biaxial tests were conducted to verify the reliability of the improved fracture theory of open-flawed rock mass.
(1) Most cracks initiated during triaxial loading are tensile, and there is no failure pattern composed of pure shear cracks. One of the two failure patterns is tensile, and the other is tensile-shear with an equal frequency of occurrence. All samples with an inclination angle β of 90° are tensile failure patterns. For samples with β = 0°, 30°, and 60°, shear cracks gradually appear, resulting in the tensile-shear failure at high confining stress.
(2) Five modes of crack types are tensile, three modes are tensile-shear, and one is spalling surface. Mode 1 is the most frequent crack type, but mode 8 is a special crack type that is mainly found in specimens with β = 60° at high confining pressure, where the lateral crack is shear initiating from the end of anti-wing tensile cracks. When confining stress σ3 is 6 MPa, 8 MPa, and 10 MPa, the ratio of compressive strength σ1 in samples with β = 60° is smaller than that of others, leading to the shear crack propagating along the lateral direction.
(3) Both compressive strength and internal friction angle φ in samples with β = 60° are the smallest ones, and those of samples with β = 90° are the largest, which also is the closet to intact specimens, followed by those of samples with β = 0°. However, the variation of inclination angle almost has no effect on the cohesion c of all samples.
(4) Considering the influence of transverse compressive stress σT, an improved fracture theory of open-flawed rock is proposed, which takes the geometrical parameters of flaws into account. Based on the mechanical properties of the experimental material, the compressive strength of a flawed sample with β = 65.31° is the smallest according to theoretical equations. Moreover, when 0°≤β≤65.31°, the compressive strength decreases with the increase of inclination angle; however, the compressive strength increases when 65.31°<β≤90°. This phenomenon is almost in accordance with the experimental results.
(5) The compressive strength decrease as the width-to-length ratio of the opening flaw increases when the numerical biaxial compression test is performed using the discrete element method. The opening fracture intensity factor KⅠ calculated by the improved theory is closer to the numerical value obtained by the finite element method compared to that calculated by traditional theory.
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Given the growing popularity of fully mechanized longwall mining, hydraulic shields have emerged as the most crucial pieces of equipment whose rated support capacities are a significant assurance for safe extraction of coal seams. Based on the extraction in the 1,692 panel of the No.9 coal seam in Qianjiaying coal mine, a detailed study of the reasonable shield support capacity under an extremely close goaf was conducted using field measurements, theoretical analyses, and system development. The results show that the ZY4800-13/32 shield employed in the 1,692 panel is unreasonable owing to its large surplus coefficient of support capacity and low support utilization rate. The voussoir beam structure is established for a given load of the loose body to calculate the shield support capacity when the lower coal seam is extracted under an extremely close goaf. The calculated shield support capacity required for the No.9 coal seam was 3,560.03 kN, so the rated support capacity should be 4,000 kN. A calculation and analysis scheme for the shield support capacity under the given load of loose body was developed using a GUI in Matlab, and this scheme was used to examine the influence degrees of the relevant parameters of the immediate roof, main roof, and loose body on the shield support capacity. The thickness of the main roof was found to have the greatest influence on the shield support capacity. Finally, presplitting the main roof was proposed as an effective method for controlling the breaking length and reducing the shield support capacity based on existing research.
Keywords: shield support capacity, multiple coal seams, extremely close goaf, given load of the loose body, system development, influence degree
1 INTRODUCTION
As an important piece of equipment for controlling the ground pressure in the extraction of the coal seam, the hydraulic shield can effectively balance the roof pressure to ensure safe production. This means that the hydraulic shield must have a certain support capacity for the roof pressure (Stanislaw et al., 2016; Stanislaw et al., 2017; Cheng et al., 2018; Marcin and Stanislaw, 2019; Song et al., 2019; Sylwester et al., 2020). The maximum load capacity that a hydraulic shield can bear when acted upon by roof strata is called the rated support capacity, and the actual load capacity that the hydraulic shield can bear is referred to as its actual support capacity (Qian et al., 2010). During the first weighting or periodic weighting, the actual support capacity may exceed the rated support capacity, which can cause shield crushing and roof falling accidents that threaten the workers’ safety. More seriously, the damage to the hydraulic shield can affect the normal production of the panel face. However, when the actual support capacity is less than 85% of the rated support capacity, the load utilization rate of the shield is considered to be low and unable to perform to its full potential. This means that the shield selection is unreasonable, resulting in increased cost per ton of coal. Therefore, determining the rated shield capacity is of great significance for the production of the panel face and even the coal mine (Li et al., 2021a).
At present, the main approaches used to determine the shield support capacity include the empirical estimation, on-site measurement, and voussoir beam structure analysis methods. In the empirical estimation method, the shield support capacity is approximately estimated by the product of 4–8 times of the mining height and bulk density. In the on-site measurement method, a large number of on-site measurement data, including roof-to-floor convergence and periodic weighting interval, are used to establish the initial, average, and final shield support capacities through regression and mathematical-statistical analyses. However, the movement of the roof strata must be considered when determining the shield support capacity. Qian et al. (1996) and Cao et al. (1998) regarded the shield and surrounding rock as an organic whole and analyzed the coupling mechanism of the support and surrounding rock in detail. Wang et al. (2014) and Wang et al. (2015) established the binary criterion and argued that the shield support capacity should balance the roof load as well as maintain the stability of the coal wall. In addition, a new dynamic method to determine the shield support capacity was proposed using theoretical models and field measurements based on the first weighting of the support by the main roof. Wang et al. (2017) and Pang et al. (2020) analyzed the coupling relationship as well as control method for the strength, stiffness, and stability between the support and roof strata in the panel face based on coal seam extraction by the ultra-large-height mining method; a “two-factors” method for determining the shield support capacity was also proposed for ultra-large-height mining. Yan et al. (2011) and Yu et al. (2021) proposed a roof structure called the “short cantilever beam and hinged beam” structure using a new concept and discrimination method for the immediate roof and main roof in extraction by the large-height mining method; the calculation formula for the shield support capacity was also given. Zhang et al. (2021) analyzed the influence of the key stratum position on the shield support capacity for the large-height top-coal caving method. Kong et al. (2021) and Li et al. (2022) studied the roof structure and proposed improvement of the shield support capacity to avoid an unstable face-end roof.
Extant research on the shield support capacity is mostly focused on coal seam extraction using ultra-large- or large-height mining methods. However, there are few studies on the shield support capacity in the extraction of close multiple coal seams, especially those under an extremely close goaf. Studies on extraction of close multiple coal seams have investigated the stability and stress concentration of the pillar left in the goaf, reasonable position, and support scheme of the entry of the lower coal seam (Liu et al., 2016; Li et al., 2020; Sun et al., 2020; Zhang et al., 2020; Feng et al., 2021; Liu, 2013; Wu et al., 2022). Generally, the shield support capacity in coal seam extraction includes the weight of the immediate and force generated by the movement of the blocks by breaking of the main roof. The movement of blocks formed by breaking of the main roof was often simplified to be caused by the uniformly distributed load on the blocks (Qian et al., 2010). However, under the extremely close goaf, the force on the blocks is no longer a uniformly distributed load.
Based on the above findings, a masonry beam structure with a given load of the loose body was proposed for coal seam extraction under an extremely close goaf according to the roof structure characteristics. The movement of blocks formed by breaking of the main roof was considered to be caused by the loose body of gangue in the upper goaf, which is arched. Furthermore, the shield support capacity was obtained by calculation. The rated support capacity in the No.9 coal seam in the Qianjiaying coal mine was calculated, and the rationality of the support selection was analyzed. At the same time, a calculation and analysis scheme of the shield support capacity under a given load of the loose body was developed to analyze the influence degrees of the related parameters of the immediate roof, main roof, and loose body.
2 CASE OVERVIEW
The Kailuan Coal Mine Group’s Qianjiaying coal mine is a typical close multiple coal seam extraction mine, which is located in the Kaiping coalfield in Hebei Province, China. There are five minable coal seams distributed from the top to bottom within the 80 m coal-bearing strata, which are No.5, No.7, No.8, No.9, and No.12 coal seams. Among these, the vertical distance between the No.7, No.8, and No.9 coal seams is only 2–8 m, so these are typical ultra-close coal seams, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Distribution of the ultra-multiple coal seams.
At present, the 1,692 panel face is located in the No.6 district of the No.1 level; the No.9 coal seam is the main mining layer in the 1,692 panel face, with an average thickness of 1.9 m, average inclination angle of 17°, and average burial depth of 468.5–521.5 m. The fully mechanized coal mining method was adopted for this panel face, and the ZY4800-13/32 hydraulic shield was used to control the roof of the panel face. However, the 1,681 and 1,682 panel faces were extracted before the 1,692 panel extraction. The comprehensive column of coal and rock mass in the 1,692 panel is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Column of rock mass and coal seam.
3 FIELD MEASUREMENT OF SHIELD SUPPORT CAPACITY
The ZY4800-13/32 hydraulic shield was employed in the 1,692 panel face based on the production situation and support selection experience, according to its user handbook, as shown in Figure 3. The rated and initial support capacities are 4,800 kN (39 MPa) and 3,877 kN (31.5 MPa), respectively.
[image: Figure 3]FIGURE 3 | ZY4800-13/32 hydraulic shield.
3.1 Field measurement scheme
In the Qianjiaying coal mine, the inclined width of the 1,692 panel face is 160.8 m. From the tailgate to the headgate, there are a total of 107 hydraulic shields in the 1,692 panel face. As shown in Figure 4, a measuring station is arranged every 10 shields in the panel face for a total of 10 stations. The hydraulic gage readings of the left and right columns are recorded through the pressure gages installed on the columns. The average value between the left and right column readings is taken as the actual shield support capacity from field measurements.
[image: Figure 4]FIGURE 4 | Field measurement scheme for the shield support capacity.
3.2 Field measurement results
Figure 5 shows the field measurement results of the shield support capacities at stations 3, 5, 6, and 8. During the field measurements, the 1,692 panel face advanced by a total of 32 m. Table 1 presents the analysis results of the shield support capacity at each station. It is seen from Table 1 that the overall trend of variation of the shield support capacity is similar for each station. The average support capacity measured for the panel face was 16.27 MPa, which is 41.72% of the rated support capacity. During periodic weighting, the maximum support capacity measured was 28.88 MPa, which was 73.85% of the rated support capacity. Therefore, the shield support capacity was generally low (less than 80%). The overall shield support capacity measured for the panel face was thus 6.29–28.88 MPa, with the shield load utilization rate being 16.13–73.85%, indicating a large surplus coefficient of support capacity and low support utilization rate by the 1,692 panel face. Based on the combination of coal mine production situation and shield selection experience, the shield load utilization rate of the ZY4800-13/32 hydraulic shield is not high, which means that the shield selection is unreasonable and can be optimized.
[image: Figure 5]FIGURE 5 | Field measurement results of the shield support capacity.
TABLE 1 | Maximum, minimum, and average support capacities at each field measurement station.
[image: Table 1]4 CALCULATION OF SHIELD SUPPORT CAPACITY
The interactions between the shield and roof strata are the bases of not only ground control but also roof stability testing. At the same time, they provide a reference for reasonable shield selection. Based on the observed results from the 1,692 panel face in the No.9 coal seam using ground penetrating radar and borehole television (Li et al., 2019; Li et al., 2021b; Li et al., 2021c), the roof structure model after coal seam extraction under an extremely close goaf is established. Further, the reasonable shield support capacity for coal seam extraction under an extremely close goaf is calculated.
4.1 Voussoir beam structure with given load of the loose body
The No.9 coal seam is extracted after the No.8 seam; the primary fissures in the roof strata of the No.9 coal seam are relatively developed but have good continuity and integrity. After extraction of the No.8 coal seam, its roof strata break and collapse into the gangue, which is then compacted in the goaf above the roof strata of the No.9 coal seam owing to its weight and loose body state (Li et al., 2008; Zhu et al., 2010). However, with the advancement of the panel face, the roof strata of the No.9 coal seam reach the limit span and may periodically break into rock blocks. The immediate roof of the No.9 coal seam breaks and collapses in the goaf, and the main roof of the No.9 coal seam breaks into articulated blocks; these articulated blocks generated by breaking of the main roof form a stable balance structure called the voussoir beam structure that bears the gangue in the goaf of the No.8 coal seam (Qian et al., 2010), as shown in Figure 6.
[image: Figure 6]FIGURE 6 | Roof structure characteristics after coal seam extraction.
From Figure 6, the interactions between the hydraulic shield and roof strata include the support, cantilever beam of the immediate roof, voussoir beam of the main roof, and the load of the loose body. Therefore, coal seam extraction under an extremely close goaf constitutes the articulated balance structure model of a voussoir beam with a given load of the loose body. The support capacity (P) mainly includes the weight of the immediate roof at the maximum control distance of the shield (Q1) and force acting on the shield when the blocks of the voussoir beam are formed by the main roof slip instability (F), as shown in Eq. 1.
[image: image]
In contrast to the conventional methods of estimating the load generated on the blocks by the breaking of the main roof, this study proposes using a given load of the loose body to estimate the load on the blocks; this means that the load is caused by the gangue above the blocks, which is different from the load applied by the intact strata. The load applied to the main roof by the intact strata (q0) can be calculated using Eq. 2.
[image: image]
where Ei is the elastic modulus of the ith main roof; γi is the bulk density of the ith stratum, kN/m3; hi is the thickness of the ith stratum, m.
4.2 Weight of the immediate roof (Q1)
The weight of the immediate roof at the maximum control distance of the shield (Q1) is calculated using Eq. 3.
[image: image]
where γ1 is the bulk density of the immediate roof, kN/m3; h1 is the thickness of the immediate roof, m; l1 is the length of the immediate roof, m, which can be calculated using Eq. 4.
[image: image]
where lkmax is the maximum control distance of the shield, m; Kf is the allowance coefficient.
4.3 Force acting on the shield when the blocks of the voussoir beam are formed by the main roof slip instability (F)
The force acting on the support shield when the blocks of the voussoir beam are formed by the main roof slip instability mainly include the weight of the blocks, load on the blocks, and friction force of the sliding instability between the blocks. Based on the voussoir beam structure, the force acting on the support when the blocks of the beam are formed by the main roof slip instability is calculated using Eq. 5.
[image: image]
where QA+B includes the weight and load of rock blocks A and B, kN; lA and lB are the respective lengths of rock blocks A and B, m; QA and QB are the respective weight and load of rock blocks A and B, kN; hA and hB are the respective thicknesses of rock blocks A and B, which also constitute the thickness of the main roof, m; Ps is the given load on the rock blocks A and B, kN; δ is the subsidence of rock block B, m; m is the thickness of the coal seam, m; Kp is the bulk factor; φ is the internal friction angle of rock blocks A and B, °; θ is the breaking angle of rock blocks A and B, °.
For the thin strata between the upper and lower coal seams (such as the siltstone stratum above the No.9 coal seam), the breaking length can be simplified on the basis of the following reasons. On the one hand, these may be the immediate floor of the upper coal seam, and fissures may develop owing to extraction of the upper coal seam. On the other hand, their thickness and strength may be less than those of the hard strata above the lower coal seam (such as the fine sandstone stratum of the main roof of the No.9 coal seam); thus, the breaking length of the thin strata would be the same as that of the thick strata ideally. The breaking lengths of rock blocks A and B generated by breaking of the main roof can be calculated using Eq. 6, which is the general equation for calculating the periodic weighting of the main roof.
[image: image]
where l2 is the periodic weighting interval of the main roof, m; h2 is the thickness of the main roof, m; Rt2 is the tensile strength of the main roof, kPa; q is the weight of the main roof, kPa.
The given load on the rock blocks A and B (Ps) can be calculated using Eqs. 7–13. After extraction of the upper coal seam, its roof strata break and collapse into the gangue, which may then be compacted in the goaf above the roof strata of the lower coal seam owing to its weight and loose body state. Above the roof strata of the lower coal seam, the collapsed gangue in the goaf of the upper coal seam is compacted and forms a parabolic loose body structure (Li et al., 2008; Zhu et al., 2010). The loads on rock blocks A and B generated by the breaking of the main roof are considered as the weight of the loose body. The shape of the loose body is simplified ideally as the parabolic shape of a loose arch. Figure 7 shows the simplified diagram of the given load of the loose body.
[image: Figure 7]FIGURE 7 | Simplified diagram of the given load of the loose body.
The tangent inclination at point (x0,∑hs) is assumed to be nearly equal to the natural repose angle (α) of the loose body structure. Then, the parabola’s equation is assumed as
[image: image]
At the point (x0,∑hs), Eq. 7 becomes Eq. 8.
[image: image]
At x = x0, the derivative of Eq. 8 is
[image: image]
Hence,
[image: image]
Considering safety, a correction factor Ks is added such that Eq. 7 becomes
[image: image]
The area of the parabolically shaped loose body structure (S) is obtained as
[image: image]
The given load for the parabolic shape of the loose body structure (Ps) is then
[image: image]
where ∑hs is the height of the loose body structure, m; ls is the span of the loose body structure, m; Ks is the correction factor; α is the natural repose angle of the loose body structure, °; γs is the bulk density of the loose body structure, kN/m3.
4.4 Calculation result
Through analyses of the geological and observed data from the 1,692 panel face of the Qianjiaying coal mine, the thickness (h1) and bulk density (γ1) of the immediate roof are 1.9 m and 22 kN/m3, respectively; the thickness (h21), bulk density (γ21), and tensile strength (Rt21) of the main roof are 2.6 m, 24 kN/m3, and 4.8 MPa, respectively; the thickness (h22), bulk density (γ22), and tensile strength (Rt22) of the siltstone above the main roof are 1.1 m, 24 kN/m3, and 5.2 MPa, respectively. The lengths (l2) of siltstone and main roof are the same as the periodic weighting interval of the main roof, which is calculated to be 13.17 m. The internal friction angle (φ) between the blocks generated by the main roof is 28°. The maximum control distance of the shield (lkmax) and allowance coefficient (Kf) are 5.1 m and 1.5, respectively. Thus, the length of the immediate roof (l1) is calculated to be 7.65 m. For the loose body of the collapsed and compacted gangue, the height (∑hs), span (ls), natural repose angle (α), bulk density (γs), and correction factor (Ks) are 5.83 m, 13.17 m, 20°, 20 kN/m3, and 1.1, respectively.
The shield support capacity per unit area for the No.9 coal seam extraction is 2,637.06 kN after applying the above parameters to Eqs. 1–13. Considering the width of the shield as 1.5 m and load utilization coefficient as 0.9, the theoretically calculated result of the rated support capacity is 3,560.03 kN for extraction of the No.9 coal seam. Therefore, by taking the surplus into account, a shield with a rated support capacity of 4,000 kN (32.5 MPa) can be selected to meet the safety production requirements. The shield load utilization rate may then improve to 19.35–88.86% when combined with the field measurement data. The shield load utilization rate of the support is thus greatly improved, with a maximum value of 90%. In summary, the ZY4800-13/32 shield support employed in the 1,692 panel face is unreasonable in that its rated support capacity is too large.
5 ANALYSIS OF FACTORS INFLUENCING THE SHIELD SUPPORT CAPACITY
From theoretical analysis, it is seen that the shield support capacity mainly bears the weight of the immediate roof at the maximum control distance of the shield as well as the force acting on the shield when the blocks of the voussoir beam are formed by the main roof slip instability. Based on the theoretical calculation equation, a calculation and analysis scheme of the shield support capacity under the given load of the loose body was developed to investigate the influences of the related parameters, including the immediate roof, main roof, and loose body, on the shield support capacity.
5.1 Development of calculation and analysis scheme
From the derived equation, a calculation and analysis scheme of the shield support capacity under the given load of the loose body is developed using the GUI features of Matlab. The proposed scheme mainly consists of three interfaces, namely cover, calculation, and analysis, and has two functions for calculation and analysis of the shield support capacity, as shown in Figure 8. The shield support capacity calculation is simplified, and dynamic data calculation is achieved by the system. In addition, the shield support capacity calculation efficiency is enhanced. The developed scheme effectively guides determination of the shield support capacity during mining production and constitutes a first attempt at an intelligent shield selection construction.
[image: Figure 8]FIGURE 8 | Calculation and analysis scheme of the shield support capacity under a given load of the loose body.
5.2 Analysis and discussion
5.2.1 Influences of related parameters of the immediate roof
Figure 9 shows the influences of the bulk density, thickness, and control distance of the immediate roof on the shield support capacity when the parameters of the main roof and loose body are constant. From Figures 9A,B, the shield support capacity is seen to increase as the control distance of the immediate roof increases. Generally, the control distance of the immediate roof is related to the length of the shield top beam. The weight of the immediate roof within the control distance increases as the shield top beam length increases. Therefore, it is necessary to determine a reasonable length of the shield top beam during the shield design process to fully utilize the shield Support characteristics.
[image: Figure 9]FIGURE 9 | Relationship between related parameters of the immediate roof and shield support capacity.
From Figures 9A,B, the shield support capacity is observed to increase with increase in the bulk density and thickness of the immediate roof when its control distance remains constant. However, the bulk density and thickness of the immediate roof have different effects on the shield support capacity, as seen from Figure 9C. When the bulk density of the immediate roof increases from 18 to 26 kN/m3, the shield support capacity increases from 3,481.54 to 3,638.52 kN, which is a 4.51% increase, as shown by L1 in Figure 9C. When the thickness of the immediate roof increases from 2 to 4 m, the shield support capacity increases from 3,607.97 to 4,450.55 kN, which is a 23.35% increase, as shown by L2 in Figure 9C. Obviously, the growth rate of L1 is less than that of L2, i.e., the slope of L1 is less than that of L2. Hence, the thickness of the immediate roof has a greater influence on the shield support capacity than the bulk density.
5.2.2 Influences of related parameters of the main roof
Figure 10 shows the influences of the bulk density, thickness, and limit span of the main roof on the shield support capacity when the parameters of the immediate roof and loose body are constant. From Figures 10A,B, the shield support capacity is seen to increase first and then decrease as the limit span of the main roof increases. Generally, the limit span of the main roof is its periodic weighting interval. From Figure 10A, the limit span of the main roof corresponding to the maximum shield support capacity is observed to be about 10 m where the main roof breaks because of the roof cutting effect of the shield. At this time, the load on the main roof also increases, resulting in accidents, such as shield crushing due to ground pressure behaviors over a large area of the roof. The overburden lithology of coal-bearing strata is determined once it is formed; hence, the thickness of the main roof may change in the strike or tendency of the coal seam. According to Eq. 6, the greater the thickness of the main roof, the greater is its limit span and greater are the blocks generated by breaking of the main roof. Overall, some measures can be adopted to minimize the limit span of the main roof and reduce the chances of accidents by shield crushing, such as presplitting of the hard and thick roof (Wang et al., 2013; Huang et al., 2018; Liu et al., 2019; Chen et al., 2021; Xing et al., 2021).
[image: Figure 10]FIGURE 10 | Relationship between related parameters of the main roof and shield support capacity.
From Figures 10A,B, the shield support capacity is observed to increase with increases in the bulk density and thickness of the main roof when its limit span remains constant. However, the bulk density and thickness of the main roof have different effects on the shield support capacity, as shown in Figure 10C. When the bulk density of the main roof increases from 18 to 26 kN/m3, the shield support capacity increases from 3,320.33 to 3,639.93 kN, which is a 9.63% increase, as shown by L3 in Figure 10C. When the thickness of the main roof increases from 2 to 4 m, the shield support capacity increases from 2,043.69 to 5,855.00 kN, which is an increase of 180.49%, as shown by L4 in Figure 10C. Obviously, the growth rate of L3 is less than that of L4, i.e., the slope of L3 is less than that of L4. Hence, the thickness of the main roof has a greater influence on the shield support capacity than the bulk density.
5.2.3 Influences of related parameters of the loose body
Figure 11 shows the influences of the bulk density, height, and natural repose angle of the loose body on the shield support capacity when the parameters of the immediate roof and main roof are constant. From Figures 11A,B, the shield support capacity is seen to decrease as the natural repose angle of the loose body increases and increase as the bulk density and height of the loose body increase. Generally, the natural repose angle, bulk density, and height of the loose body formed by the collapsed gangue accumulation in the goaf after extraction of the upper coal seam are related to pressure. When the collapsed gangue in the goaf is gradually compacted under the action of the self-weight and roof load, the natural repose angle and height of the loose body decrease while the bulk density increases.
[image: Figure 11]FIGURE 11 | Relationship between related parameters of the loose body and shield support capacity.
From Figures 11A,B, the shield support capacity is observed to increase with increasing bulk density and height of the loose body when the natural repose angle remains constant. However, the bulk density and height of the loose body have different effects on the shield support capacity, as shown in Figure 11C. When the bulk density of the loose body increases from 18 to 26 kN/m3, the shield support capacity increases from 3,383.64 to 4,089.19 kN, which is a 20.85% increase, as shown by L5 in Figure 11C. When the height of the loose body increases from 5 to 7 m, the shield support capacity increases from 3,300.35 to 3,924.22 kN, which is an increase of 18.90%, as shown by L6 in Figure 11C. Obviously, the growth rate of L5 is greater than that of L6, i.e., the slope of L5 is greater than that of L6. Hence, the bulk density of the loose body has a greater influence on the shield support capacity than the height.
5.2.4 Discussion
Figure 12 shows the increasing percentage of shield support capacity when the relevant parameters of the immediate roof, main roof, and loose body are changed. It is assumed that the thickness of the main roof significantly influences the shield support capacity when only one parameter is changed and the other parameters are constant. During the initial stage of coal seam extraction under the goaf, the main roof between the goaf and lower coal seam will not break and collapse; as the extraction progresses, the main roof reaches the limit span and breaks into articulated blocks, forming the voussoir beam structure. On the one hand, the hydraulic shield for coal seam extraction under the goaf will bear the self-weight and load on the rock blocks generated by breaking of the main roof. On the other hand, the shield will bear the force of the sliding and instability of the rock blocks. It can be seen from Eqs. 1, 3, and 5 that increasing the thickness of the main roof increases the breaking length. Therefore, the two forces acting on the hydraulic support will also increase, which may cause shield crushing owing to ground pressure behaviors over a large area of the roof. In general, to avoid the occurrences of strong ground pressure behaviors in the panel face from excessive thickness of the main roof, scholars have increasingly conducted research in this field, such as presplitting of the sandstone in the main roof of the Zhangji North coal mine (Ren et al., 2020), deep hole-shaped charge blasting of the hard roof in the Songshuzhen coal mine (Guo et al., 2013), far-field ground fracturing and near-field pressure blasting of the Jurassic and carboniferous coal seam extractions in the Datong mining area (Yu et al., 2019).
[image: Figure 12]FIGURE 12 | Influence degrees of various factors on the shield support capacity.
6 CONCLUSION

