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Abstract

:

This paper presents an integrated approach for mathematical statistics, theoretical analysis, and a field test to investigate the distribution law of in-situ stress and its engineering practice of rock burst control. The test site is located in the Juye mining area, Shandong Province, China. The main conclusions included: (1) There are two types of in-situ stress states in the Juye mining area, σH > σV > σh (42.42%) and σH > σh > σV (57.57%), which are mainly caused by the tectonic stress of the Heze and Fushan faults (The σH, σV, and σh is the maximum principal stress, vertical principal stress or intermediate principal stress and minimum principal stress respectively). (2) The lateral pressure coefficients KH, Kh, and Kav show a non-linear distribution with increased depth, approaching 1.32, 0.96, and 1.41, respectively. The variation range of the horizontal difference stress μd is 0.09–0.58. (3) The average value of the stress gradient is 3.05 MPa/100 m, and the main directions of the maximum horizontal principal stress are northeast–southwest, and northwest–southeast. (4) A new combined supporting strategy, incorporating optimization of roadway layout, anti-impact support system design, and local reasonable pressure relief, was proposed for the rock burst control, and its validity was verified via field monitoring. All these design principles and support strategies for the rock burst control presented in this study can potentially be applied to other similar projects.
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1. Introduction


1.1. Research Background


In-situ stress is the fundamental force that causes the deformation and failure of the surrounding rock in underground caverns, civil buildings, slopes, and other geotechnical engineering structures [1,2]. With the increase of the energy demand in China, coal mining has entered a state of deep mining [3]. Due to the higher mining intensity and the more complex distribution of in-situ stress, a large deformation of the deep roadway, damage of the support structure, and even rock burst and other disasters occur frequently [4,5]. A basic consensus has been reached in the mining industry that the prevention and control of disaster accidents related to underground coal mining should start with in-situ stress measurement and analysis [6,7].



To date, a number of studies have been conducted to investigate in-situ stress measurement methods and equipment, field measurement, and its distribution law in China. For example, Cai et al. [8] proposed a device for in-situ stress measurement based on complete temperature compensation, and further put forward the calculation method for in-situ stress. Kang et al. [9] presented a small-aperture hydraulic-fracturing in-situ stress measurement method and applied it in Luan, Jincheng, Fenxi, and other mining areas in China. Wang et al. [10] performed field monitoring to investigate the in-situ stress distribution law of the Ping-ding-shan mining area. Chen et al. [11] elaborated on the mechanism of rock burst in a deep roadway and developed a series of roadway anti-impact bolts, hydraulic supports, etc. Jiang et al. [12] established a variety of rock burst models in coal mines and summarized the characteristics, occurrence mechanism, and prevention technologies of rock burst disasters in China. All these studies have improved our understanding of the in-situ stress measurement and its relationships with the rock burst control.



It is well known that the distribution of in-situ stress is closely related to the geological structure, and exhibited evident regional distribution characteristics [13,14]. The Juye mining area, located southwest of Shandong Province, is currently the most important coal-resource-producing area in Shandong Province. However, faults and folds are seriously developed, and the seismic activity is strong in this area. All these complex geological structures contribute to higher regional stress accumulation levels. Consequently, many rock burst accidents occurred in coal mines of the Juye mining area, resulting in a considerable number of casualties, extra labour, financial resources, and time loss. However, due to the lack of measured data, the relevant studies on the characteristics of the in-situ stress field and its correlation with rock burst disaster are very limited.



First of all, the roadway layout of most mines in the Juye mining area did not consider the influence of in-situ stress at the beginning. Secondly, with the increase of mining depth, some mines that did not have rock burst before also began to have rock burst. In addition, the current rock burst prevention and control system is not perfect, and some mines in the Juye mining area have an obvious lack of impact resistance. All this is due to our lack of a clear understanding of the in-situ stress field in the Juye mining area and a complete set of impact support systems. Therefore, we must systematically study the in-situ stress field in the Juye mining area. As stated at the beginning of the article, in-situ stress is the basic stress of all engineering disasters. Of course, this also includes rock burst disaster. By studying the stress field environment, we can preliminarily determine the basic conditions of rock burst, so as to prevent rock burst.




1.2. Article Structure


The objective of this study is to develop a better understanding of the distribution characteristics of in-situ stress in the Juye mining area, and its application in rock burst control. The organization chart of this paper is as shown in Figure 1.



This paper is organized as follows: the geological structure characteristics evolution characteristics in the Juye mining area were first presented in Section 1. In Section 2, the type and direction of the in-situ stress field were revealed based on the collected in-situ stress data, and the variation law of principal stress, the lateral pressure coefficient, as well as the horizontal difference stress with depth, are discussed in this paper. In Section 3, the design principles of the roadway layout and the anti-impact support were proposed in the Juye mining area, its validity was verified by a field application. The results presented in this paper have important theoretical and practical implications for the exploitation of coal resources, the construction of roadway engineering structures, and the prevention and control of rock burst disasters in the Juye mining area.





2. Engineering Background


2.1. Geological Conditions


The Juye mining area includes Juye, Jinxiang, Liangbaosi, and other places, with a total area of 2600 km2 and a coal-bearing area of 1210 km2. The total proven coal reserves are 5.571 billion tons. Seven pairs of coal mines are planned and constructed in the Juye mining area, which are the Yuncheng, Guotun, Zhaolou, Xinjulong, Wanfu, Liangbaosi, and Pengzhuang coal mines. The annual coal production is 18 million tons, which effectively solves the energy supply problem in Shandong Province and even East China (Figure 2).



The strata in the Juye mining area are well distributed from Archean to Cenozoic. From top to bottom, the strata are Quaternary, Neogene, Permian, Carboniferous, and Ordovician. The Quaternary and Neogene strata are mainly composed of clay and sandy clay, with an average deposition thickness of more than 500 m. The Carboniferous Permian stratum is mainly composed of mudstone, sandstone, and coal, which is the coal-bearing stratum in this area. The Ordovician stratum is mainly composed of limestone, dolomite, and marlstone. 3# coal seam is the main mining coal seam in this area, with an average thickness of 6.6 m and a buried depth of 700–1300 m.



The Juye mining area is located in the North China plate and the Luxi uplift. It is a fault depression basin with a large number of folds and fault zones. Its main tectonics and its location are shown in Figure 2. The strike of the coalfield is generally close to the north–south (NS) direction, and the coal seam is mainly controlled by the fault zone. The fault zone is distributed in a grid shape, mainly including the Wensi, Yuncheng, Heze, Fushan, Tianqiao, and Juye faults. The basic characteristics are listed in Table 1. There is a large number of east–west (EW) trending faults, and most of them are bulges and depressions. The near north–south (NS) direction fault is mainly controlled by the Tianqiao and Liaokao faults. In addition, a large number of north–east (NE) to near north–east (NE) and EW folds are developed in the region, which makes the overall tectonic stress field more complex.




2.2. Evolution Law of the Geological Structure in the Juye Mining Area


The Juye mining area is located to the east of the North China plate, bounded by the LiaoKao fault in the west, the Tan Lu fault in the East, the Qi Guang fault in the north, and the Hefei Basin in the Mesozoic-Cenozoic stratum in the south. In geological history, the Juye mining area has experienced three major tectonic movements: the Indosinian movement in the Triassic stratum, the middle Yanshanian movement in the Mesozoic stratum, and the late Yanshanian movement.



The Indonesian movement formed the strata of the whole North China coal accumulation basin before the Triassic fold uplift and fault movement. The collision of the north and south continental blocks triggered the Paleozoic strata fold and fault movement, forming the east-west (EW)fold and fault. The tectonic stress field in this period was mainly in the south–north (SN) direction, which is the first stage of the development of the tectonic stress field.



In the middle Yanshan period, the north–west (NW) compression weakened with the mantle plastic flow. The lateral tension of the mantle plastic flow and the compression force of the plate edge in the north–west (NW) direction jointly controlled the development of normal faults. The south–north (SN) and east-west (EW) normal faults control the occurrence of coal measure strata in the Juye mining area. In this period, the north–west (NW) tectonic force was the strongest, and the direction of the tectonic stress field was northwest–southeast (NW–SE), which is the second stage of the development of the tectonic force field.