1) Through field measurement and analysis of the shield support capacity of the 1,692 panel face in the No.9 coal seam in the Qianjiaying coal mine, the existing shield selection was determined to be unreasonable. The ZY4800-13/32 shield employed in the 1,692 panel face was calculated to have a large surplus coefficient of the support capacity as well as low support utilization rate.
2) Based on extraction of the No.9 coal seam under an extremely close goaf after extraction of the No.8 coal seam, the voussoir beam structure with a given load of the loose body was established to calculate the shield support capacity. The shield support capacity for the No.9 coal seam was determined as 3,560.03 kN, so a rated support capacity of 4,000 kN should be selected to meet the requirements of production safety.
3) A GUI-based calculation and analysis scheme was developed using Matlab for the shield support capacity under the given load of the loose body. This scheme achieved both dynamic data calculation and improved calculation efficiency of the shield support capacity. The relationship between the support and roof strata was also analyzed visually.
4) Using the proposed calculation and analysis scheme, the influence degrees of the relevant parameters of the immediate roof, main roof, and loose body on the shield support capacity were examined. The thickness of the main roof had the greatest influence of approximately 186.49% increase on the shield support capacity. An increase in the thickness of the main roof resulted in an increase in the breaking length of the main roof; presplitting of the main roof was thus considered to be an effective method of controlling the breaking length to avoid shield crushing due to ground pressure behaviors over a large area of the roof when the load on the shield exceeded the rated support capacity.
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With the increase of mining depth, the deep mine waterproof wall project faces the test of worse construction environment and higher risk of water damage. With the development of intelligent construction technology, it is necessary to introduce concrete 3D printing technology for the construction of coal mine waterproof walls, so as to adapt to more complex construction environment and engineering needs. Through uniaxial compression tests, the compressive properties of 3D printed concrete were tested under different printing methods and force directions. The results showed that the compressive strength of the 3D printed concrete was higher under the conditions of printing path B and loading along the direction parallel to the bonding layer. According to test results, the mine waterproof wall structure based on concrete 3D printing was designed. Then, ABAQUS was used to simulate the compressive strength and deformation of the 3D printed waterproof wall. The results showed that the ultimate load of the 3D printing module was 6.697e4kN and the deformation range was controllable, which meet the engineering requirements. The advantages of 3D printing mine waterproof walls are more flexible in design, faster in manufacturing, and more intelligent in operation. This work provides new ideas for the design and construction of waterproof walls in deep mines.
Keywords: concrete 3D printing, mine waterproofing wall, assembly design, compressive performance, mining engineering
INTRODUCTION
The hydrogeological and engineering geological conditions in deep underground mines have become increasingly complex with continuous increases in the depths of the mines and mining intensity worldwide (Chen et al., 2019; Gao et al., 2021). In China, water inrush disasters are a major threat to the safety of deep underground mines (Sun et al., 2017; Hu and Zhao, 2021; Jiang et al., 2022). Construction of mine waterproofing walls is one of the most efective and widely applied methods for controlling groundwater and has been used for decades in underground mining (Hang et al., 2022). As the mining depth increases, the construction of mine waterproofing walls is facing the challenge of the worse construction environment and the higher risk of water damage.
Currently, mine waterproofing walls are constructed using the concrete pouring method. When this method is applied to the deep mine engineering site, two technical problems are exposed: on the one hand, the high temperature and high humidity construction environment is likely to cause gaps in the concrete pouring process, which brings hidden dangers to the engineering quality (Kreiger et al., 2019). On the other hand, the traditional construction method involves many sub-projects. It usually takes 2 months to build a waterproof wall, which is difficult to buy time for emergency rescue and disaster relief (Sui and Hang, 2016). In December 2013, the ESW retaining wall system independently developed by a coal mine in Henan Province, China, adopted the method of precast concrete modules to achieve rapid construction in 8 h. This technology subverts the traditional concrete pouring mode, and also provides new ideas for the construction of mine waterproof walls. Since then, the rapid construction of deep mine waterproof walls has become a hot spot in the field. Scholars and engineers have optimized the construction process and put forward new attempts (Gao et al., 2014; Gao and Wang, 2016; Sang, 2016; Gao et al., 2022), which have taken into account the construction conditions of deep mines, but lack green and intelligent measures.
In recent years, intelligent construction technology has achieved rapid development (Bos et al., 2016; Ma and Wang, 2018; Paul et al., 2018; Bai et al., 2021). Compared with prefabricated concrete slabs, 3D printing technology has the advantages of more flexible design, faster manufacturing, and smarter operation (Ma et al., 2018; Wang et al., 2020). In addition, concrete 3D printing can also improve the compression resistance and impermeability of concrete by adding admixtures (such as fibers) (Invernizzi et al., 2016; Rahul et al., 2019). With the development of intelligent construction technology, it is necessary to consider adopting more advanced methods for the construction of coal mine waterproof walls to achieve a faster, greener, safer and more intelligent construction mode.
In view of this, according to the mechanical properties test of 3D printed concrete, a waterproof wall structure based on concrete 3D printing was designed. The compressive performance of the waterproof wall was explored through finite element simulation analysis. Assembled design and compressive performance simulation of mine waterproof wall based on concrete 3D printing provides some new ideas for deep mine disaster prevention and control and the application of concrete 3D printing in mines.
ASSEMBLED DESIGN OF 3D PRINTED MINE WATERPROOF WALL
Experimental materials
1) Material preparation. The design of 3D printed concrete material composition and mix ratio needs to be coordinated and compatible with the 3D printing system. On the basis of fully considering the properties of raw materials, various mixing principles and preparation methods, determine the proportions of various raw materials, and carry out ingredients according to Table 1.
TABLE 1 | The ratio of 3D printed concrete materials.
[image: Table 1]Among them, the basalt fiber specifications are shown in Table 2. The fiber length is 18mm, which is slightly larger than the 15 mm diameter of the print head, which is beneficial to the orientation effect of the fiber composite material during the extrusion process.
TABLE 2 | Specifications of basalt fiber.
[image: Table 2]2) Preparation of samples. The HC1008 3D printer was selected for the production of concrete samples. In order to explore the influence of different printing paths on the mechanical properties of concrete, two samples with different printing paths were made to test their mechanical properties. Two 3D printing paths are shown in Figure 1.
[image: Figure 1]FIGURE 1 | Two different concrete 3D printing paths.
The samples were produced using a printing nozzle with a diameter of 15 mm, a printing layer height of 7 mm, and a printing speed of 20 mm/s. Finally, samples of 150 mm×150 mm×150 mm were obtained, as shown in Figure 2.
[image: Figure 2]FIGURE 2 | 3D printed concrete samples.
Experimental setup and method
According to the different stress directions of the samples, it can be divided into two forms: the direction perpendicular to the bonding layer and the direction parallel to the bonding layer. The force perpendicular to the bonding layer is defined as V, and the force parallel to the bonding layer is defined as H, as shown in Figure 3. According to the different printing paths and force directions, four groups (AV, AH, BV, BH) of 12 samples (50mm×50mm×50 mm) were made for uniaxial compression tests to test their compressive performance.
[image: Figure 3]FIGURE 3 | Schematic diagram of different force directions.
The RMT-150C rock mechanics test system was selected, which adopts the method of applying uniform load vertically on a single axis. The loading rate is 0.005 mm/s, and the vertical load is 1000 kN. The failure phenomenon of the sample is as follows: cracks parallel to the load direction appear on the outer surface of the sample and penetrate the entire sample.
Analysis of results
Under the condition of printing path A, the load-displacement curve of the sample is shown in Figure 4. It shows that under the condition of printing path A, when the load is applied perpendicular to the bonding layer, the maximum compressive strength of the sample is 58.511 MPa, and the minimum compressive strength is 51.551 MPa. When the load is applied parallel to the bonding layer, the maximum compressive strength of the sample is 64.179 MPa, and the minimum compressive strength is 60.261 MPa.
[image: Figure 4]FIGURE 4 | Under the condition of printing path 1, the load-displacement curve of the specimen.
Under the condition of printing path B, the load-displacement curve of the specimen is shown in Figure 5. It shows that: under the condition of printing path B, when the load is applied perpendicular to the bonding layer, the maximum compressive strength of the sample is 64.334 MPa, and the minimum compressive strength is 55.211 MPa. When the load is applied parallel to the bonding layer, the maximum compressive strength of the sample is 67.195 MPa, and the minimum compressive strength is 62.393 MPa.
[image: Figure 5]FIGURE 5 | Under the condition of printing path B, the load-displacement curve of the specimen.
In summary, the overall compressive strength of the samples in the printing path B is higher than that of the samples in the printing path A. This difference is mainly caused by the gap between the adhesive layers. Compared with printing path B, printing path A is more likely to form voids at the corners. Such voids will lead to poorer compactness of the structure, thereby affecting the compressive strength of the structure. Secondly, under the same printing path conditions, the compressive strength of the sample is higher when it is loaded in the direction parallel to the bonding layer. The main reason for this difference is: when loading parallel to the bonding layer, the extension direction of the 3D printing is parallel to the direction of the applied load, and a short column structure is generated inside the concrete, which enhances the compressive strength of the structure. The above experimental results can provide a scientific basis for the design of assembly modules for 3D printed mine waterproof walls.
Assembly module design
The design of the mine waterproof wall is based on a mine in Jiaozuo City, Henan Province, China. The preliminary estimate of the water bearing pressure is 3∼5 MPa. According to the design formula in the Chinese coal mine water prevention and control code, the total length of the waterproof wall is 6.6126 m. Considering the actual construction situation and ensuring the safety and stability of the sluice wall, the design values ​​are slightly larger than the calculated values, as shown in Table 3.
TABLE 3 | Mine waterproof wall design parameter.
[image: Table 3]The assembly module is 4000 mm long, 4200 mm wide and 1200 mm thick, and the two ends are embedded in the base 300 mm. The protrusions are 400 mm thick and 1000 mm wide. Two bolt holes are preset at 150 mm inward on both sides of the groove, and the diameter of the bolt holes is 20 mm. In order to facilitate the fitting of the module protrusion and the module groove, the gap between the two is 20 mm. Specifically, as shown in Figure 6.
[image: Figure 6]FIGURE 6 | Design drawing of 3D printed concrete assembly module.
The assembly module adopts the printing path B, and the combined component is subjected to water pressure in the direction parallel to the bonding layer. A total of eight assembly modules are composed, as shown in Figure 7.
[image: Figure 7]FIGURE 7 | Design drawing of 3D printed mine waterproof wall.
SIMULATION ANALYSIS OF COMPRESSIVE PERFORMANCE OF 3D PRINTED MINE WATERPROOF WALL
Construction of finite element model
In order to explore the force characteristics of the 3D-printed mine waterproof wall under the action of water pressure and the pressure of the overlying rock, ABAQUS was used for simulation analysis. It was assumed that the upper and lower bases of the main body segment are rigid bodies and will not deform. Only the force transmission and the friction between the surfaces were considered between the assembly modules, and the modules would not have any seepage effect. CDP was adopted as the damage evolution constitutive model of concrete layer material damaged by macroscopic force. For the bonding layer, a Cohesive element was inserted to simulate the interlayer bonding. The concrete strength grade was C30. The meshing element size was 150 mm. As shown in Figure 8, a uniform load of 5 MPa is set in the horizontal direction to simulate the water pressure P. A uniform load of 10 MPa is set in the vertical direction to simulate the overburden pressure F.
[image: Figure 8]FIGURE 8 | Force analysis of 3D printing mine waterproof wall.
Analysis of simulation results
The load-displacement curve of a monitoring point on the stress surface of the structure is shown in Figure 9. It can be seen from the figure that when the load reaches 3.035 e4kN and the displacement reaches 0.6mm, the damage starting point is reached. At this time, the curve begins to rise nonlinearly, the stiffness of the structure decreases, and the structure is damaged. When the displacement reaches 2.4mm, the 3D printed structure reaches the ultimate load 6.697 e4kN, which is slightly larger than that (6.258 e4kN) of the conventional structure.
[image: Figure 9]FIGURE 9 | Load-displacement plots for assembly modules.
Further, a simulation analysis was carried out for the structural deformation of the 3D printed waterproof wall and the traditional waterproof wall under the action of water pressure. Under the condition of 5 MPa water pressure, when the minimum deformation values ​​are 0.1, 0.05, 0.01, and 0.001mm, the comparison of the deformation ranges of the two models is shown in Figure 10.
[image: Figure 10]FIGURE 10 | Comparison of the deformation range of the two models.
According to Figure 10 and the monitored data, the deformation range of the fabricated waterproof wall is slightly larger than that of the traditional one. The deformation range boundary of the traditional waterproof wall is a rounded arc, while the deformation range boundary of the prefabricated waterproof wall is obviously affected by the assembly connection surface. But in general, the deformation range is controllable, which meets the engineering requirements. The advantages of 3D printing mine waterproof walls are more flexible in design, faster in manufacturing, and more intelligent in operation.
DISCUSSIONS

1) The construction method of 3D printing mine waterproof wall. Based on the above research, a corresponding rapid construction method needs to be formed. At present, the research team has carried out the plan implementation on the project site. The assembly module is pre-printed and formed, and the rapid assembly of the main section of the sluice wall is completed according to the top-down construction steps. After the assembled modules are assembled, there are a large number of contact seams between the modules, so the sealing treatment and anti-seepage measures for these gaps are particularly important. The assembly modules are bolted on. The joint work between the modules adopts the hydraulic pressure bonding method of the rubber gasket. The waterproof and anti-seepage performance of the sluice wall structure is ensured by referring to the sealing connection method of the immersed tunnel.
2) Research on the impermeability of 3D printed mine waterproof walls. This work adopted an idealized model, focused on the compressive performance of 3D printed waterproof walls, and believed that the structure has sufficiently strong impermeability. However, as a waterproof structure in mines, it is necessary to conduct further research on the impermeability of 3D printed waterproof walls. The seepage characteristics of 3D printed concrete are different from those of traditional concrete, and the related theory and numerical model need to be improved.
3) Application prospect of 3D printing technology in coal mines. At present, 3D printing technology and prefabricated structures are rarely used in mine construction. With the upgrading and optimization of mine safety technology, it is necessary to consider expanding the application of prefabricated structures to mine engineering. This belongs to the field of interdisciplinary research. 3D printing technology and assembly process help to realize the intelligent construction of underground structures in coal mines. Relevant technological innovation and engineering applications need to be strengthened.
CONCLUSION
1) Four groups of 3D printed concrete were made according to two different printing paths and two force directions. The compressive properties of the 3D printed concrete were tested through uniaxial compression tests. The compressive strength of the 3D printed concrete was higher under the conditions of printing path B and loading along the direction parallel to the bonding layer. According to the test results, a mine waterproof wall structure based on concrete 3D printing was designed.
2) ABAQUS was used to simulate the compressive strength and deformation of the 3D printed waterproof wall. The 3D printed structure could reach the ultimate load 6.697e4kN, which was slightly larger than that (6.258e4kN) of the conventional structure. The deformation range of the 3D printed prefabricated waterproof wall was slightly larger than that of the traditional one. But in general, the deformation range is controllable, which meet the engineering requirements. The advantages of 3D printing mine waterproof walls are more flexible in design, faster in manufacturing, and more intelligent in operation.
3) The construction technology of 3D printing mine waterproof wall was discussed. The water pressure crimping method using rubber gaskets was envisaged to ensure the waterproof and impermeable performance of the waterproof wall structure. As a waterproof structure in mines, it is necessary to conduct further research on the impermeability of 3D printed waterproof walls. With the upgrading and optimization of mine safety technology, it is necessary to consider expanding the application of prefabricated structures to mine engineering.
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In order to study the effect of loading rate on rockburst, an indoor test of single-face fast unloading-three directions and five-face stress-vertical continuous loading is conducted under different loading rates using a new true-triaxial rockburst test system. The entire process of rockburst inoculation-occurrence-development is completely and accurately reproduced. The fragmentation degree, fractal dimension, and Weibull distribution characteristics of rockburst fragments under different loading rates are compared and analyzed. The results indicate that the rockburst ejection failure process can be summarized as four stages: grain ejection, rock spalling into plates, rock shearing into fragments, and rock fragment ejection. Rockburst fragments are mostly coarse-grained, medium-grained, and fine-grained. The macroscopic block characteristics of rockburst fragments reflect the fragmentation degree of rock, and the fragmentation degree of rockburst fragments increases with the loading rate. The fractal dimension shows the same trend with different loading rates, that is, the fractal dimension grows as the loading rate increases. As the loading rate increases, the crack expansion rate accelerates, which aggravates the damage to the rock specimen by decreasing its compressive strength and causing greater fragmentation when the specimen is failed. The loading rate has a significant effect on the energy consumption of rockburst fragments.
Keywords: rockburst, true triaxial test, loading rate, rockburst fragments, fractal dimension
1 INTRODUCTION
With the construction of underground engineering to the deep earth, rockburst disasters caused by deep high ground stress are becoming more and more frequent. A rockburst has the characteristics of being sudden, local, instantaneous, and violent. When the rockburst disaster occurs, resulting in rock fragments produced by bursting loose, high-speed ejection or throwing, and other dynamic damage phenomena, it poses a serious threat to the safe construction of the project. Seventy-five people perished in an extremely strong rockburst at the Springhill mine in Canada (Hedley, 1992). An extremely strong rockburst in the drainage tunnel of the Jinping II hydropower project in China caused a serious accident that resulted in seven deaths and one injured (Hu et al., 2019b). During underground excavation, the occurrence of rockburst disasters is not only related to the rock mineral composition and internal rock structure but also to the surrounding rock stress state and excavation method. As well, external loading conditions such as loading rate have an equally significant influence on the mechanical behavior of rock. Therefore, the study of different loading rates on the failure characteristics, strength characteristics, energy evolution, and fragment characteristics of rock, to further elucidate the formation mechanism of rockburst disasters, has both theoretical significance and practical application value.
In the research on the effect of loading rate on rockburst, both domestic and international scholars have achieved some progress. Su et al. (2018) investigated the influence of loading rate on strainburst. Chen et al. (2019) studied the energy dissipation of fragments during rockburst. Lu et al. (2020) investigated the effects of loading rate on rock deformation, strength, and failure mode. Si et al. (2020) studied the influence of loading rate on rockburst in a circular tunnel. Khan et al. (2022) proposed a new rockburst tendency criterion based on energy evolution characteristics under different loading rates. The energy release characteristics of rockbursts are closely related to the fragmentation degree of rock fragments after destruction, and the fractal dimension can partially reflect the physical mechanism of rock fragmentation evolution (Xie and Pariseau, 1993). Li et al. (2010), He et al. (2018), and Liu et al. (2021) analyzed the size feature and fragmentation degree of rockburst fragments. Li et al. (2014) clarified the variation law between fractal dimension and loading rate. Liu et al. (2014) determined the fractal dimension of rockburst fragments. Xia et al. (2014) studied the mass and shape distribution characteristics of rockburst fragments under different stress paths. Jiang et al. (2020a) discovered that the average size of rockburst fragments reduces as initial damage increases. Most of the abovementioned research results focus on the effect of loading rate on rock failure under uniaxial, biaxial, and conventional triaxial compression conditions. Existing research on rockburst fragments is still in the qualitative stage, and relevant quantitative research is yet to be carried out. Therefore, in order to more realistically reveal the characteristics of rockburst in the actual engineering context and to provide a more accurate description of the stress path transformation process during deep underground excavation, in this article, a true triaxial test of single-face fast unloading-three directions and five-face stress-vertical continuous loading will be conducted in order to investigate the failure characteristics, strength characteristics, energy evolution, and fragmentation characteristics of rock under different loading rates.
This article uses a novel true-triaxial rockburst test system, based on a new rockburst test method and a new loading and unloading path, to conduct an indoor physical simulation test of single-face fast unloading-three directions and five-face stress-vertical continuous loading under different loading rates. The entire process of rockburst incubation-occurrence-development is monitored in real time by an image acquisition system. Under different loading rates, the failure characteristics, strength characteristics, and energy evolution of granite specimens are compared and analyzed. Therefore, collecting the ejected fragments of specimens after the rockburst in order to measure the quality, size, and grain size of rockburst fragments. The statistical distribution and fractal characteristics of granite rockburst fragments are analyzed by quantitative means and methods in order to further elaborate on the rockburst phenomena under different loading rates.
2 THE NOVEL EXPERIMENTAL METHOD AND DESIGN
2.1 Testing equipment
The test system mainly consists of a true-triaxial rockburst testing machine, a loading system, a control system, a real-time data signal acquisition and monitoring system, a high-speed camera system, and other subsystems (Figure 1). True-triaxial rockburst testing machine is a new high-pressure servo rigid press that has a maximum vertical loading pressure of 5,000 kN and a maximum horizontal loading pressure of 3,000 kN, through the full digital servo controller control can be realized in three vertical directions for independent loading and unloading. It has the special function of single-face fast unloading under the three directions and six-face loading conditions. It can accurately simulate the process of rapid change of surrounding rock stress path at the moment of underground engineering excavation. With the aid of a high-speed camera, it is possible to observe the failure phenomenon of unloading faces in real time.
[image: Figure 1]FIGURE 1 | True-triaxial rockburst testing system (adapted from Su et al. 2016a).
2.2 Rock sample preparation
Grayish-white granite samples were collected in Wenshang County, Shandong Province, China (Figure 2). To ensure the comparability of tests and decrease the impact of material heterogeneity and dispersion on the test results, all specimens were extracted from the same intact rock. Before true-triaxial rockburst tests, the rectangular prismatic specimens, 100 mm (length) × 100 mm (width) × 200 mm (height), were prepared, and all sides and ends of specimens were finely ground and polished to minimize the local stress concentration and produce flat and smooth end surfaces. To ensure that rock samples are uniformly pressured in all directions, the processing accuracy is strictly in accordance with the standard of the International Society for Rock Mechanics (Fairhurst and Hudson, 1999), with a flatness error of ±0.05 mm for two opposite faces and a perpendicularity error of ±0.25° for two adjacent faces.
[image: Figure 2]FIGURE 2 | Location and photo of the sample. (A) Sampling location; (B) photo of rock specimens.
2.3 Testing methodology
2.3.1 Stress path design
Before excavation of the cavern, the rock mass was in a triaxial stress state. After the cavern excavation is unloaded, the unloading face of rock mass appears, and its radial stress decreases sharply (the corresponding principal stress is σ3), the tangential stress increases gradually (the corresponding principal stress is σ1), and the principal stress along the cavern axis remains the same as the initial stress field (the corresponding principal stress is σ2), as depicted in Figure 3. For the rock unit in the area of concentrated compressive stress in the surrounding rock mass, the radial stress on the excavation boundary is zero, while the radial stress in the rock mass at a certain distance from the excavation surface rises sharply along the diameter direction, and the rock unit is in a special stress state of “one-face zero load-three directions and five-face load".
[image: Figure 3]FIGURE 3 | Stress state of rocks at and near the excavation boundary (adapted from Jiang et al. (2020b)).
According to the stress path and boundary condition transformation process of the surrounding rock mass after excavation of an underground cavern (Figure 3), the true-triaxial rockburst test with single-face fast unloading-three directions and five-face stress-vertical continuous loading can accurately reproduce the stress transformation process of radial stress plunge and tangential stress concentration after excavation and unloading of deep underground engineering. In addition, engineering practice demonstrates that rockburst typically occurs within 1–3 days after excavation (Chen et al., 2012; Hu et al., 2019a), indicating that the gradual concentration of tangential stress is one of the main factors leading to rockburst. Consequently, the process of continual concentration of tangential stress can be reproduced with vertical continuous loading. Figure 4 depicts the test method and loading-unloading path.
[image: Figure 4]FIGURE 4 | Sketch map of the test method and loading-unloading path of rockburst.
The specific testing procedures are described below: (I) the initial stress state of underground engineering rock mass before excavation is simulated according to the in situ stress field inversion of measured geostress in a project, and the initial stress state in three directions is σ1/σ2/σ3=74.58/54.96/39.51 MPa (Ge and Hou, 2011). To achieve the loading and unloading in the tests, the values of σ1, σ2, and σ3 under the initial ground stress condition in loading paths were set as 75, 55, and 40 MPa, respectively. First, the principal stresses σ1, σ2, and σ3 were loaded simultaneously to the predetermined values and then held for about 2–3 min. Second, the principal stresses σ1 and σ2 were loaded simultaneously to the predetermined values and then held for about 2–3 min. Finally, the principal stress σ1 was loaded to the predetermined values. After the initial stress state is applied, the specimen is stabilized for approximately 6–8 min under the triaxial stress state of σ1=75 MPa, σ2=55 MPa, and σ3=40 MPa. (II) A single-face fast unloading device (two springs) is used to unload the stress σ3(y1) to zero on one face in the Y-direction, while rapidly reducing the stress σ3(y2) to a predetermined value on the other face in the Y-direction. In order to simulate the radial stress reduction after excavation unloading in underground engineering and to realize the conversion process, the stress path and boundary conditions near the excavation boundary must be under the effect of tangential stress. The stress σ3(y2) on the opposite face of the unloading face and the stress σ2 in the X-direction are kept unchanged. Finally, the stress σ2 in the vertical stress σ1 is continuously increased at different loading rates until the specimen fails.
2.3.2 Testing plan
In this experiment, four different loading rates of 0.05, 1.0, 3.0, and 5.0 MPa/s were designed, with strain rates of 1.7×10–6, 3.4×10–5, 1.0×10–4, and 1.7×10–4 s−1 corresponding to the four different loading rates. The specific test procedures are detailed in Table 1. In our test, at least three specimens were prepared for each test with a given loading path to guarantee the repeatability of the experimental results. The typical failure process of each tested specimen was chosen to investigate the rockburst.
TABLE 1 | Testing plan.
[image: Table 1]3 FAILURE AND EJECTION CHARACTERISTICS OF ROCKBURST
The stress–strain curves, failure process, and failure modes of granite specimens with different loading rates are shown in Table 2.
TABLE 2 | Failure and ejection characteristics of the specimen with different loading rates.
[image: Table 2]From Table 2, it is clear that at a loading rate of 0.05 MPa/s, rock samples exhibited static brittle failure characterized by slabbing. At loading rates of 1.0, 3.0, and 5.0 MPa/s, all rock specimens experienced varying degrees of rockburst dynamic failure, with rock specimens (Z-4) experiencing the most severe ejection failure. This indicates that the loading rate is sufficient to cause the accumulation of a large amount of elastic strain energy within the rock specimen, part of which is converted into dissipation energy required for the splitting of the rock plate and the potential shearing of rockburst pit into fragments (pieces), while most of the elastic strain energy is converted into kinetic energy required for the fragment ejection, prompting the rock sample to rockburst.
3.1 Stress–strain curve
By comparing the rock sample (Z-1) with static brittle failure, the typical stress–strain curves of rock samples with ejection failure exhibit the following characteristics: 1) the failure process of rock samples under different loading rates consists of four stages: the initial compaction stage (OA), the elastic deformation stage (AB), the pre-peak unstable fracture stage (BC), and the post-peak failure stage (CD). 2) The pre-peak curve has an obvious yield point, and the stress–strain curve between the yield point and peak point changes more gently, corresponding to the splitting failure at the unloading face of the rock sample and shear failure in the range of potential rockburst pits.
3.2 Failure mode
The failure modes of rock samples under different loading rates are shown in Table 2. Z-1 rock samples exhibit a rock plate splitting phenomenon on the unloading face, a significant penetrating shear diagonal fracture on the inside of the rock body, and shear-tension fractures close to the unloading face, which are predominantly stable and slow slabbing failures. All Z-2∼Z-4 rock samples exhibit clear multiple zoning failure characteristics, that is, the unloading face displays a V-shaped or step-shaped rockburst pit and tension produced by the splitting fracture, and the rockburst pit surface is uneven.
3.3 Ejection process of rockburst
Due to space constraints, the ejection failure process of a Z-3 granite sample is selected as an example to compare with the static brittle failure of the Z-1 granite sample. Figure 5 displays the detailed comparison. The ejection failure process can be divided into four stages, including grain ejection, rock spalling into plates, rock shearing into fragments, and rock fragment ejection.
[image: Figure 5]FIGURE 5 | Failure process of typically tested specimens under different loading rates. (A) 0.05 MPa/s; (B) 3.0 MPa/s.
4 FRAGMENT CHARACTERISTICS OF ROCKBURST
4.1 Particle size grouping and mass distribution characteristics of fragments
According to the rockburst fragment classification method (Su et al., 2016b), fragments were classified into four classes based on particle size: particulate (d < 0.075 mm), fine-grained (0.075 mm ≤ d < 4.75 mm), medium-grained (4.75 mm ≤ d < 9.5 mm), and coarse-grained (d ≥ 9.5 mm). Among them, fine-grained fragments containing six particle sizes (0.075–0.15 mm, 0.15–0.30 mm, 0.30–0.60 mm, 0.60–1.18 mm, 1.18–2.36 mm, and 2.36–4.75 mm). The masses of four grades were weighed by a high-sensitivity electronic scale. Figure 6 depicts photographs of fragment classification under different loading rates. Figure 7 illustrates the percentage distribution of rock fragments of each particle size class in the total mass of fragments under different loading rates.
[image: Figure 6]FIGURE 6 | Fragment size distribution under different loading rates (unit: mm). (A) 0.05 MPa/s; (B) 1.0 MPa/s; (C) 3.0 MPa/s; (D) 5.0 MPa/s.
[image: Figure 7]FIGURE 7 | Fragment particle-size distribution under different loading rates.
Figure 7 illustrates that coarse-grained, medium-grained, and fine-grained fragments dominate the rockburst fragmentation mass. It demonstrates that as the loading rate increases, under the action of vertical stress σ1, the fractured rock plate caused by the tension stress in the vertical direction unloading face increases significantly, and the rock plate is ejected under the action of shear as well as tensile-shear load, producing larger grain size fragments.
4.2 Weibull distribution of particle size
The Weibull distribution function can be used to fit and statistically analyze the particle size distribution of rockburst fragments, and the Weibull distribution function relationship is given below (Li et al., 2021):
[image: image]
where k is the dimensional parameter; λ is the shape parameter; x is the maximum length value of the fragment particle group.
The size parameter k represents the average value of fragment size, and a smaller value of k indicates that the average fragment size is smaller, that is, the degree of fragmentation is more serious (Liu et al., 2022). Figure 8 depicts the Weibull distribution curve of rockburst fragments. The size parameter k obtained from the Weibull distribution curve is shown in Figure 9.
[image: Figure 8]FIGURE 8 | Weibull distribution curve of sample fragments.
[image: Figure 9]FIGURE 9 | Size parameters of the Weibull distribution.
As shown in Figure 9, 1) the size parameter k decreases gradually with the increase in loading rate. It shows that the larger the loading rate within the selected range of tests, the smaller the average size of fragments after the occurrence of rockburst and the more severe the fragmentation of fragments, that is, the fragmentation degree of fragments increases with the increase in loading rate. 2) The use of the Weibull distribution function of rockburst test after the particle size distribution of fragmentation analysis, the quantitative comparison of fragmentation degree, can be used as a reference for quantifying the degree of rockburst serious index.
4.3 Fractal characteristics of fragments
Fractal theory can quantitatively describe various complex morphologies such as material fracture surfaces (Dlouhy and Strnadel, 2008). In particular, the fractal dimension reflects the complex morphologies that cannot be quantitatively expressed in the original Euclidean geometric space (Xie et al., 2004; Ping et al., 2015). Some researchers have utilized fractal methods to analyze the fragmentation degree of rockburst and the energy release characteristics of the failure process (Hu et al., 2002; Deng et al., 2007; Wang and Gao, 2007).
4.3.1 Granularity-quantity
For medium-grained and coarse-grained sizes, the measured length, width, and thickness values (l, w, and h, respectively) were converted into the equivalent side length of a square-by-rectangular shape Leq (where Leq = (l × w × h)1/3). For particulate and fine-grained sizes, particle sieving is performed, and the particle size is used as the equivalent side length value. The particle quantity is counted using the sampling statistics method. According to the granularity-quantity relationship equation (He et al., 2009), the fractal dimension of fractured pieces can be calculated as follows:
[image: image]
where N is the number of fragments with characteristic granularity equivalent to edge length ≥ Leq, N0 is the number of fragments with maximum characteristic scale Leq max, and D is the fractal dimension.
The lgN-lg (Leq max/Leq) fitting curve is plotted as shown in Figure 10. Among them, the slope of the straight-line segment of the fitted curve is the fractal dimension, and the specific values are shown in Table 3.
[image: Figure 10]FIGURE 10 | Relationship of granularity-quantity.
TABLE 3 | Calculation of granularity-quantity fractal values.
[image: Table 3]4.3.2 Granularity-mass
The maximum length, width, and thickness values measured for coarse-grained fragments were converted to equivalent edge lengths, and the sieve grain size was utilized to determine equivalent edge lengths for medium-grained, fine-grained, and particulate fragments. The fragment granularity-equivalent edge length was utilized to calculate the fractional dimension D. The formula was calculated as follows (He et al., 2009):
[image: image]
[image: image]
where [image: image] is the slope value of [image: image] in double logarithmic coordinates; [image: image] is the cumulative percentage of fragments with equivalent side lengths less than [image: image], [image: image] is the mass of fragments, corresponding to equivalent side lengths equal to [image: image], and M is the total mass of fragments in the calculated dimensions.
The fitted curve of [image: image] was plotted as shown in Figure 11. The granularity-mass fractal dimension is calculated by combining Eqs 3 and 4, and the specific values are shown in Table 4.
[image: Figure 11]FIGURE 11 | Relationship of granularity-mass.
TABLE 4 | Calculation of granularity-mass fractal values.
[image: Table 4]4.3.3 Length/width/thickness-quantity
First, the length, width, and thickness of rockburst fragments are measured (all are the maximum dimensions in that direction). Second, based on the measurement results, the fractal dimension calculations of length-cumulative quantity, width-cumulative quantity, and thickness-cumulative quantity were carried out according to the fractal dimension calculation method of equivalent edge length-cumulative quantity in granularity-quantity (He et al., 2009). Finally, the lgN-lg (1/s) fitting curve (where s is length/width/thickness) is plotted as shown in Figure 12. In this figure, the slope of the straight-line segment of the fitted curve is the fractal dimension, and the specific values are shown in Table 5.
[image: Figure 12]FIGURE 12 | Fractal dimension of three sizes. (A) 0.05 MPa/s; (B) 1.0 MPa/s; (C) 3.0 MPa/s; (D) 5.0 MPa/s.
TABLE 5 | Fractal dimension calculation of three sizes.
[image: Table 5]4.3.4 Fractal characteristic analysis of fragments
From Table 3 to Table 5, 1) the fractal dimension of fragments can reflect the failure degree of rock samples, that is, the larger the fractal dimension D, the more serious the fragments are broken. It shows that the failure degree of rock is positively correlated with fractal dimension. The correlation coefficients of fractal dimensions are all greater than 0.950, indicating that the accumulated number of fragments smaller than the equivalent edge length correlates strongly with the equivalent edge length. 2) Although there are evident discrepancies in the fractal dimensions derived by the three calculation methods, the fractal dimensions exhibit the same trend with different loading rates, that is, they rise as the loading rates increase. This indicates that the greater the loading rate, the less energy is consumed by the crack development and expansion of the rock sample, resulting in a greater amount of elastic strain energy that can be converted into kinetic energy of fragment ejection, which results in varying degrees of rockburst hazard for the rock sample. 3) As the loading rate increases, the crack expansion rate accelerates, intensifying the failure of the rock specimen, reducing its compressive strength, and causing greater fragmentation when the specimen fails. The previous results indicate that the fragmentation categorization method can also be utilized to evaluate the degree of rockburst failure on rock-containing structural surfaces.
5 DISCUSSION
This article discusses the effect of loading rate on the energy dissipation of rockburst fragments in the context of research findings on the fractal characteristics of fragments. According to the energy dissipation estimation method (Su et al., 2016a), Figure 13 depicts the total energy dissipation curve of fragments under different loading rates, and Figure 14 depicts the energy dissipation ratio change curve of tension and shear failure under different loading rates.
[image: Figure 13]FIGURE 13 | Curve of loading rates vs. dissipation energy of fragments.
[image: Figure 14]FIGURE 14 | Change curves of the ratio of tension to shear dissipating energy vs. loading rate. (A) Tension dissipating energy; (B) shear dissipating energy.
From Figure 13, and 14, the greater the loading rate, the lower the energy dissipation of rockburst fragments. It demonstrates that when the loading rate increases, the fragmentation degree of fragments increases, energy dissipation decreases, and the rockburst becomes more serious. 2) When the loading rate is 0.05 MPa/s, 1.0 MPa/s, 3.0 MPa/s, and 5.0 MPa/s, the proportion of shear failure energy consumption of rock fragments to total energy consumption is 97.5, 98.4, 98.9, and 97.7%, respectively. It proves that the energy dissipation of fragments under different loading rates is dominated by shear energy dissipation. In addition, the proportion of tension energy consumption decreases and subsequently increases as the loading rate increases, while the proportion of shear energy consumption exhibits the opposite trend of tension energy consumption.
According to further analysis of the abovementioned results, the occurrence of rockbursts is essentially caused by unstable changes in the internal energy of rocks. In rock specimens in the loading stage (Figure 4), the loading system applied to the specimen energy is mainly converted into strain energy stored in the specimen and dissipation energy required for fracture closure or expansion. Once the specimen is unloaded, the majority of its stored energy is rapidly transformed into the kinetic energy required for the rapid ejection or throwing of fragments. The greater the loading rate, the specimen in the process of loading and unloading the internal crack development is less adequate. The higher the fragmentation degree, the smaller the corresponding energy dissipation, resulting in the degree of failure to the specimen rockburst will exhibit a stronger dynamic. This also shows that the macroscopic block characteristics of rockburst fragments can reflect the fragmentation degree of rock and that rockburst occurs in the energy input, storage, dissipation, and release are closely associated when a rockburst happens. In judging the level of rockburst failure, the fractal dimension of rockburst fragments can be used as a rockburst reference basis. A large number of engineering practices indicate that the faster the tunnel excavation speed, the greater the degree of failure when the rockburst occurs. Therefore, in the excavation process of underground engineering, the excavation speed can be appropriately reduced to reduce the vertical stress loading rate of the tunnel surrounding rock, so as to effectively avoid the occurrence of severe rockburst.
6 CONCLUSION
In this article, a complete and accurate reproduction of the entire process of rockburst inoculation-occurrence-development in the test room and a comparative analysis of fragmentation degree, fractal characteristics, and Weibull distribution characteristics of rockburst fragments under different loading rates are presented. The key findings are as follows:
1) The rockburst ejection failure process under different loading rates reveals that at a loading rate of 0.05 MPa/s, rock samples experienced static brittle failure of slabbing. At loading rates of 1.0, 3.0, and 5.0 MPa/s, rock samples experienced different degrees of rockburst disaster. The rockburst ejection failure process can be summarized as four stages: grain ejection, rock spalling into plates, rock shearing into fragments, and rock fragment ejection.
2) The particle size grouping and mass distribution characteristics of different fragments show that the quality of rockburst fragments is mainly coarse-grained, medium-grained, and fine-grained. With the increase in loading rate, under the action of vertical stress σ1, the splitting rock plate caused by tensile stress in the direction of the vertical unloading face increases obviously, and the rock plate is ejected under the action of shear and tensile-shear load, forming large particle-size fragments.
3) The statistical analysis results of the Weibull distribution of rockburst fragments under different loading rates show that the size parameter k represents the average value of fragment size; the smaller the value of k, the more serious the fragmentation degree. The size parameter k gradually decreases with an increasing loading rate. The fragmentation degree of rockburst fragments grows as the loading rate increases.
4) The fractal characteristics of rockburst fragments show that the fractal dimension with different loading rates shows a consistent trend, that is, the fractal dimension increases as the loading rate increases. As the loading rate increases, the rate of crack expansion increases, which exacerbates the damage to the rock specimen, reduces its compressive strength, and causes greater fragmentation when the specimen fails.
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In order to reveal the process and mechanism of gas flow in a low-permeability coal seam, a new multiple-relaxation-time lattice Boltzmann method (MRT-LBM) model of gas migration in coal micro/nanopores based on Langmuir monolayer adsorption theory, the slip boundary scheme and Bosanquet effective viscosity was established. The software MATLAB was used to carry out the simulation study of uniform pore gas flow based on the MRT-LBM model, and the results were compared and verified with the porous anodic alumina membrane gas flow experimental results. On this basis, the gas flow in coal pores with different micro/nanopore sizes considering adsorption was simulated. The results show that the dimensionless permeability coefficient increases with decreasing pore size under the same pressure, which reflects the subsequent enhancement of the microboundary constraint effect and reveals that the pore system becomes the main controlling factor of coal seam permeability within the coal matrix in the middle and late stages of coal seam gas extraction, while the role of the microboundary constraint effect needs to be considered. The gas adsorption layer weakens the pore gas flow capacity, but for pores with a radius greater than 16 nm, the apparent change in permeability caused by the adsorption layer is less than 5%, and the adsorption effect can be ignored. N2, CH4, and CO2 enter the transition flow regime under different pressure conditions; with gas extraction, the gas pressure decreases, and the difference in the gas flow characteristics of the three gases increases.
Keywords: transition flow regime, micro/nanopore flow experiment, monolayer adsorption, multi-relaxation-time (MRT), expansion simulation
INTRODUCTION
According to the theory of rarefied gas dynamics, when the ratio of the mean free path of the molecules in the fluid to the pore size of coal seam (Knudsen number) is greater than 0.1, the fluid enters the transition flow regime, and the Navier–Stokes equation based on continuum approximation and the thermodynamic equilibrium assumption is invalid. The gas transport within the micro/nanopores of a deep low-permeability coal seam in the middle and late stages of extraction occurs within the transition flow. Determining the trend and mechanism of coal seam gas migration in the transitional regime is a popular and challenging problem in current research. A precise understanding of the gas migration in low-permeability coal seams would have important directive significance for improving the accuracy of gas extraction prediction and implementing effective measures to increase production.
To accurately describe the gas migration in coal seam micro/nanopores, scholars have established various coal pore diffusion models from the perspective of pore diffusion (Wang et al., 2020a; Liu et al., 2020; Wang et al., 2021a; Zhang et al., 2022). Barrer (1951) first established the classical single-hole diffusion model based on Fick diffusion. Ruckenstein et al. (1971) proposed a dual-porosity diffusion model based on the classical model. Liu (Liu, 2011) extended the double porosity diffusion model to the three-stage diffusion model; although the accuracy was improved, the model was complex and difficult to apply to engineering applications. Li et al. (2021a) established a new model based on the diffusion coefficient-time relationship; this basis simplified the model but did not represent a sufficient physical basis. Liu et al. (2021a) unified the characterization of seepage and diffusion with the concept of the density gradient and established a density gradient-driven desorption diffusion model. Scholars have applied a variety of effective strategies to study coal pore gas diffusion, but they have not reached a unified understanding.
When gas is transported through porous media rich in micro/nanopores, the collision of the gas molecules with the wall increases the gas flow rate, and the gas permeability measured is the apparent permeability. Javadpour (2009) directly added slip flow to Knudsen diffusion flow to represent the total flow in micro/nanopores, leading to the concept of apparent permeability. Wu et al. (2015) coupled the flow of different flow mechanisms according to a certain contribution weight coefficient. However, repeated calculations to a certain extent cannot be avoided by adding different flow regimes. Beskok and Karniadakis (1999) established a model suitable for all flow regimes by modifying the boundary slip condition and introducing the dilution effect coefficient. Liu et al. (2022) showed that the microboundary constraint effect in the transitional region cannot be ignored. The Beskok model was improved by using the effective viscosity to modify the mean free path. Although the apparent permeability model establishes a relationship with Darcy’s law, which makes its application more convenient, the above models are mostly simplified or contain more empirical coefficients.
The pore microstructure of coal is extremely complicated, and micro/nanopore gas experiments are difficult and expensive and have a low success rate. Therefore, many scholars simplify the microstructure to micro/nanotube bundles for theoretical and experimental research. A porous anodic alumina membrane contains a large number of micro/nanotube bundles per unit area, with a simple pore structure and uniform pore size. Liu et al. (2022), Guo et al. (2015) and Wang et al. (2017a) carried out experimental research and model verification of micro/nanopore gas flow with porous anodic alumina membranes. However, when the pore of the membrane is smaller than 20 nm, the pore formation is not uniform, and it is difficult to precisely obtain the pore parameters. In addition, these experiments are easily disrupted and expensive. It is difficult to use this technique in systematic studies on gas migration within micro/nanopores.
The LBM is a mesoscopic simulation method that realizes fluid motion through particle collision and migration with a clear physical background and is an effective simulation method for the transition flow. Combined with experimental methods, it is expected to solve the controversy over the coal pore gas transmission mechanism.
LBM simulations of coal gas migration are currently mostly performed at the macrofracture level (Roslin et al., 2019; Wang et al., 2020b; Li et al., 2021b). Jin et al. (Jin et al., 2019) and Yu et al. (2020) used the LBM to simulate the permeability of the fluid migration process in coal cleat networks. Wang et al. (2022) simulated the seepage characteristics of three-dimensional fracture networks of coal in different loading stages. Yan et al. (2021) studied the gas seepage in coal pore networks by the LBM. They found that the gas seepage velocity and apparent permeability increased with increasing porosity, but they did not consider the wall slip or the microboundary constraint effect.
The LBM has been widely used in the study of nanopore transition-flow in shale. Succi (2002) first proposed a rebound-mirror combined boundary scheme (bounce-back and specular reflection (BSR) slip boundary scheme) that can describe the boundary slip effect. Nie et al. (2002) established the LBM model of the transition-flow based on the relations between the Knudsen number and relaxation time. Wang et al. (2020c) established the microscale gas flow LBM model of shale. Wang et al. (2017b) and Liu et al. (2021b) used the MRT-LBM model to study microscale gas transmission and improved the simulation accuracy.
Coal seam gas migration is a complex multiphase and multi-scale fluid flow. Bai et al. (Bai et al., 2021a; Bai et al., 2021b) studied the coupling flow of multiphase materials and the effect of temperature on adsorption - desorption and migration in porous media by laboratory experiments. Wang et al. (2021b) combined Pore Network Models (PNM), Laplace Semi-Analytical Solvers (SAS) and LBM to study the permeability of tight porous rocks.
In summary, the combination of the mesoscopic LBM simulation method and porous anodic alumina membrane gas flow experiment is an effective tool and developing trend for determining the expression and mechanism of transition flow regime gas migration in coal. The pore parameters of the membrane were accurately characterized by the maximum stable extremum region algorithm. The MRT-LBM model established for micro/nanopore gas flow in coal was effectively verified by physical experiments. Finally, based on the MRT-LBM model, an extended simulation experiment of coal micro/nanopore gas migration was carried out to reveal the expression of coal micro/nanopore gas flow.
SIMULATION METHOD
LBM-LBM mathematical model
The LBM has a comprehensible mesoscopic physical background and obtains macroscopic flow information through the numerical solution of the discrete particle density distribution function. The discrete equation of the LBM can be written as (Succi, 2002):
[image: image]
where [image: image] represents the discrete density distribution function; [image: image] denotes the discrete velocity; [image: image] is the lattice time step; [image: image] is the discrete collision operator; and [image: image] denotes the discrete external forcing term.
The accuracy of the model is determined by the collision operator. The MRT-LBM model contains multiple adjustable parameters; the shear viscosity and bulk viscosity are adjustable, with adequate numerical stability (Li et al., 2011). The collision operator of the MRT-LBM model is given by:
[image: image]
where S is a diagonal relaxation matrix. For the commonly used D2Q9 (two-dimensional nine-velocity) model, the matrix is [image: image], and [image: image] and [image: image]are the relaxation times related to the dynamic viscosity and boundary scheme, respectively. The other relaxation times can be set to any value but should be greater than 0.5 (Tao et al., 2018), and the values in this paper are (1, 1.1, 1.2, 1, [image: image], 1, 1, [image: image],[image: image],[image: image]); [image: image] denotes the equilibrium distribution function; M is the transform matrix; and the particle density distribution function [image: image] can be projected to velocity moment space through the transform matrix.
Relaxation time and boundary treatment of the transition flow
When using the LBM to simulate macroscopic flow, the Reynolds number is mandatory. In the simulation of the microscale transition-flow, a dimensionless Knudsen number is needed, and the relationship between the Knudsen number and relaxation time (the time when the distribution of microscopic particles approaches equilibrium from the nonequilibrium state) is determined.
According to rarefied gas dynamics, the Knudsen number which is used to classify gas flow regimes can be defined as (Florence et al., 2007):
[image: image]
where λ represents the mean free path, nm; p denotes the gas pressure, MPa; R is the gas constant, J/(molK); T is the absolute temperature, K; μ denotes the dynamic viscosity at p and T, mPas; M denotes the molecular weight, kg/mol; and H represents the characteristic length of the flow geometry, nm.
In the microscale LBM simulation, the relations between Kn and relaxation time τ is given by (Nie et al., 2002):
[image: image]
where NH represents the lattice number for the characteristic length of the flow geometry. When Kn > 0.01, the gas enters the slip flow regime, and the BSR slip boundary scheme can accurately describe the boundary slip velocity.
When Kn > 0.1, the gas enters the transitional regime, and the constraint of the microboundary on the mean free path cannot be ignored. At this time, the mean free path needs to be corrected by the effective viscosity (Liu et al., 2022).
The effective viscosity μeff can be expressed as (Beskok and Karniadakis, 1999):
[image: image]
Michalis et al. (Michalis et al., 2010) found experimentally that the parameter [image: image] in the transitional regime generally tends to 2. Li et al. (Li et al., 2011) took [image: image] as a constant value two and obtained satisfactory simulation results by using the MRT-LBM model. From Eqs 5–7, the relaxation time related to dynamic viscosity is given by:
[image: image]
When the effective viscosity is adopted, the rebound ratio coefficient [image: image] of the BSR scheme and the relaxation time [image: image] related to the second-order slip coefficient also need to be corrected, and the calculation method is given in Reference (Li et al., 2011).
Analysis of adsorption
The adsorption layer is formed under the interaction between gas and solid surface in coal micro-scale pores. The gas adsorption volume of coal can be calculated by the Langmuir equation:
[image: image]
where a represents the maximum monolayer adsorption capacity, m3/t; b denotes the Langmuir equilibrium constant, 1/MPa; and V is the adsorption amount of adsorbed gas at p, m3/t.
The adsorption intensity can be represented by the surface coverage, and the adsorption gas surface coverage θ can be expressed as:
[image: image]
When the maximum adsorption capacity is reached, according to Langmuir monolayer adsorption theory, the size of the gas flow channel is reduced two times the molecular diameter. Therefore, the effective flow radius re of the coal nanopores considering adsorption can be defined as:
[image: image]
where d is the diameter of the gas molecules.
Physical model of gas flow in the transitional regime
Considering that the gas flow in the micro/nanopores is affected by viscous resistance, wall slip, adsorption and the microboundary constraint effect, a physical model of gas flow in the micro/nanopores of coal is established (Figure 1).
[image: Figure 1]FIGURE 1 | Physical model of gas transport in coal micro/nanochannels.
EXPERIMENT AND MODEL VALIDATION