In the late Yanshan period, the mantle stress is replaced by the plate extrusion pressure. The deviation of rock strata was caused by compression action, and thus an arc structure was gradually formed. Then, the stratum was squeezed and uplifted by many different directions of tension and torsion. The direction of the tectonic stress field in this period was mainly north–east (N–E) direction. This is the third stage of the development of the tectonic stress field.



From the above analysis, it can be concluded that the geological structure and in-situ stress field in the Juye mining area are in a state of constant change. From the SN direction in the first tectonic movement to the NW direction in the second tectonic movement and finally to the NNE direction in the third tectonic movement.





3. Distribution Characteristics of the In-Situ Stress in the Juye Mining Area


3.1. Data Sources


The “recommended method for determining rock stress” was promulgated by the committee on test methods of the international society for rock mechanics in 1987. They confirmed the following four measurement methods as recommended methods: flat jack method, hydraulic fracturing method, USBM borehole diameter deformation gauge method, and CSIRO hollow inclusion strain gauge method. At present, the hollow inclusion stress measurement method is the only method that can measure three-dimensional in-situ stress state. It can eliminate the error caused by temperature, so we choose the hollow inclusion stress relief method for in-situ stress measurement.



An in-situ stress test was conducted in the Guotun and Pengzhuang coal mines from 2018 to 2020, thus acquiring 12 groups of in-situ stress measurement data. In addition, the in-situ stress data of the other five coal mines were collected from the published literatures in recent years. Then, all data sources were optimized by setting a 95% confidence level. Finally, a total of 66 groups in-situ stress data were selected and used for the analysis.



Some of the selected in-situ stress measurement results are listed in Table 2. Thereinto, H is the buried depth of the measurement point, σv is the vertical principal stress, σH is the maximum horizontal principal stress, and σh is the minimum horizontal principal stress. The overall distribution of the maximum principal stress is displayed in Figure 3.




3.2. Analysis of the In-Situ Stress Data


3.2.1. Types of In-Situ Stress Field


Table 3 listed the distribution of the in-situ stress field types with depth changes. It can be seen clearly that there are two types of in-situ stress fields in the Juye mining area, σH > σV > σh (42.42%) and σH > σh > σV (57.57%). The two types of in-situ stress field changes with the buried depth. In the depth range of less than 900 m, the σH > σv > σh-type stress state is dominant. Within the more than 900 m depth, the σH > σh > σv-type stress field is dominant. Furthermore, with the increasing of the depth, the vertical principal stress gradually transits from the middle principal stress to the minimum principal stress.



Combined with the relative position of each mine (Figure 2) and its geological structure characteristics, the σH > σv > σh-type stress field was found to mainly appear north of the Heze fault, but not south of it. The σH > σh > σv-type is mainly in the south of the Heze fault. This may be attributed to the tectonic stress caused by the EW-trending Heze and Fushan faults in the south of the mining area.




3.2.2. Variation of Principal Stress with Depth


The maximum, minimum, and vertical principal stresses and the corresponding buried depth of each measurement point were plotted in Figure 4. The least-square method was used for linear regression fitting. The fitting results are as follows:


σH = 0.04548H − 4.7344 (R2 = 0.89382)



(1)






σh = 0.04245H − 16.428 (R2 = 0.88381)



(2)






σv = 0.01377H + 8.4259 (R2 = 0.90271)



(3)




where H is the depth (m), and R2 is the correlation coefficient.



From Equations (1)–(3), it can be concluded that a good fitting effect was obtained by the three main stress fitting equations with the correlation coefficient R2 of greater than 0.88. It can be also seen in Figure 4 that the principal stress value increases approximately linearly with the depth, and the maximum principal stress is slightly discrete. This may be caused by the differences in the geological structure and rock stratum characteristics in different degrees of the local range.



The in-situ stress fitting results of the Juye mining area were compared with those of the surrounding areas, as shown in Table 4. (All measured data in Table 4 are obtained by hollow inclusion stress relief method). It can be inferred that the variation trend between the Juye mining area and the surrounding areas shows a good agreement on the whole. However, the σH and σh stress gradient changes are relatively large, and the σv is relatively small. This difference also exhibits the complexity and evident regionality of the distribution characteristics of the in-situ stress field in this mining area.