The pore structure of coal is complex and unevenly distributed from nanometers to microns, and this structure is difficult to accurately obtain. Thus, it is difficult to directly study the flow of gas in coal micro/nanopores. Therefore, a porous anodic alumina membrane with uniform pore sizes of micro- and nanopores was selected to study the gas flow in the transitional regime and to verify the model. First, images of the pores of the membrane were obtained by field emission scanning electron microscopy (FESEM), and the pore structure was characterized with maximally stable extremal regions (MSER) in MATLAB. The pore structure parameters of the membrane were obtained, and the intrinsic permeability was calculated. Then, the gas pressure and flow rate were measured through a permeability test experiment on the membrane, and the gas flow of the micro/nanopores was analyzed.
Measurement of micro/nanopore parameters of porous anodic alumina membranes
Porous anodic alumina membranes with a diameter of 35 mm and a thickness of 60 μm were used in the experiment. Limited by the material properties, three kinds of membranes with representative pore sizes (the theoretical mean pore sizes of the membranes were 20–30 nm, 110–150 nm and 200–300 nm) were selected and numbered M-1, M-2 and M-3, respectively. The membranes were scanned by FESEM at Henan Polytechnic University. The scanning results are shown in Figure 2. The magnifications are 67560 times, 30,000 times, and 5,000 times.
[image: Figure 2]FIGURE 2 | FESEM images of the porous anodic alumina membranes. (A) M-1, (B) M-2, and (C) M-3
Figure 2 shows that the pore-forming effect of the selected three specifications of the membrane is good, the pore size is relatively uniform, and the pore section tends to be elliptical; these pores closely resemble the pores of a coal body, meeting the requirements of the uniform micro/nanopore gas flow experiment.
The MSER algorithm conducts affine invariant transformation to the image gray level and can be used for multiscale detection. Based on the MSER algorithm, the software MATLAB is used to write the program, and ellipses are used to fit the micro/nanopore edges of the membrane. The treatment process of the M-1 membrane is shown in Figure 3 as an example, and more detailed treatment steps are given in Reference (Liu et al., 2022).
[image: Figure 3]FIGURE 3 | Pore treatment process of the membrane. (A) Original scanning electron microscope image of the membrane, (B) Detection of the dark regions of the membrane, (C) Fitting of the pores with ellipses, (D) Filtering of the flat area of detection, (E) Deletion of duplicate circles, and (F) Final result of membrane treatment.
The number and the total area of pores in the detection area were counted, and the porosity and equivalent mean pore size of the membranes were calculated. The Darcy permeability of porous media is related only to the pore structure, which can be calculated by Eq. 10.
[image: image]
where KD denotes the Darcy permeability (also known as the intrinsic permeability), 10–3 mD; φ represents porosity; and r is the pore radius, nm.
The pore parameters of the membranes obtained by MSER algorithm processing and statistical calculation are shown in Table 1. The table shows that the equivalent mean pore size of the membranes is 34.3–270.3 nm and that the ratio of pore length to pore size is 222–1749; thus, the membranes exhibit the characteristics of tube bundles.
TABLE 1 | Pore parameters of the membranes.
[image: Table 1]Gas flow experiment of the transition flow
The gas microflow-permeability analyzer of Henan Polytechnic University was used in the experiment. This equipment can monitor pressure and flow in real time, and the error of the data is 0.15%. A photo of the analyzer, a schematic of the sample holder system and the membrane sample are shown in Figure 4. To ensure that the gas completely passes through the membrane sample, O-ring packing is used to compact the sample. The outlet pressure of the experiment is the local atmospheric pressure (0.10 MPa), and the diameter of the O-ring is 15 mm. More detailed experimental steps are given in Reference (Liu et al., 2022).
[image: Figure 4]FIGURE 4 | Gas microflow-permeability analyzer. (A) Photo of the analyzer, (B) Schematic of the sample holder system, (C) Membrane sample
To ensure the safety of the experimental process, nitrogen was used instead of methane. Both nitrogen and methane are nonpolar molecules, their molecular diameters and mean free paths are similar, and both have adsorption properties. Moreover, nitrogen is often contained in the gas components of coal seams, and the two are equivalent in terms of gas flow. Helium is an inert gas that does not adsorb, and its molecular properties are quite different from those of methane and nitrogen, making it suitable for experimental comparison. The physical properties of the three gas parameters are shown in Table 2, and the experimental temperature was 298 K.
TABLE 2 | Physical properties of the experimental gases.
[image: Table 2]When gas passes through micro/nanopores in porous media, the collisions between the gas and solid wall cannot be ignored. The microboundary constraint effect enhances the gas flowability in the pores, and the gas permeability measured is the apparent permeability. The gas permeability of the membrane samples can be calculated by Eq. 11.
[image: image]
where Kapp represents the gas permeability (also known as the apparent permeability), mD; P0, Pin and Pout are the standard atmospheric pressure, inlet pressure, and outlet pressure, respectively, MPa; Q0 denotes the gas flow rate at P0, cm3/s; μ is the dynamic viscosity, mPas; L denotes the flow channel length, cm; and A is the cross-sectional area of the flow channel, cm2.
Results and discussion regarding the experiment
To avoid the influence of nitrogen adsorption on the experimental results, the M-1, M-2 and M-3 films were used repeatedly in the experiment, and helium and nitrogen were used successively for the gas penetration experiments. The inlet pressure of the experiment increased gradually with time. The pressure stability in the pipeline system was controlled by the default maximum pressure drop and holding time value of the instrument, and the gas flow and pressure were automatically recorded at each stable timestep. To prevent the membrane from rupturing, the instrument automatically stopped when the maximum pressure (0.40 MPa) was reached. The experimental results are shown in Figure 5.
[image: Figure 5]FIGURE 5 | Relationship between the flow rate and square difference in the inlet and outlet pressures.
During the experiment, when the small pore size membrane M-1 (34.3 nm) reaches the set maximum pressure (0.40 MPa), the instrument automatically stops. The medium-pore size membrane M-2 (96.5 nm) and large-pore size membrane M-3 (270.3 nm) cannot maintain pressure stability when the flow rate reaches approximately 30 cm3/s, and the instrument automatically stops.
As depicted in Figure 5, with an increasing square of the difference in the inlet and outlet pressures, the flow rate shows nonlinear growth. Under the same pressure, the flow rate of helium is greater than that of nitrogen, and the slope of the curve is larger. Combining Eq. 11 shows that the curve slope reflects the apparent permeability. To further analyze the variation in apparent permeability, the relationship between apparent permeability and inlet pressure is shown in Figure 6.
[image: Figure 6]FIGURE 6 | Relationship between apparent permeability and inlet pressure.
According to Figure 6 and Table 1, the experimental apparent permeability is much higher than the intrinsic permeability of the membranes, and the apparent permeability increases with the decrease of gas pressure in the channel. The results show that the mean free path increases with decreasing pressure and that the proportion of collisions between molecule and the wall out of the total number of collisions increases, which enhances the flow capacity of gas in the pores. For the same membrane, the apparent permeability of helium is higher than that of nitrogen under the same pressure, and the flow rate is larger. This shows that under the same conditions, the microboundary constraint effect of helium is stronger, and the flowability is stronger.
When the pressure is approximately 0.13 MPa, the helium flow rates of the M-1, M-2 and M-3 membranes are 1.97, 1.76 and 1.41 times the nitrogen flow rate, respectively. This shows that under the same pressure, the smaller the pore size of the membrane is, the more obvious the difference between the helium and nitrogen flow capacities. When the pressures on the M-1 membrane are approximately 0.20, 0.30 and 0.40 MPa, the helium flows are 1.89, 1.78 and 1.61 times the nitrogen flow. This shows that under the same pore conditions, the lower the pressure is, the more obvious the difference between the helium and nitrogen flow capacities. The experiments show that the apparent permeability of micro/nanoporous media is not only determined by the pore structure but related to the fluid pressure and fluid type.
Verification and discussion of the model
The MRT-LBM model in this paper was used to simulate the flow experiments of helium and nitrogen. The BSR slip boundary scheme was used for the upper and lower walls, and a consistent linear extrapolation scheme was used for the inlet and outlet (Verhaeghe et al., 2009). In the LBM simulation process, the pressure boundary scheme was transformed into the particle density distribution function by [image: image], and the local Kn changed with position in time and space. The simulation parameters are given in Table 3.
TABLE 3 | Numerical simulation schemes.
[image: Table 3]In the LBM simulation of physics experiments, the real physical units need to be converted into dimensionless lattice units. By non-dimensionalizing all the physical units in Eq. 11, the apparent permeability of the LBM can be written as (Cho et al., 2013):
[image: image]
where [image: image] represents the apparent permeability in lattice units; [image: image] denotes the outlet density in lattice units; [image: image] is the outlet density in lattice units; [image: image] is the viscosity in lattice units; [image: image] is the channel length in lattice units; [image: image] is the lattice number in the flow direction; [image: image] is the lattice number perpendicular to the flow direction; and [image: image] is the velocity of fluid particles in lattice units at the positions i and j.
The microboundary constraint effect causes the apparent permeability of the membranes measured with the experimental gas to be much larger than its intrinsic permeability. The stronger the microboundary constraint effect is, the greater the ratio (dimensionless permeability coefficient) of the two, and the greater the deviation from Darcy’s law. The dimensionless permeability coefficient of the LBM simulation can be calculated as follows:
[image: image]
where Kr is the dimensionless permeability coefficient and [image: image] is the intrinsic permeability in lattice units. A comparison between the experimental and simulation results of helium and nitrogen is shown in Figure 7.
[image: Figure 7]FIGURE 7 | Variation in the dimensionless permeability coefficient with Kn. (A) Helium, (B) Nitrogen
Figure 7 shows that the experimental gas flows all enter the transitional regime, that the Knudsen number of the helium experiment is 1.2–9.7, and that the Knudsen number of the nitrogen experiment is 0.4–3.3. The simulation results of the MRT-LBM model in this paper are in good agreement with the experimental results as a whole, but the deviation of the simulation results increases gradually after Kn > 8. This occurs because the parameter [image: image] should be a gradually increasing value (Liu et al., 2022) but is taken as a constant value in the simulation. The dimensionless permeability coefficient Kr increases with increasing Kn, indicating that the microboundary constraint effect enhances the flow capacity of the gas, and the deviation of the flow rate predicted by Darcy’s law increases. The minimum equivalent mean pore size of the experimental membrane samples is 34.3 nm, and the maximum inlet pressure is 0.40 MPa. The effect of nitrogen adsorption on the permeability is not found.
Gas flow is essentially a macroscopic velocity transfer caused by molecular collisions. The characteristic size of the flow channel and gas pressure, temperature and molecular properties all affect the molecular collisions, and these factors can be reflected by Kn. Therefore, under the experimental pressure conditions, the dimensionless permeability coefficients Kr of nitrogen and helium with different micro/nanopore size membranes have the same variation as Kn.
EXTENDED SIMULATION AND DISCUSSION OF TRANSITION FLOW GAS FLOW IN COAL
Fu et al. (Fu et al., 2005) classified coal pores into two types, where those <65 nm are diffusion pores and those >65 nm are seeping pores by the fractal method. This classification method is convenient for engineering application, but both pore size and gas pressure affect the gas migration regime within pores. According to Eq. 3, the corresponding relationship between the methane flow regime and pressure in pores with different pore sizes under coal reservoir conditions can be calculated (Figure 8).
[image: Figure 8]FIGURE 8 | Relationship between methane flow regimes and pressure in pores with different sizes.
Figure 8 illustrates that it is necessary to determine the gas flow regime by combining the pore size and pressure to determine the applicable flow mechanism and model. For diffusion pores with radii larger than 8 nm, the slip flow regime is entered when the gas pressure is greater than 6.89 MPa. For seeping pores with radii smaller than 325 nm, when the gas pressure is less than 0.17 MPa, the transitional regime is entered. At this time, the approximation and the thermodynamic equilibrium assumption are invalid, and a higher-order model with higher accuracy is needed; otherwise, large errors occur. The LBM is a mesoscopic simulation method that is suitable for macroscopic and microscopic simulations. Therefore, the MRT-LBM model in this paper is used to carry out extended simulation research on gas migration in micro/nanopores of coal.
Effect of pore size and pressure on methane flow
In order to investigate the influence of pore size on methane flow, the flow of methane in micro/nanopores with different pore sizes was simulated, and the relationship between the dimensionless permeability coefficient and pressure can be obtained (Figure 9).
[image: Figure 9]FIGURE 9 | Variation in the dimensionless permeability coefficient with pressure for different pore sizes.
Figure 9 demonstrates that the microboundary constraint effect enhances the gas flowability and that the smaller the pore size and the lower the pressure are, the more significant the enhancement effect on the flowability. For pores with a radius of 8 nm, at a pressure of 0.40 MPa and 10 MPa, the actual gas flow is 10.8 and 1.3 times that calculated by Darcy’s law, respectively. For pores with a radius of 325 nm, the actual gas flow is only 1.2 times that calculated by Darcy’s law at a pressure of 0.40 MPa; the pores with radii of 1,000 nm can be neglected.
With the progress of gas extraction, the gas pressure decreases, and the effect of the microboundary constraint on the enhancement of gas flowability is more obvious. However, in the early stage of gas extraction in a low-permeability coal seam, the extraction flow rate is high, and the attenuation is fast. In the later stage, the flow rate is low, and the gas is difficult to extract. Therefore, it is necessary to further analyze the relationship between pore apparent permeability and gas pressure.
Figure 10 shows that with decreasing pore size, the intrinsic permeability decreases, and the apparent permeability decreases. Therefore, the pore size dominates the permeability, and the microboundary constraint effect alleviates the influence of pore size reduction on permeability.
[image: Figure 10]FIGURE 10 | Variation in apparent permeability with pressure for different pore sizes.
The methane in coal is mainly stored in micropores, and adsorbed methane accounts for 80%–90% of the methane in coal reservoirs (Cheng and Hu, 2021). The desorption process of adsorbed gas is very fast, approximately 10–10–10–5 s, and the desorption of free gas from micropores (<2 nm) into the middle and large pores in the path is very short. In the study of coal seams, the impact of methane desorption and migration in micropores on permeability can be ignored. In the early stage of gas extraction, free gas is released rapidly under drive from the pressure gradient. At this time, the large pores and fractures are the main flow channels and are the main controlling factors of coal permeability. In the middle and late period of extraction, the free gas is released rapidly, the gas pressure drops, and the microporous desorbed gas replenishes the fracture system through the pore system. The replenishment velocity of gas through the pore system is less than that of the fracture flow velocity, and with the decrease in pressure, the microboundary constraint effect increases. In the coal matrix and in the mid-late stage of coal seam gas extraction, the pore system becomes the main controlling factor of coal seam permeability. Therefore, it is necessary to accurately understand gas migration through micro/nanopores in low-permeability coal seams.
Effect of adsorption on methane flow
Collectively, a large number of pore structures in coal provides a large specific surface area and has a strong adsorption effect on methane. To investigate the effect of adsorption on methane flow in coal nanopores, the Langmuir equilibrium constant is set to b = 0.5 MPa−1 to simulate methane flow with and without adsorption at pore sizes of 2 nm, 4 nm, 8 nm and 16 nm, respectively. The variation in the apparent permeability change rate with or without adsorption with pressure is shown in Figure 11.
[image: Figure 11]FIGURE 11 | Variation in apparent permeability change rate with pressure.
Figure 11 shows that the adsorption layer weakens the methane flow capacity in the pores and that the magnitude of the weakening increases with increasing pressure and finally tends to be stable. Combined with Eq. 7, it can be seen that when the pressure reaches a certain value, the adsorption amount tends to the maximum adsorption volume and gradually stabilizes. At this time, the coverage θ ≈ 1, and the thickness of the adsorption layer tends to the maximum. The apparent permeability change rate considering adsorption increases with decreasing pore size. When the adsorption layer is considered, the apparent permeability of the pores with a radius of 2 nm is reduced by 33.8% at most. For pores with radii greater than 16 nm, the apparent permeability change rate is less than 5%, and the influence of the adsorption layer thickness on the apparent permeability can be ignored.
The surface diffusion of adsorbed gas on the solid wall is driven by the chemical potential gradient. Yang et al. (2020) studied the effect of surface diffusion of nanoporous gas on apparent permeability by combining molecular simulation and LBM simulation. The results showed that the contribution of gas surface diffusion to permeability decreased with increasing pressure and pore size. When the pore size was greater than 20 nm, surface diffusion could be ignored. Surface diffusion makes a greater contribution to permeability in micropores (<2 nm), and gas has a short path through micropores, so it has little effect on the overall permeability of the coal seam.
The temperature conduction have an important influence on adsorption mechanism, Bai et al. (2022) used the smoothed particle hydrodynamics (SPH) method to simulate the heat transfer process in porous media at the pore scale. Yang et al. (2020) research shows that the gas apparent permeability in organic nanopore is enhanced with the increment of temperature.
Difference analysis on the influence of different gas types
Coal seam gas is composed of a variety of gas components, and the common components are N2, CH4 and CO2. In order to study the influence of different gas types on the gas flow law of nanopores, the gas flow of three kinds of gas components with a radius of 20 nm was simulated, and the relationship between the dimensionless permeability coefficient Kr and gas pressure is shown in Figure 12.
[image: Figure 12]FIGURE 12 | Variation in the dimensionless permeability coefficient with pressure [image: image]for different gases.
Figure 12 shows that the effects of the microboundary constraint on different gas flow capacities are different. N2, CH4 and CO2 enter the transitional regime at 3.32 MPa, 2.76 MPa, and 2.24 MPa, respectively. Under the same pressure of CO2, CH4 and N2, the mean free path increases in turn, the microboundary constraint effect on the gas flow capacity increases in turn, and the dimensionless permeability coefficient increases in turn. The dimensionless permeability coefficients of the three gases increase with decreasing pressure, and the difference among the three increases with decreasing pressure. This shows that with gas extraction, the gas pressure decreases, and the difference in the three gas flow characteristics increases.
Figure 13 shows that the dimensionless permeability coefficients of N2, CH4 and CO2 increase with the decrease of pore size, and the difference between the three increases with the decrease of pore size. It shows that the smaller the pressure and the pore size, the more obvious the microboundary constraint effect, and the greater the difference in the flow characteristics of different gases.
[image: Figure 13]FIGURE 13 | Variation in the dimensionless permeability coefficient with proe size [image: image]for different gases.
CONCLUSION
In this paper, a porous anodic alumina membrane gas permeability test and MRT-LBM simulation were used to study the gas migration trend and the mechanism of transition-flow in different micro/nanopores in coal. The following conclusions were obtained:
1) A new simulation method for micro/nanopore gas migration in coal based on the MRT-LBM model is proposed. The experimental verification shows that on the basis of Langmuir monolayer adsorption theory, the model of the BSR scheme and effective viscosity can precisely describe gas migration in the transitional regime in coal.
2) The microboundary constraint effect in the transitional regime reduces the mean free path, and the gas viscosity decreases. The smaller the pore size and the lower the gas pressure are, the greater the contribution of the collisions between molecules and the wall to the flow, the more obvious the microboundary constraint effect, and the greater the difference of different gas flow. The adsorption layer reduces the effective flow radius of a pore and decreases the flow capacity of methane in the pore.
3) The corresponding relationship between methane flow regime and pressure in coal pores with different pore sizes under coal reservoir conditions is investigated. The smaller the pore size is, the higher the pressure of gas flow into the transitional regime, and the microboundary constraint effect increases the permeability of the transition flow. The pore size plays a dominant role in permeability. In the early stage of gas extraction, large pores and fractures are the main circulation channels and are the main factors controlling coal permeability. In the coal matrix and the middle and later periods of gas extraction, the pore system becomes the main factor controlling coal permeability, and with the decrease in pore pressure, the microboundary constraint effect is more obvious.