3.2.3. Variation of the Lateral Pressure Coefficient with Depth


The lateral pressure coefficient is an important characterization of the in-situ stress state. In this paper, the ratios of σH to σv, σh to σv, and σ(H + h)/2 to σv are denoted as KH, Kh, and Kav. They were used to analyze the variation law of the in-situ stress state with depth. The curve function K = a/H + b was used for regression fitting, and the fitting results are as follows:


KH = 61.78/H + 1.32



(4)






Kh = 87.56/H + 0.96



(5)






Kav = 117.41/H + 1.41



(6)







Figure 5a–c shows the fitting curves of three lateral pressure coefficients varying with depth. It can be concluded that the distribution of the KH data is relatively discrete, ranging from 1.02 to 3.22, with an average of 1.74. The distribution of Kh and Kav shows a good regularity. The Kh value is 0.36–2.03 with an average of 1.05, and the Kav is 0.74–2.63 with an average of 1.39. In general, with increased depth, the values of the three lateral pressure coefficients have a decreasing trend. It can also be inferred that KH, Kh, and Kav approach 1.32, 0.96, and 1.41, respectively, indicating that the horizontal tectonic stress is dominated in the Juye mining area.




3.2.4. Variation Law of Horizontal Difference Stress with Depth


The horizontal difference stress μd = (σ1-σ3)/(σ1 + σ3) is an important parameter for characterizing the state of crustal failure. In this paper, the non-linear curve μd = a/H + b was used to fit the law of μd with depth. The fitting curve is shown in Figure 6. The fitting results are as follows:


μd = 12.23/H + 0.21



(7)







It can be seen from Figure 6 that the distribution of the μd is relatively centralized, reflecting a good fitting effect. The range of μd is 0.09–0.58, with an average of 0.26, and 73% of the stresses were 0.20–0.30. With increased depth, there is a trend approaching 0.2. Related studies have shown that the formation tends to slip shear failure when the μd value exceeds 0.5–0.7. The μd of the Juye mining area is within the 0.09–0.58, and most of the stresses are less than 0.5. Thus, it can be inferred that slip failure is not likely to occur in the Juye mining area under the current stress state.




3.2.5. In-Situ Stress Level and Stress Gradient in the Mining Area


The number of measurement points of each stress level is shown in Figure 7. According to the in-situ stress level criteria [17,18], there are 50 points with super-high stress (more than 30 MPa), accounting for 75.75%; 14 points with high stress (18–30 MPa), accounting for 21.21%; 2 points with medium stress (10–18 MPa), accounting for 3.03%.



The stress gradient of each mine is listed in Table 5. It can be seen that the overall stress gradient value of the mining area is large, and the dispersion is high. Particularly, the stress gradient of the Wanfu and Guotun coal mines exceeds 4.0 MPa/100 m, which is caused by the large buried depth and the tectonic stress fields. Therefore, more attention should be paid to engineering problems caused by high in-situ stress in the mining process of deep coal resources in the Juye mining area.




3.2.6. Direction Characteristics of the Maximum Horizontal Principal Stress


Figure 8 is a rose diagram of the dominant direction of the maximum horizontal principal stress in the Juye mining area. Statistics show that there are 43 measurement points in the northeast–southwest (NE–SW) direction, accounting for 65.15%, and 23 measurement points in the northwest–southeast (NW–SE) direction, accounting for 34.84%. The dominant direction of the maximum horizontal principal stress in the Juye mining area is northeast–southwest (NE–SW), and northwest–southeast (NW–SE) also accounts for a large proportion. This is consistent with the direction of the whole Shandong area [19].



The maximum horizontal principal stresses in the different mines have various degrees of difference, see Figure 9. In particular, the direction of the maximum horizontal principal stress in the Liangbaosi coal mine presents a certain degree discrete, which is less consistent with the whole Juye mining area. On the whole, the two maximum principal stress directions northeast–southwest (NE–SW), and northwest–southeast (NW–SE) alternate from north to south. The development of composite folds and faults leads to the strata movement from the northwest (NW) to the northeast (NE) and east–west (E–W), thus resulting in the deflection of the principal stress direction.