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Rockburst is a complex dynamic disaster in coal mining and affected by many factors. To accurately predict the rockburst hazard among complex influencing factors, a prediction model of rockburst hazard based on the Gaussian process for binary classification (GPC) was proposed after the identification of the intrinsic relationship between multiple factors of coal mines and rockburst. Through computerized machine learning and integrated intelligent analysis, the non-linear mapping of rockburst hazard and its influencing factors was established. The multi-factor pattern recognition model was constructed using artificial intelligence. The prediction criteria of the rockburst hazard probability and the hazard probability value of the prediction area unit were determined by applying neural network and fuzzy inference methods. In addition, the rockburst hazardous zone was classified, and the corresponding technical scheme for the prevention was put forward. The validity and feasibility of the regional prediction of rockburst hazard based on GPC were verified in the engineering practice. This method is highly targeted and can improve the accuracy and precision of rockburst prediction, thus contributing to the safe and efficient production of coal mines.
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INTRODUCTION
As a complex dynamic disaster in coal mining, rockburst is very hard to be accurately predicted (Qiao et al., 2021; Zhu et al., 2022). The occurrence of rockbursts is influenced by various factors and is characterized by a regional distribution (Wang et al., 2021a; Cao et al., 2021; Chen et al., 2021). As the depth of mining deepens, the number and frequency of rockbursts in mines increase (Yu et al., 2021; Xue et al., 2022). There are distinctive rockburst modes under different conditions of mining areas, mines, coal seams, structures, and stresses. Traditional linear data analysis is not accurate enough under complex mining conditions (He et al., 2020; Zhang and Jiang, 2020; Lin et al., 2022). Based on the non-linear relationship between rockburst hazard and its influencing factors, the probability prediction value of unit hazard is determined (Wu et al., 2021a; Chen et al., 2021; Yang et al., 2021; Yang and Zhang, 2021). According to the magnitude of the risk probability value of each cell, the engineering area is divided into four classes, and the regional and quantitative rockburst prediction can be significantly improved by using the multi-factor pattern recognition method.
In the prediction of mine rockburst hazards, machine learning methods have been proposed to predict rockburst hazards with good results (Ullah et al., 2022; Wojtecki et al., 2022; Xiao et al., 2022). Machine learning is a complex and cross-cutting discipline. In the prediction of rockburst hazards in mines, data from multiple sources are analyzed, and then machine learning algorithms are used to continuously learn from previous rockburst events and train computer models. The study of “neural network + machine learning” artificial intelligence prediction techniques allows monitoring and predicting the likelihood of rockburst hazards in coal mines (Wang et al., 2021b; Ke et al., 2021; Zhang et al., 2021). In order to accurately predict rockburst hazards under complex conditions, a rockburst hazard prediction model based on the Gaussian process for binary classification (GPC) was proposed (Hui and Zhang, 2020; Davis et al., 2021).
For the rockburst situation in Jixian Coal Mine, a GPC-based rockburst hazard prediction, prevention, and control technology system was established based on theoretical analysis (Iwata and Tanaka, 2022), and the intrinsic relationship between multiple influencing factors and rockburst was determined using a multi-factor pattern identification method. By dividing the engineering area into prediction units and determining the pattern identification criteria and unit hazard probability values (Gladyr et al., 2021), the rockburst hazard area of the on-site engineering area was classified, and corresponding management measures were proposed (Wu et al., 2021b).
PRINCIPLES OF THE GAUSSIAN PROCESS FOR BINARY CLASSIFICATION
Statistically, the Gaussian process is a stochastic process: the distribution of any finite variable set is a Gaussian distribution. In other words, for any integer n ≥ 1 and any family of random variables X, the joint probability distribution of the corresponding process state f(X) at time t obeys the n-dimensional Gaussian distribution. All statistical characteristics of the Gaussian process are determined by its mean and covariance function. In the field of machine learning, the Gaussian process refers to a machine learning method based on the Gaussian stochastic process and Bayesian learning theory.
The Gaussian process for binary classification (GPC) model is a kind of classification model based on the machine learning principle of the Gaussian process. In the GPC model, let an input x correspond to the output value of the binary classification mark y, y ∈ {−1,1}, and the observation data set is [image: image]. The GPC model aims to predict the classification y* corresponding to the new test input x* (Ahmad et al., 2022).
For a given x, the p [image: image] distribution is the Bernoulli distribution, and the probability of y = 1 is p [image: image], where f(x) is the potential function, and Φ(•) is the cumulative probability density function of the standard Gaussian distribution. Generally, the sigmoid function is taken as Φ(z) = 1/(1 + e−z). The function of the sigmoid function is to convert the f(x) constrained by intervals into the value of [0,1], so as to ensure that the probability value ranges in [0,1]. For simplicity, let fi= f(xi),f = [f1,…,fm]T,y = [y1,…,ym]T, X = [x1,…,xm]T.
For a given potential function, the observed value is an independent Bernoulli distribution variable, whose likelihood function is
[image: image]
The prior distribution of potential functions is
[image: image]
where K is a covariance matrix of order m × m, Kij = k(xi,xj,θ), k() is a positive definite covariance function related to θ, and θ is a hyper-function.
The covariance function of the Gaussian process model needs to be satisfied: a non-negative positive definite covariance matrix can be generated for any point set. The commonly used covariance function is the squared exponential function, namely,
[image: image]
where the hyper-function θ = {[image: image],l}; the optimal hyper-parameters can be estimated by the maximum likelihood method, as described in the literature.
According to Bayes’ rule, after obtaining the actual observation value, a posterior distribution of the potential function f is obtained as follows:
[image: image]
The aforementioned equation is the learning process of GPC, and the following is the prediction process of GPC. The conditional probability of the potential function value f* corresponding to x* is
[image: image]
The prediction probability of y* is
[image: image]
When the predicted probability value of Y* is greater than 0.5, then y* = 1; otherwise, y* = −l. Eqs 5 and 6 have no analytical solutions. Approximate solutions can be obtained by using Laplace’s method and expectation propagation method (Villacampa–Calvo and Hernández–Lobato, 2020; Chakir et al., 2022). Let m and A be the mean and variance of the approximate solutions, respectively, and the approximate Gaussian distribution of the posterior distribution of the potential function f is
[image: image]
Similarly, the posterior distribution of f* can be set as an approximate Gaussian distribution:
[image: image]
The mean and variance are
[image: image]
[image: image]
where k* = [k(x1,x*),…,k(xm,x*)]T represents the prior covariance vector between x* and training input X. x* belongs to classification 1 of the prediction probability:
[image: image]
GAUSSIAN PROCESS FOR BINARY CLASSIFICATION-BASED PREDICTION MODEL FOR ROCKBURST HAZARD
Main influencing factors of rockburst
The mechanism of rockburst in coal mines is complex. The occurrence of rockburst is controlled by [image: image] influencing factors, such as mining depth, stress, geological structure, coal body structure, mining layout, and advancing strength. When [image: image] factors are studied, each factor is regarded as an element of a vector, and then [image: image] factors constitute an [image: image] -dimensional vector. Each combination of [image: image] factors is a pattern, which corresponds to a single position in the [image: image]-dimensional feature space. Through the study of training samples, the non-linear mapping relationship between rockburst hazard and its influencing factors was established, and a multi-factor pattern recognition model was constructed. The similar patterns were very close together in the feature space, while the different patterns were far apart in the feature space. The task of pattern recognition is to divide the feature space by certain methods, so that similar patterns can be located in the same region.
Establishment of the Gaussian process for binary classification model
The establishment of the GPC model for the rockburst hazard prediction and the visualization of prediction results are shown in Figure 1.
(1) Rockburst cases were collected as training samples. It was assumed that there were several rockburst cases ([image: image]) (i=1,2,…,k), where [image: image] is the n-dimensional vector of influencing factors of rockburst and [image: image] represents the grade of the rockburst hazard.
(2) Through learning the training samples, the optimal hyper-parameters of the covariance function were obtained by the maximum likelihood method.
(3) According to the theory of the Gaussian process and the Bayesian rule, the training samples were studied by inductive inferencing. The posterior approximate Gaussian distribution of the potential function f* of the predicted samples was obtained by Eq. 8.
(4) According to Eq. 10, the hazard probability prediction criteria of rockburst and the hazard probability value of the predicted regional unit were obtained. When the predicted probability value was in a certain critical interval, the rockburst hazard and the range of the hazardous zone were determined.
(5) Based on the aforementioned modeling steps, the MATLAB program was compiled, and the regional prediction management system was established to visualize the prediction results.
[image: Figure 1]FIGURE 1 | Prediction of rockburst hazard based on GPBC.
Rockburst hazard classification
According to Article 228 of Coal Mine Safety Regulation (2022 Edition), the following provisions shall be observed in the prevention and control of rockburst in mines: when coal seams with potential rockburst are mined, comprehensive prevention and control measures must be taken, such as prediction of rockburst hazard, monitoring and early warning, prevention governance, validity inspection, and safety protection. The hazard prediction of rockburst is the primary task in implementing comprehensive prevention and control measures.
According to the Detailed Rules and Regulations for Prevention of Rockburst in Coal Mines (2018 Edition), the probability prediction values of rockburst hazard were used to classify the regional hazard in the proposed classification method. Four grades of the regional rockburst hazard were obtained: non-rockburst hazard, weak rockburst hazard, medium rockburst hazard, and strong rockburst hazard. In the actual mining, when excavation roadways or working faces enter different prediction units, the risk of the areas can be determined in advance, and the corresponding preventive measures can be taken in advance.
CASES IN THE MINING PROJECT
Introduction of rockburst in Jixian Coal Mine
Jixian Coal Mine was put into operation in 1968. It is currently mined at a depth of 578–733 m and is a deep mining pit. The main coal seams are coal seams 3, 9, and 16. In the backstopping process of Coal Seam 9, rockburst has occurred many times. At present, more than 50 rockbursts have occurred, and the maximum energy released by rockburst was 2.7 × 107 J (Figure 2). With the extension of mining excavation, the threat of rockburst is further strengthened. Rockburst can destroy roadways and mechanical equipment and seriously restrict the safe and efficient production of coal mines. It has become an important scientific problem to be solved urgently.
[image: Figure 2]FIGURE 2 | Rockburst distribution in working faces of Jixian coal mine.
Establishment of the rockburst hazard prediction model in Jixian Coal Mine
The mining geological and technical conditions of rockburst in Jixian Coal Mine were analyzed. The main influencing factors of rockburst included fracture structure, tectonic stress, roof lithology, mining depth, and mining intensity. According to the different effects of different factors on the rockburst, the Gaussian process for binary classification was applied to analyze the training samples and determine different weights. Then, quantitative analysis was carried out, and the probability prediction model of multi-factor pattern recognition for rockburst hazard was established. The multi-factor pattern recognition technology was applied for the comprehensive intelligent analysis, and then the neural network and fuzzy reasoning method were used to determine the hazard probability of each unit in the prediction zone. The studied zones were divided into finite units, and the impact of each single factor index on the unit was analyzed, and the probability value of rockburst hazard for each unit was predicted.
Prediction of rockburst hazard in Jixian Coal Mine
According to the risk prediction results of rockburst, Jixian Coal Mine was divided into a total of 4,553 units with a cell grid of 100 m × 100 m. The influencing factors, such as fracture structure, tectonic stress, roof lithology, mining depth, and mining intensity, were mapped to the unit grid. The comprehensive influence of each factor on the prediction unit was expressed by the probability value, and the hazard probability of rockburst of each unit was obtained by the method of pattern recognition.
The probability values of rockburst hazard in Jixian Coal Mine of 0.25, 0.50, and 0.75 were taken as critical values. If the probability value is less than 0.25, it is the non-rockburst zone, accounting for 17.6%; between 0.25 and 0.50, it is the weak rockburst hazardous zone, accounting for 52.8%; if it is between 0.50 and 0.75, it is the medium rockburst hazardous zone, accounting for 26.4%; and if it is more than 0.75, it is the strong rockburst hazardous zone, accounting for 3.2%. Figure 3 shows the classification results of the hazardous zone of rockburst.
[image: Figure 3]FIGURE 3 | Classification results of hazardous zone of rockburst Section A is non-rockburst zone; Section B is weak rockburst zone, Section C is medium rockbur.
The multi-factor pattern recognition method based on machine learning completed the sub-unit probability prediction of rockburst hazard. By comparing the rockburst training samples with the predicted samples, the results showed that the prediction results were in good agreement with the actual situation, and the prediction results were highly scientific and reliable. Table 1 shows the prediction accuracy of rockburst in different grade zones.
TABLE 1 | Prediction accuracy of mine rockburst in different grade zones.
[image: Table 1]Prediction results of rockburst hazard in Working Face 4 of Western Mining Area 2 in Jixian Coal Mine
Based on the regional prediction of rockburst hazard in Jixian Coal Mine, the predicted hazard probability values of any working face, any mining area, or any location in the mine field can be obtained. Figure 4 shows the unit probability prediction value of rockburst hazard in the Working Face 4 of Western Mining Area 2.
[image: Figure 4]FIGURE 4 | Prediction results of multi-factor pattern recognition for rockburst hazard in panel 9102.
As shown in Figure 4, Working Face 4 in the Western Mining Area 2 is divided into 12 unit grids in line with 100 m × 100 m unit grids. There are 10 unit grids with a hazard probability value of 0.66, accounting for 83.33% of the predicted unit grids in the working face. Most areas of the working face are medium rockburst hazardous zones. There are two unit grids with a hazard probability value of 0.76, accounting for 16.67%. The area from the middle of the transportation roadway to the open-off cuts of Working Face 4 is the strong hazard rockburst zone, which is also an area prone to stress concentration and rockburst.
Through the aforementioned analysis, it is concluded that the sub-unit prediction with multi-factor pattern recognition can divide the predicted working face into several prediction units, and the probability value of each unit can be obtained. Before the roadway tunneling or mining face advances to different prediction units, the potential rockburst hazard of the location can be determined in advance, so that corresponding control measures can be taken in advance. Compared with the comprehensive index method, the hazard value of Working Face 4 was 0.62, indicating that the multi-factor pattern recognition method improves the accuracy and precision of the prediction.
REGIONAL PREVENTION AND CONTROL TECHNOLOGY OF ROCKBURST HAZARD
By using the probability prediction method with multi-factor pattern recognition, the sub-unit probability prediction of coal seam hazard was realized, and the results were classified in line with the regional prediction grade. In the actual mining, when excavation roadways or working faces enter different prediction units, the potential rockburst hazard of the location can be obtained in advance, and corresponding preventive measures can be taken in advance. According to the hazard probability value of the prediction unit, when the conditions were suitable, regional measures were first chosen to relieve the hazard, or the corresponding local measures were taken to reduce the hazard. Regional prediction of rockburst provides a scientific basis for taking prevention and control measures against the rockburst, so as to ensure safe production in coal mines. For different hazard grades, the corresponding prevention and control measures were adopted, as shown in Table 2.
TABLE 2 | Hazard classification of rockburst and prevention measures in Jixian Coal Mine.
[image: Table 2]CONCLUSION
For the problem of rockburst hazard area prediction under complex mining conditions, traditional linear data analysis is not an ideal solution. In order to improve the precision and accuracy of prediction results, this article studies the non-linear mapping relationship between rockburst hazard and its influencing factors through machine learning of rockburst hazard training samples and draws the following conclusion based on the principle of the binary Gaussian process and the main influencing factors of rockburst:
(1) Aiming at the prediction of rockburst hazard under complex conditions, a multi-factor pattern recognition method of rockburst hazard prediction was proposed based on GPC. By learning the training samples, the non-linear mapping relationship between rockburst hazard and its influencing factors was established, and the probability prediction value of the unit hazard was determined.
(2) The probability values of rockburst hazard of 0.25, 0.5, and 0.75 were taken as critical values, and the rockburst hazard of Jixian Coal Mine was divided into four grades. The sub-unit probability prediction results of rockburst hazard in Working Face 4 are 0.66 and 0.76 in Western Mining Area 2. Through the sub-unit probability prediction of rockburst hazard, the rockburst prediction is upgraded from point prediction to regional prediction, from single-factor prediction to multi-factor prediction, and from qualitative prediction to quantitative prediction. Moreover, the accuracy of rockburst prediction is greatly improved.
(3) The prevention and control technology system of hazard prediction of rockburst was established based on GPC. According to the hazard probability value of grid units, the potential rockburst hazard of the mining location can be determined before roadway driving or working face mining advances different prediction units. It provided a scientific basis for taking effective rockburst prevention measures, so as to ensure safe production in coal mines.
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The failure of surrounding rock in deep hard rock roadway is closely related to mining disturbance. In this study, the 13# stope ramp of −767 m level (at a buried depth of 1,197 m) at Hongtoushan copper mine was taken as the engineering background, a comprehensive analysis method of numerical analysis and borehole detection was put forward, and the evolution law of fracture depth of the ramp surrounding rock under the mining influence was obtained. The results show that the maximum tangential stress and fracture depth of the ramp surrounding rock on both sidewalls increase slowly at the initial mining stage. When the ore body above the ramp is mined, the maximum tangential stress and fracture depth of the ramp surrounding rock on both sidewalls increase rapidly, and the two parameters are positively correlated. Based on this, the ratio of the maximum tangential stress of the surrounding rock to the uniaxial compressive strength of intact rock (σθmax/σc) and the equivalent radius (a) of the roadway were used as parameters, and an equation for the fracture depth of the roadway surrounding rock was proposed. Through the case analysis, the results show that the proposed equation of fracture depth of the roadway surrounding rock has good prediction accuracy. This study enriches the research on the stability and failure mechanism of the roadway surrounding rock under the mining disturbance, and provides new basis for the support design of mining roadways.
Keywords: ramp, mining influence, numerical analysis, borehole detection, fracture depth equation
INTRODUCTION
The overhand cut-and-fill mining method has been widely used in deep metal deposits, and the transportation roadway has generally been arranged at the footwall of the ore body. The deep stope and the roadway surrounding rock are often in a complex stress environment (i.e., high ground stress, high ground temperature, high osmotic pressure, and strong mining disturbance). When the mining stress is greater than the strength of the surrounding rock of the stope (roadway), the spalling, rockburst and other failures of the surrounding rock can be induced easily. As a result, the ore loss and dilution, equipment damage and personnel casualties can be caused, which seriously hinders the normal production of the mine (Read, 2004; Zhao et al., 2013; Abdellah et al., 2014; Zheng et al., 2015; Wei et al., 2022).
At present, research on the failure of the surrounding rock of stope (roadway) induced by deep mining has been widely conducted, and some progress in the mechanics and mining engineering has been obtained. Through borehole television monitoring and acoustic testing, Wang et al. (2015) studied the damage range of roadway surrounding rock, and concluded that the damage range of the roadway surrounding rock under the mining influence is larger than that without mining influence. Based on the numerical simulation method, Zhang and Mitri (2008) explored the key factors affecting the plastic zone of the surrounding rock in the footwall transport roadway. It was found that under the mining influence, the plastic zone of the surrounding rock of the footwall transport roadway increases with the increase of the buried depth of the roadway, and it also increases with the decrease of the distance between roadway and stope. Through the numerical simulation method, Jia et al. (2017) studied the mechanical mechanism and distribution characteristics of the plastic zone of roadway surrounding rock under the non-uniform stress field. The results showed that when the stress around the roadway is greater than the strength of the surrounding rock and the ratio of principal stress around the roadway is large, the shear failure occurs in the surrounding rock, and a butterfly-shaped plastic zone can be formed. Abdellah et al. (2011) evaluated the issue of haulage drift safety in mining activities using probabilistic methods. Aiming at the Linglong gold mine in China, Cai and Lai (2003) investigated the main influencing factors of the stability of the transport roadway by the coupled data mining techniques, and analyzed the acoustic emission signals and monitoring results. Liu et al. (2019) simulated coal seams with different dip angles through the FALC3D software, and discussed the characteristics of floor failure under the mining influence. Waclawik et al. (2017) monitored the stress of the surrounding rock of the roadway under long-wall mining. It was concluded that the stress of surrounding rock changes with the advance of the working face.