4. Engineering Practice of Rock Burst Control in the Juye Mining Area


4.1. Analysis on the Influencing Factors of Rock Burst


It has been proved that the near-field static load is the internal cause of rock burst, while the far-field dynamic load is the external cause [20,21]. When the static load level is high, a small dynamic load can also lead to rock burst. The Juye mining area is characterized by a super-large depth and a complex geological structure, which make the stratum itself contain ultra-high static stress with variable direction (as shown in Figure 7, Figure 8 and Figure 9). Additionally, the stress redistribution process induced by coal mining activities further improves the near-field static load level of the surrounding rock [22]. Consequently, the probability of rock burst is very high due to the accumulated extremely high static stress. In other words, the high static stress is the fundamental driving force of rock burst in the Juye mining area. Therefore, taking reasonable measures to weaken the high static stress of the rock mass surrounding the mining space is the key to preventing rock burst.




4.2. Strategy for the Rock Burst Control


In this paper, a new combined supporting strategy, incorporating optimization of roadway layout, anti-impact support system design, and local reasonable pressure relief, was proposed for the rock burst control. The detailed technology parameters should be determined based on the existing economic and technical conditions, relevant theories, and engineering practice of various mines in the Juye mining area.



	(1)

	
Optimization of roadway layout







The fundamental way of preventing rock burst is optimizing the excavation position and time [23,24]. The following are the specific measures. First, roadways should be excavated along the direction of the maximum principal stress or at an acute angle with it as far as possible. Taking the Zhaolou coal mine as an example, roadways should be arranged along the EW direction as far as possible. Second, for the gob-side entry arranged in a single coal seam, it should be excavated along the edge of the stable goaf with a 3–5 m small coal pillar or no-coal-pillar. The roadways should be performed 1.5 ~ 2 years after the mining of the adjacent panel. Thus, the gob-side entry can be performed in a low-stress environment. Third, the 3# main coal seam in this area is developed in layers with 20–110 m intervals. Under this condition, the upper layer with a smaller thickness should be exploited first to optimize the stress environment of the lower-layered roadway. Fourth, the roadway layout should avoid large geological structures (fault, fold, collapse column) as far as possible.



	(2)

	
Anti-impact support scheme design







The anti-impact support system is mainly composed of three parts, of which the first part is high-strength anchor bolt, anchor cable, and anchor mesh. The second part is the hydraulic support, which can protect the working face and construction personnel. The third part is the advanced unit support, which can resist the advanced stress brought by the mining of the working face.



Improving the anti-impact performance of the support system is another important measure to rock burst control [25,26,27]. Based on the theory of collaborative bearing, an anti-impact support system consisting of one-stage high-strength anchor cables, two-stage advanced unit supports, and three-stage hydraulic supports is formed [28,29]. Thereinto, the anchor-bearing structure is the last line of prevention and control of rock burst. It is necessary to scientifically select bolts, cables, and surface protection components to improve its overall impact resistance [30,31].



The details are as follows. First, a high-elongation bolt with a yield strength greater than 500 MPa is selected for the anchor, and a T-shaped steel strip with a high bearing capacity, and a large-area thickened butterfly tray are used at the same time. A steel strand with a 21.8 mm diameter is used as an anchor cable, which is used with a large tray and a thick steel strip. Meanwhile, a double-bubble yielding ring is used to improve the elongation of the anchor cable. The roadway surface is reinforced by a high-strength anti-impact woven mesh. Second, a walking hydraulic support is used for support within 50 m ahead of the working face, and a unit support is used for support within 50–120 m. Compared with the conventional single hydraulic support, advanced unit support and hydraulic support are characterized by a large support area and a high bearing capacity. When a rock burst occurs, they can maintain the roadway space and reduce the casualties.



	(3)

	
Local pressure relief measures







During panel retreating, local high stress concentrations occurred frequently in the two ribs of the roadway, which may result in rock burst accidents. Therefore, it is necessary to take the combination pressure relief measures of large-diameter drilling and blasting to prevent rock bursts from occurring [32,33]. Under normal conditions, large-diameter drilling with reasonable drilling spacing, diameter, and depth design is used to relieve pressure. In the case of stress, concentration cannot be relieved by large-diameter drilling, blasting measures should be performed to release the high stress.




4.3. Engineering Practice


This paper provides an illustrative, detailed algorithm on how to implement the suggested method to control the rockburst based on measured in-situ stresses. As shown in Figure 10, first conduct in-situ stress measurement, and then obtain stress conditions according to the measurement results. The roadway layout is guided according to the stress direction, and the roadway support strength is designed according to the stress value. Combined with geological, engineering, and technical conditions, a rock burst prevention and control system is formed. Finally, the engineering effect is analyzed. When the stability does not meet the requirements, the roadway support design is carried out again until the stability requirements are met. So far, the final permanent support system is formed. The following will be explained in combination with specific examples.



4.3.1. Engineering Geology of the Test Site


The test site is located in the 7302 working face of the Zhaolou coal mine, with an average depth of 860 m. The north of the working face is the goaf of the no. 5 mining district and the large fault. The average thickness of the coal seam is 6.0 m. The roof is the sandstone with an average thickness of 19.48 m, while the floor is the sandstone with an average thickness of 9.1 m.



According to the in-situ stress measurement results of the Zhaolou coal mine, the average maximum principal stress is 36.2 MPa, the average vertical stress is 27.61 MPa, and the minimum principal stress is 22.12 MPa. The maximum horizontal principal stress is in the W4°S direction (near east–west direction).




4.3.2. Roadway Layout and Support Scheme Design


Considering the specific engineering geological conditions and construction conditions of the 7302 working face, an optimization design scheme is implemented. The angle between the direction of excavation and the maximum principal stress is set to 18 degrees (W22°S). The roadway is driven along the coal seam floor, with a trapezoidal section shape, which is 4.0 m high, 4.8 m wide at the top, 5.8 m wide at the bottom, and the area is 22.5 m2. The specific layout of the roadway is shown in Figure 11.



The anti-impact support system of the one-stage high-strength anchor cable, two-stage advanced unit support, and three-stage hydraulic support scheme are adopted. The specific support parameters are as follows.




	
Six high-strength threaded steel bolts with a 22 mm diameter, a 2400 mm length, and 500 MPa tensile strength were used in the roof. The bolts were installed with a spacing of 850 mm × 800 mm. The bolts are connected to each other by a T-shaped steel belt with a 10 mm thickness, 140 mm width, and 4800 mm length. In addition, three high-strength anchor cables with a 22 mm diameter and a 6.2 m length are used in the roadway roof. The row spacing of the anchor cables is 1600 mm, and they are connected by a three-hole 29U steel bar with a 4400 mm length. An FZJ-R1/2 double-bubble yielding ring is installed at the tail of each anchor cable.



	
Six left-handed full-threaded bolts with 20 mm in diameter and 2500 mm in length were installed with a spacing of 850 mm × 800 mm in the two ribs of the roadway. Two 1900-mm-long narrow steel strips were used for bolts connection. Three high-strength anchor cables with a 22 mm diameter and a 6200 mm length were added to the non-mining side. The spacing of the anchor cables is 1200 mm × 1600 mm. The 18-channel steel anchor cable beam with a size of 3000 × 1600 × 1200 mm is used for cables connection. The specific support scheme is shown in Figure 12.



	
Five groups of ZT115200/25/45 hydraulic supports were used within 50 m ahead of the working face, and ZJC3078/32/45D unit supports were used within 50–120 m. The overall length of the advance support should not be less than 120 m.



	
Large-diameter boreholes were used for pressure relief in the two sides of the roadway in the medium-strong impact risk area. The hole diameter is 150 mm, depth is 20 m, and the hole spacing is 1.5–2 m and 2–2.5 m, respectively; and the height between the boreholes and the floor is 1.2–1.5 m. The boreholes are perpendicular to the coal wall. The layout of the boreholes is shown in Figure 13.









4.3.3. Analysis of the Engineering Effect


After the use of the new roadway layout and support scheme, the deformation of two sides and the roof were within the control range. The average roof subsidence was 200 mm, the two ribs’ convergence was 360 mm, and there was no floor heave and an obvious dynamic behavior event.



During the panel retreat period, the deformation of the roadway increased slightly, and the overall deformation is always at a low level. The roadway could meet the requirements of the ventilation and normal mining of the working face. The field support effect is shown in Figure 14.