The stress change of the surrounding rock in underground engineering is closely related to rock failure. Researchers have conducted many studies on the relationship between stress and failure of surrounding rock in engineering. Based on the damage situation of the gold mine in South Africa, Ortlepp and Stacey (1994), Ortlepp (2000) divided the damage degree of the roadway by using the ratio of the maximum principal stress to the uniaxial compressive strength. Specifically, when the maximum principal stress is equal to 0.2σf, the spalling failure occurs in the surrounding rock, when it exceeds 0.4σf, rockburst occurs in the surrounding rock. By using maximum principal stress, minimum principal stress and peak strength σf, Wagner and Wiseman (1980) proposed a concept of stress concentration factor. It is concluded that when the stress concentration factor SF is equal to or greater than 0.8, the spalling failure occurs in the roadway surrounding rock. Hoek and Brown (1980) made a more detailed classification of the damage degree of the roadway by using the ratio of the maximum tangential stress of surrounding rock to the uniaxial compressive strength of rock (σθmax/σc). When σθmax/σc is equal to 0.34, slight spalling failure occurs in the surrounding rock, when σθmax/σc is equal to 0.42, severe spalling failure occurs in the surrounding rock. Dowding and Andersson (1986) analyzed five typical cases of spalling failure of surrounding rock in tunnels. It is believed that when the ratio of the maximum tangential stress of surrounding rock caused by tunnel excavation to the uniaxial compressive strength of rock (σθmax/σc) exceeds 0.35, the spalling failure of surrounding rock occurs, when σθmax/σc exceeds 0.5, the weak or medium rockburst occurs in surrounding rock, when σθmax/σc exceeds 1.0, the strong rock burst occurs in surrounding rock. Based on field-measured data, Martin (1993), Martini et al. (1997), and MartinChristiansson (2009) and Diederichs (2007) fitted empirical formulas with stress intensity ratio and roadway size as parameters, and calculated the fracture depth of the roadway surrounding rock. Perras and Diederichs (2016) predicted the excavation damage zones of the brittle surrounding rock of the underground tunnel by the empirical method and numerical simulation method. Cai and Kaiser (2014) employed numerical simulation and field comparison methods to study the spalling failure strength at the excavation boundary in the field. The results showed that the spalling strength of rock mass at the project site is not 0.4 ± 0.1 times of the uniaxial compressive strength of rock, but generally 0.8 ± 0.05 times of the uniaxial compressive strength of rock. The above research results provide a valuable reference for analyzing the stress, displacement and distribution characteristics of the failure zone of the roadway surrounding rocks under the mining influence. However, there are few studies on the evolution and prediction of the fracture depth of roadway surrounding rock under the influence of deep mining.
The 13# stope ramp of −767 m level (at a buried depth of 1,197 m) at Hongtoushan copper mine, a wide range of spalling failures under the mining influence occurred. Based on this engineering background, the failure mechanism of the ramp surrounding rock was analyzed, and the evolution process of the maximum tangential stress of the ramp surrounding rock during the overhand cut-and-fill mining was obtained by the FLAC3D software. Besides, the fracture depth of the surrounding rock was measured by the borehole detection, the stress-fracture depth evolution process of surrounding rock under the mining influence was comprehensively analyzed, and the equation of rock fracture depth of mining roadway was proposed by using the ratio of the maximum tangential stress of surrounding rock of the roadway to the uniaxial compressive strength of the intact rock (σθmax/σc) and the equivalent radius (a) of the roadway. This study provides a basis for supporting design and judgment of the fracture depth of roadway surrounding rock under the mining influence.
SITE DESCRIPTION
Engineering geology
Hongtoushan copper mine is located in the northeast of Liaoning Province, China (Figure 1). At present, it is one of the deepest non-ferrous metal mine in China, with an exploration depth of 1,657 m and a mining depth of 1,257 m. In this mine, the overhand cut-and-fill mining method was adopted. The 13# stope ramp of −767 m level (at a buried depth of 1,197 m) had a stage height of 60 m, a strike length of 50 m, and a stope span of 30 m, and the dip of the stope is 70°. Parallel blast hole rings were fired at a 3 m extracting height in the horizontal panel and using multiple ring sequences. The stope is backfilled with tailings and cement after every slice mined. Access to cut-and-fill stopes is through ramp located in footwall of each stope and inclined at the same dip as the ore body. The horizontal distance between the ramp and 13# stope is about 20 m. The horse-shoe-shaped ramp is a cross-section of 3.0 m width and 2.8 m height. To obtain the distribution of the structural planes in the stope and surrounding rock, the on-site engineering geological survey of the hanging wall, footwall and ore body of the stope was carried out by using the scan line method. The rock samples were taken on-site and the rock mechanical experiments were carried out. The quality of the surrounding rock of the stope was classified by rock mass rating (RMR) and rock mass quality (Q) methods. The results showed that the quality of rock mass was generally good. The mechanical parameters of the ramp surrounding rock were estimated based on the Hoke-Brown strength criterion, as shown in Table 1.
[image: Figure 1]FIGURE 1 | Location and regional geology of the Hongtoushan mine.
TABLE 1 | Mechanical parameters of rock samples and rock mass.
[image: Table 1]The regression equations of the maximum horizontal principal stress, minimum horizontal principal stress and vertical stress are obtained by hollow inclusion stress relief method in the field as follows (Zhao et al., 2019).
[image: image]
where σh,max, σh,min, and σv (MPa) are the maximum horizontal principal stress, minimum horizontal principal stress, and vertical principal stress, and H is the depth (m). According to Eq. 1, the maximum horizontal principal stress σh,max at −767 m (at a buried depth of 1,197 m) reaches 32.2 MPa with a direction of NW, the minor horizontal principal stress σh,min is 24.4 MPa in the 167°/60° plane, and the vertical principal stress σv is 32.2 MPa.
Failure mechanism of the ramp surrounding rock
The ramp of 13# stope was arranged in the hard rock mass of the footwall. Due to its large buried depth and close distance to the stope, this ramp was seriously affected by mining. Figure 2 shows the typical spalling failure of the 13# stope ramp under the mining influence. The ramp excavation breaks the balance of the initial stress field, the stress begins to redistribute, the tangential stress of the ramp surrounding rock increases, the radial stress decreases. As a result, the ramp is in a bidirectional stress state. Under the mining influence, the ramp surrounding rock undergoes several stress adjustments. When the maximum tangential stress in surrounding rock exceeds the strength of the rock mass, the stress-induced brittle failure of surrounding rock can be caused. As it is difficult to obtain the strength of rock mass on-site, Hoek and Brown (1980), Dowding and Andersson (1986), Martin et al. (1999), Cai and Kaiser (2014), and Wang et al. (2012) took the ratio of the maximum tangential stress σθmax to the uniaxial compressive strength σc of intact rock as the basis of brittle failure of hard rock. It can be seen that the brittle failure of hard rock can be described by σθmax/σc. Based on the empirical relationship between σθmax/σc and fracture depth, the maximum tangential stress of the surrounding rock under the mining influence can be obtained by numerical calculation, and the fracture depth of the surrounding rock of the mining roadway can be quickly calculated with the empirical formula. This equation can provide a reference for the support design.
[image: Figure 2]FIGURE 2 | Spalling failure of the ramp surrounding rock in the 13# stope.
ANALYSIS METHOD FOR FRACTURE EVOLUTION PROCESS OF THE RAMP SURROUNDING ROCK UNDER THE MINING INFLUENCE
Numerical analysis
According to the engineering geological conditions of the 13# stope ramp of −767 m level (at a buried depth of 1,197 m), a numerical simulation model was established. It was assumed that the calculation model was a plane strain model, and the rock mass was homogeneous and isotropic. The size of the model was 200 m × 200 m (width × high), and the model was divided into 87,520 units, as shown in Figure 3. To ensure the calculation accuracy, the grid at the ramp position was encrypted. The dip angle of the ore body was 70° and the thickness was 30 m. The mixed boundary conditions were adopted in the model. The vertical and horizontal displacements were restricted on both sidewalls and the bottom of the model. Stress constraints were applied on both sidewalls and the top of the model, and the linear-elastic model was used for simulation.
[image: Figure 3]FIGURE 3 | Numerical model of the 13# stope and ramp.
The FLAC3D software was used to analyze the evolution process of the tangential stress of the ramp surrounding rock of the stope under the mining influence. During the model calculation, the ramp was excavated first, and then the 13# stope was mined from the bottom to the top layers by layers. There were 20 layers in total, and each layer was 3 m high. After the stress balance was reached after the mining of the previous layer, the backfilling of the next layer was conducted.
Borehole detection
Borehole detection technology is an intuitive detection method, which can quickly and accurately identify the development of cracks in surrounding rock. At present, the borehole detection method has been rarely used to observe the failure evolution process of the roadway surrounding rock under the deep mining influence in the existing studies. It is necessary to use the borehole detection method to further reveal the mining-induced failure evolution of roadway surrounding rock.
The ZKXG100-type borehole camera detection device was used on site to detect the fracture depth of the ramp surrounding rock in the 13# stope. Three detection boreholes with a depth of 4 m and a diameter of 40 mm were drilled on the both sidewalls and roof of the ramp. The both sidewalls of the detection boreholes were 1 m high from the floor, with an upward horizontal inclination of 5°. The roof detection boreholes were set perpendicular to the roof. Figure 4 shows the specific layout of the borehole detection. The field observation is from the first layer mining until the end of the 13# stope mining. When mining the ore body below the 14th layer in the 13# stope, the cracks in the ramp surrounding rock were not significantly developed and damaged. Therefore, Figure 9 only shows the detection results when mining the ore body above the 14th layer in the 13# stope.
[image: Figure 4]FIGURE 4 | Layout of borehole detection.
Comprehensive analysis method
To analyze the failure evolution process of surrounding rock of the 13# stope ramp under the mining influence, a comprehensive analysis method combining field investigation, numerical analysis and borehole detection was proposed (see Figure 5). In the field investigation, the failure characteristics and occurrence mechanism of the ramp surrounding rock were mainly analyzed to provide detailed data for the establishment of the numerical calculation model and the location of the borehole detection. The numerical analysis was used to study the evolution law of the tangential stress of the ramp surrounding rock under the mining influence. Borehole detection recorded the fracture depth of the ramp surrounding rock when different layers were mined.
[image: Figure 5]FIGURE 5 | Comprehensive analysis method for the fracture depth evolution of the ramp surrounding rock under the mining influence.
ANALYSIS OF STRESS-FRACTURE EVOLUTION OF THE RAMP SURROUNDING ROCK UNDER THE MINING INFLUENCE
Analysis of tangential stress evolution of surrounding rock
To analyze the evolution process of tangential stress of the surrounding rock under mining, measuring points were arranged every 0.2 m along the radial direction 10 m at the left, right and roof of the ramp, and the change of tangential stress at this point was monitored, as shown in Figures 6–8. For simplicity, the compressive stress was set as a positive value and the tensile stress as a negative value.
[image: Figure 6]FIGURE 6 | Tangential stress varying at left sidewall during mining.
As shown in Figure 6A, with the increase of radial depth, the tangential stress value of the left sidewall first increases slightly, and then begins to decrease. When the depth is about twice the roadway span from the left sidewall, the tangential stress value of this point tends to be stable. As can be seen from Figure 6B, when mining the ore body at the lower part of the ramp, the maximum tangential stress at the left sidewall increases slowly. When mining exceeds the level of the ramp (i.e., the ore body above the 14th layer), the maximum tangential stress increases rapidly, and then tends to be stable. The maximum tangential stress is 76.4 MPa.
As shown in Figure 7, the tangential stress of the right sidewall has the same evolution law as that of the left sidewall. The difference is that the tangential stress of the right sidewall is slightly smaller than that of the left sidewall during the mining of the same layer. After mining the 20th layer, the maximum tangential stress peak value of the right sidewall is 72.4 MPa.
[image: Figure 7]FIGURE 7 | Tangential stress varying at right sidewall during mining.
As shown in Figure 8, the tangential stress value is negative near the roof, and the roof is in the tensile stress zone. With the increase of radial depth, the tangential stress value of the roof changes from negative to positive, and then begins to decrease. When the depth is about twice the roadway span from the roof, the tangential stress value at this point tends to be stable. At the initial stage of mining, there is a tension zone on the ramp roof. When mining to the level near the ramp, the tension zone disappears. With the development of mining, the roof tension zone appears again. The maximum tangential stress value of the ramp surrounding rock during the whole mining process is listed in Table 2.
[image: Figure 8]FIGURE 8 | Tangential stress varying of roof during mining.
TABLE 2 | Comparative analysis of the maximum tangential stress and fracture depth of the ramp surrounding rock.
[image: Table 2]Analysis of evolution process of fracture depth of the ramp surrounding rock
The damage degree of surrounding rock is mainly judged by observing the development of cracks. The development range of cracks can be regarded as the fracture depth of the surrounding rock. The spalling fracture depth of surrounding rock generally refers to the depth of continuous failure or serious failure of rock mass (Wagner and Wiseman, 1980). Through the borehole detection of the ramp surrounding rock, the failure of surrounding rock in different periods of mining was obtained, as shown in Figure 9. The red line in the figure indicates the crack, the green area indicates the spalling of the borehole wall, and the gray area indicates the spalling of surrounding rock.
[image: Figure 9]FIGURE 9 | Failure of surrounding rock in the 13# stope ramp at different mining layers.
When mining the 14th layer, the mining layers are at the same level as the ramp. There are a few cracks on the inner wall of the 1# borehole (in the roof) from the orifice to the position of 0.24 m, and the cracks above the position of 0.24 m are not obvious. A large number of cracks are developed on the inner wall of the 2# borehole (in the right sidewall) from the orifice to the position of 0.4 m. The spalling with a thickness of 0.05 m in the orifice can be observed, and a small range of spalling appears on the borehole wall at the position of 0.22 m. The cracks above the position of 0.4 m are not developed. A large number of cracks are developed on the inner wall of the 3# borehole (in the left sidewall) from the orifice to the position of 0.73 m. The spalling with a thickness of 0.2 m in the orifice can be observed, and a small range of spalling appears on the borehole wall at 0.25, 0.5, and 0.55 m, respectively. The cracks above the position of 0.73 m are not obvious.
When the 16th layer is mined, the mining layers exceed the level of the ramp. New cracks appear in both sidewalls of the ramp and the roof borehole. Besides, the maximum depth of crack development in the 1# borehole (in the roof) is increased to 0.39 m, and the length of some original cracks is increased slightly. The maximum depth of the failure development in the 2# borehole (in the right sidewall) is increased to 0.53 m, and the depth of spalling failure is increased to 0.09 m. In the 3# borehole (on the left sidewall), the maximum depth of crack development in the 3# borehole is increased to 0.91 m, and the depth of spalling failure is increased to 0.26 m.
When the 18th layer is mined, no new cracks are found in the 1# borehole (in the roof), and only the length of some original cracks is slightly increased. Compared with the previous detection results, new cracks are generated in 2# and 3# boreholes (in the right and left sidewalls), and the crack development depth increases slowly, with the maximum depth of 0.81 and 1.17 m. The new spalling failure occurs in 2# and 3# boreholes (in right and left sidewalls), and the spalling fracture depth is 0.21 and 0.5 m, respectively.
When the 20th layer is mined, new cracks are produced again in the 1# borehole (in the roof), and the maximum depth of crack development increases to 0.44 m. There is no new crack in 2# borehole (in the right sidewall). No new cracks are found in the 3# borehole (in the left sidewall), but the spalling fracture depth is increased to 0.6 m. The fracture depth of the ramp surrounding rock during the whole mining process is summarized in Table 2.
Prediction of fracture depth of the roadway surrounding rock under the mining influence
Through the comprehensive analysis method of numerical analysis and borehole detection, the evolution process of the fracture depth of the surrounding rock under the mining influence is analyzed. As shown in Table 2, the fracture depth of the surrounding rock in the stope increases gradually with the increase of the maximum tangential stress of the surrounding rock, and the mining has a greater influence on the fracture depth of the left sidewall than the right sidewall. Combined with the failure mechanism of the ramp surrounding rock, it can be found that the brittle failure of hard rock can be described by σθmax/σc. The linear fitting of the data (the maximum tangential stress and fracture depth in Table 2) is performed, then the equation of the fracture depth of the surrounding rock of the mining roadway can be obtained (see Figure 10) based on the equivalent radius (a) of the roadway and the ratio of the maximum tangential stress of surrounding rock to the uniaxial compressive strength of intact rock (σθmax/σc). When the analyzed roadway section is D-shaped, the effective radius of the roadway should be estimated (Figure 11). The estimated fracture depth of the roadway surrounding rock does not include the distance between the two sidewalls and the boundary of the equivalent circle (△). To verify the accuracy of the proposed equation, four engineering cases affected by mining are analyzed (Table 3), and their relative errors are calculated. Then the total error of all cases is predicted and averaged, and the average relative error is 12.9%. The calculation results of the proposed equation for the fracture depth of surrounding rock in mining roadways are in good agreement with the numerical analysis. It indicates that the proposed equation has great practicability and accuracy in predicting the fracture depth of surrounding rock in mining roadway, which can provide a basis for the support design of the engineering site.
[image: Figure 10]FIGURE 10 | The proposed equation of fracture depth of surrounding rock in mining roadway.
[image: Figure 11]FIGURE 11 | The D-shaped tunnel with an effective tunnel radius.
TABLE 3 | Comparative analysis of different methods for fracture depth of surrounding rock in engineering.
[image: Table 3]CONCLUSION
Through the comprehensive analysis method of numerical analysis and borehole detection, the evolution process of surrounding rock fracture depth of deep mining ramp in Hongtoushan copper mine was studied. The following conclusions are obtained:
(1) Numerical simulation is used to analyze the evolution characteristics of the maximum tangential stress of the surrounding rock under the mining influence, and the borehole detection analysis is carried out for the fracture depth of the surrounding rock under the mining influence. The results show that when mining the ore body at the lower part of the ramp, the maximum tangential stress and fracture depth of the two sidewalls of the ramp increase slowly. When mining exceeds the level of the ramp, the maximum tangential stress and fracture depth of the two sidewalls increases rapidly and reach the maximum value at the end of mining, and there is a positive correlation between the two values. In addition, the rock fracture depth of the left sidewall of the ramp is significantly greater than that of the right sidewall under the mining influence. Compared with the mining of the ore body below the ramp, the same level of mining has a greater impact on the fracture of surrounding rock.
(2) The ratio of the maximum tangential stress of surrounding rock to the uniaxial compressive strength of intact rock (σθmax/σc) and the equivalent radius (a) of the roadway are taken as parameters, and the equation of fracture depth of surrounding rock of the mining roadway is proposed. Through the engineering cases analysis, the proposed equation has good practicability and accuracy.
(3) This study provides a basis for the stability analysis and support design of surrounding rock under the mining influence.
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roof 3 64 30 4 68 0 4.08 9.52
coal seam 31 32 31 02 60 36 0 84
floor 19 415 19 26 46.6 0 234 5.49
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Type Shaft specification (m) Bearing capacity (kN) Self-weight of headframe
(x10°kg)

Internal diameter Depth Normal working Rope breaking

SA-3 10-12 1,200 4,898 10,664 188
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condition  hoisting hoisting ropes (kN) ropes  ladder (kN)
(kN) (kN) (kN) (N)  (kN)
I1st  2nd 1st  2nd Blasting Communication ~ Power
Normal 273 3 273 273 236%8 2162 281%4 58 54 120 130 4,898
working
Rope 2004 546 2104 2104 236%8 21672 281%4 58 54 120 130 10,664

breaking
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Case Combination of foundation Load condition Settlement of foundation (mm)

A B €
1-6 Single foundation Normal working 20/40/60/80/100/120 - —
7-12 Same-side double foundation Normal working 20/40/60/80/100/120 20/40/60/80/100/120 —

13-18 Diagonal double foundation Normal working 20/40/60/80/100/120 — 20/40/60/80/100/120
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Location

Vault
Left side
Right side

Average creep rate in dry condition %/d

Average creep rate in damp condition %/d

3-18 days 18-46 days 46-52 days
0.00501 00016 00223
000561 00015 00277
0.00256 00013 00165

3-18 days 18-46 days 46-52 days
0.0067 0.0015 0.0191
0.0099 0.00146 0.0294
0.00257 0.0012 0.0205
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Gas Sample number Lattice Relaxation time 7, Simulation lattice N,xN,
length 4.’ (nm)
He M1 343 712 1749311
M2 9.65 664 621811
M3 27.03 562 2220111
N M1 343 661 1749311
M2 9.65 555 621811
M3 27.03 3.90 2220111
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Gas Dynamic viscosity (Pa-s) Molecular weight (g:-mol™) Mean free path (nm) Molecular diameter (nm)
CH, 112x10° 16 545 041
N 1.78x10° 28 655 038
He 1.98x10°° 4 1927 0.26
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Equivalent mean pore
size (nm)

343
96.5
2703

Theoretical mean pore
size (nm)

20-30
110-150
200-300

Porosity @

0.257
0.299
0.364

Intrinsic permeability Ky,
(mD)

0.009
0.087
0.831
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p ()

0

30
15
60
90

Opening intensity factor K; (MPa-m™")

Finite element method

690
543
374
239
122

Value of Eq. 13

6.94 (0.58%)
5.55 (2.21%)
3.95 (5.61%)
265 (10.88%)
142 (16.39%)

Value of Eq. 6

6.87 (0.43%)
5.41 (0.37%)
3.75 (0.28%)
239 (0.00)
105 (13.93%)

Shear intensity factor Ky (MPa-m™")

Finite element method

0.00
239
253
214
0.00

Value of Eq. 3

0.00 (0.00)
2.38 (0.42%)
2.53 (0.00)
2.15 (0.47%)
00 (0.00)
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Description
of micro-parameters

Val

lue

Particle parameters

Ratio of maximum radius to minimum radius of balls, R
Density of particles, Q (kg/m’)

Coefficient of friction, re

Young's modulus of balls, E. (GPa)

Normal-to-shear stiffness ratio of balls

1.66
2630
04
6.62
12

Parallel bond parameters
Cohesion bond strengths, R,, (MPa)
Tensile bond strengths, R, (MPa)
Angle of friction, (')

Effective modulus of bond, E. (GPa)

Normal-to-shear stiffness ratio of bond

175
26.4
28
6.62
12
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p () Confining stress (MPa) ¢ (MPa) ¢ (
2.0 4.0 6.0 8.0 10.0

Intact specimen 2907 35.00 4595 52.97 56.17 437 37.95

0 23.40 2583 3176 49.04 5017 421 3297

30 2121 2321 3045 4625 4638 425 3121

60 16.85 20.60 26.09 32.89 3533 421 2319

90 2483 2845 37.00 5166 5323 424 35.66
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Station 3 ] 6 8 Average

Maximum support capacity/MPa  20.16 2631 2613 2888 25.37
Minimum support capacity/MPa 839 772 629 724 741
Average support capacity/MPa 1483 1732 1715 1577 1627
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Group Axle load (t) Train speed (km/h) Embankment height (m)

Axle load group 14 250 415
18 250 415
2 250 415
26 250 415
30 250 415
Train speed group 2 150 415
2 200 415
22 250 415
2 300 415
2 350 415
Embankment height group 2 250 335
2 250 375
2 250 415
2 250 455

22 250 495
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Hazard grade Probability value
of

the predicted unit

Suggestions on prevention
and control measures

Non-rockburst hazard <0.25

Weak rockburst hazard ~ 0.25-0.5

Medium rockburst
hazard

Strong rockburst hazard > 0.75

® Advance all working faces of mining in line with the operation rules
@ Conduct the random hazard test in the mining operation
@ Take the single local measures for the hazard relief

@ Strengthen the hazard detection in the mining operation. Conduct the mining operation if detection indicators are
identified to be safe

@ Take two or more combinations of local hazard-relief measures

@ Strengthen the hazard detection in the mining operation. Conduct the mining operation if detection indicators are
identified to be safe

@ Take the comprehensive local measures for the hazard relief

@ Strengthen the hazard detection in the mining operation. Conduct the mining operation if detection indicators are
identified to be safe

@ Terminate the mining operation and evacuate personnel from hazardous locations, if detection indicator exceeds
the limit

® Take prevention, control measures, and relevant parameters under the guidance of experts; adopt comprehensive
measures and methods under special conditions

® Take the next step of the mining operation only through expert argumentation

Strengthen strong support and structural support of the roadway. Implement relevant measures, such as increasing
strong pressure relief, reducing drilling density, and low pressure blasting in deep hole interval
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Local grade

Critical value

Accuracy rate

None

Weak

Medium

Strong

Hazard
Probability
Random variables

Eigenvalues

<025
0.25-0.5
05-0.75

> 075
Maximum
Minimum

n

&

87.49%
63.31%
96.78%
99.79%
0.92
0.08
044
0.03
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Type Ucs

o. (MPa)
Sandstone 20-170
Rock-like material 21.88

Young’s modulus
E (GPa)

3-35
645

Poisson’s ratio

0.02-0.20
0.15

Cohesion

¢ (MPa)

4-40
437

Friction angle
90

25-60
37.95

UCS, uni:

compressive strength.
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Type of 0.1 MPa (%) 0.2 MPa 0.3 MPa 0.4 MPa 0.5 MPa
deformation
Vault Convergence 73 237% 23% 205% 208%
Preconvergence 539 59.4% 47% 36.1% 292%
Arched waist Convergence 88 0 -31% ~54% -6.2%
Preconvergence 68.1 70.1% 62.8% 56.7% 52.9%
Face Extrusion deformation 14 125% 127% 13.2% 13.5%
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Test number Bulk Compression Cohesion ¢ (kPa) Internal

density y (KN/m3) modulus E; (MPa) friction angle ¢(°)
1 2139 1009 17.53 37.53
2 19.89 9323 1031 2828
3 19.28 8929 265 3097
4 214 7.367 811 2528
5 2455 6732 349 2630
6 19.26 6543 1075 2070
7 2035 4494 613 1956
8 1613 4274 3.36 2522
9 2028 4801 152 2027
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Influence factor Soil sand ratio Proportion Proportion ‘Water content (%)

of cement (%) of gypsum (%)

level 1 46 5 7 10
2 55 6 8 12
3 64 7 9 14

Test number Column number
1 1 1 1 1
2 1 2 2 2
3 1 3 3 3
4 2 1 2 3
5 2 2 3 1
6 2 3 1 2
7 3 1 3 2
8 3 2 1 3
9 3 3 2 1
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Physical and Bulk density Elastic modulus Cohesion ¢ Internal friction Poisson’s ratiov
mechanical parameter v (KN/m®) E (GPa) (KPa) angleq(’)

Raw rock material 17-21 1-3 60-100 20-25 035-0.45
Model material 17-21 0.02-0.06 12-2 20-25 035-0.45
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