5. Conclusions


This paper mainly focuses on the distribution law of in-situ stress field in the Juye mining area, and the specific control measures for rock burst prevention are presented. The main conclusions are as follows:




	(1)

	
The main tectonic evolution law of the in-situ stress field is from the north–south (NS) direction to the northwest–southeast (NW–SE) direction and finally to the northeast–southwest (NE–SW) direction in the Juye mining area.




	(2)

	
The two types of the in-situ stress field in the Juye mining area are σH > σv > σh and σH > σh > σv. The average stress gradient is 3.05 MPa/100 m. The dominant direction of the maximum horizontal principal stress is northeast–southwest (NE–SW), but northwest–southeast (NW–SE) also accounts for a large proportion. The discreteness of the in-situ stress types and directions is mainly caused by a large number of fault zones in the Juye mining area and their complex tectonic movements.




	(3)

	
The lateral pressure coefficient KH, Kh, and Kav approach 1.32, 0.96, and 1.41, respectively. The range of μd is 0.09–0.58, thus, it can be inferred that slip failure is not likely to occur in the Juye mining area under the current stress state.




	(4)

	
The superpositions of high static and mining stresses lead to the rock burst disasters in the Juye mining area, and the high static stress is the fundamental driving force of rock burst. The key to preventing rock burst is to weaken the high stress in the surrounding rock.




	(5)

	
A new combined supporting strategy, incorporating optimization of roadway layout, anti-impact support system design, and local reasonable pressure relief, was proposed for the rock burst control. The anti-impact support system includes a one-stage high-strength anchor cable, two-stage advanced unit support, and three-stage hydraulic support.
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Figure 1. Article organization chart. 
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Figure 2. Structural distribution of the Juye mining area. 
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Figure 3. General distribution of principal stress. 
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Figure 4. Fitting curve of principal stress with depth. 
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Figure 5. Fitting curves of the lateral pressure coefficients changing with the depth. (a). Ratio of horizontal stress to vertical stress; (b) Ratio of minimum principal stress to vertical stress; (c) Ratio of average horizontal stress to vertical stress. 
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Figure 6. Variation of μd with burial depth. 
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Figure 7. Stress distribution grade of each measurement point. 
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Figure 8. Rose diagram of the maximum principal stress in the mining area. 
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Figure 9. Directional distribution of the maximum horizontal principal stress. 
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Figure 10. Algorithm flow chart. 
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Figure 11. General layout of the roadway at the working face 7302. 
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Figure 12. Support scheme of the working face 7302. 
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Figure 13. Schematic diagram of the layout of the drilling hole. 
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Figure 14. Support effect of the roadway surrounding rock. 
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Table 1. Characteristics of the main fault structures in the mining area.
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	Name of Fault Zone
	Strike
	Dip
	Dip Angle





	Wensi fault
	90–130°
	Southwest
	70–80°



	Yuncheng fault
	80–90°
	North
	70–80°



	Heze fault
	90–110°
	South
	70–80°



	Fushan fault
	70–90°
	South
	45–80°



	Juye fault
	180°
	West
	85°



	Tianqiao fault
	185–230°
	Southeast
	70°
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Table 2. In-situ stress measurement results of some measurement points.






Table 2. In-situ stress measurement results of some measurement points.





	Number
	Measurement Point Position
	H/m
	σH(MPa)
	σv(MPa)
	σh(MPa)
	Direction of Maximum Horizontal Stress
	Schematic Diagram of Principal Stress Direction





	1
	Yuncheng Mine 1300 track lane
	829.5
	30.51
	23.13
	17.86
	273°
	 [image: Energies 15 01267 i001]



	2
	Yuncheng Mine 800 m preparation roadway
	842.4
	34.59
	25.32
	19.88
	275°
	 [image: Energies 15 01267 i002]



	3
	Pengzhuang Mine 1309 track lane
	721.5
	17.13
	11.84
	9.73
	128.64°
	 [image: Energies 15 01267 i003]



	4
	Pengzhuang Mine West Wing roadway
	537.0
	15.33
	12.89
	7.57
	136.86°
	 [image: Energies 15 01267 i004]



	5
	Zhaolou Mine No. IV crossing point
	860
	34.72
	23.27
	29.98
	263º
	 [image: Energies 15 01267 i005]



	6
	Zhaolou Mine No. XI crossing point
	860
	36.40
	24.50
	21.57
	255º
	 [image: Energies 15 01267 i006]



	7
	Liangbaosi Mine North Wing track roadway
	708
	20.49
	18.05
	9.33
	330°
	 [image: Energies 15 01267 i007]



	8
	Liangbaosi Mine 3300 track land
	826
	25.04
	21.47
	12.74
	300°
	 [image: Energies 15 01267 i008]



	9
	Xinjulong Mine 1301N track lane
	830
	25.10
	18.90
	15.60
	154º
	 [image: Energies 15 01267 i009]



	10
	Xinjulong Mine north track lane
	825
	31.7
	18.8
	14.9
	125°
	 [image: Energies 15 01267 i010]



	11
	Xinjulong Mine transportation lane
	900
	29.5
	20.7
	12.6
	127°
	 [image: Energies 15 01267 i011]



	12
	Xinjulong Mine in the No. 1 mining area
	750
	24.9
	16.9
	19.8
	152°
	 [image: Energies 15 01267 i012]



	13
	Guotun Mine 1304 track lane
	855.6
	44.16
	24.36
	16.87
	300°
	 [image: Energies 15 01267 i013]



	14
	Guotun Mine 1301 track lane
	842.2
	31.33
	20.63
	17.13
	294°
	 [image: Energies 15 01267 i014]



	15
	Wanfu Coal Mine #1
	891.6
	30.55
	18.64
	20.40
	155.3°
	 [image: Energies 15 01267 i015]



	16
	Wanfu Coal Mine #2
	1024
	36.43
	22.05
	24.50
	153.4°
	 [image: Energies 15 01267 i016]
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Table 3. Distribution of in-situ stress field types with depth.
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Depth (m)

	
Number of Different Types of Data




	
σH > σv > σh

	
σH > σh > σv

	
Total






	
500–700

	
1

	
0

	
1




	
700–900

	
26

	
14

	
40




	
900–1100

	
1

	
22

	
23




	
>1100

	
0

	
2

	
2




	
Total

	
28

	
38

	
66











[image: Table] 





Table 4. Comparison of the principal stress variations with depth of the Juye mining area and other mining areas.
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	σH
	σh
	σv
	Region
	Source





	0.04548H − 4.73
	0.04245H − 16.43
	σ0.01377H + 8.431
	Juye mining area
	This article



	0.0242H + 9.4269
	0.0180H + 3.8302
	0.0258H + 0.5626
	Shandong Province
	Li et al. [15]



	0.0233H + 4.665
	0.0162H + 2.100
	-
	North China
	Huang et al. [16]
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Table 5. Stress gradient values of each mine.






Table 5. Stress gradient values of each mine.





	Mine Name
	Average Sounding (m)
	Average Maximum Principal Stress (MPa)
	Stress Gradient

(MPa/100 m)





	Yuncheng Mine
	842.1
	33.4
	3.96



	Pengzhuang Mine
	692.0
	20.3
	2.93



	Liangbaosi Mine
	771.1
	21.9
	2.83



	Zhaolou Mine
	860.0
	35.6
	4.13



	Xinjulong Mine
	826.3
	27.8
	3.37



	Wanfu Mine
	970.9
	40.3
	4.15



	Guotun Mine
	803.3
	38.7
	4.81
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file8.jpg





media/file27.png





media/file43.png





media/file44.png





media/file12.jpg
600

800

depth/m

1000

1200

Principal stress value/MPa

10 18 30 60
T T T ]
low imedium  high super ® Pengzhuang mine
stress stress stress —high ® Guotun mine
stress® Yuncheng mine
[ v Zhaolou mine
- wgbaosi mine
<« Xinjulong mine
»  Wanfu mine
® e
r >
.
va e
» S K
| > » R
1Y LTS
:’» > >
> >





media/file14.jpg
NNE

NNW

NEE
E
SEE

B B
B = =
z %

P S S S Y

== SSE

W

SS'

b A

sjutod Supan:

© T 8 0 N ¥ 0

au Jo taquny

o

12





media/file35.png





media/file20.jpg





media/file5.png
Maximum principal stress/MPa

Pengzhuang mine
Yuncheng mine
Guotun mine
Zhaolou mine
Liangbaosi mine
xinJulong mine
Wanfu mine





media/file19.png
In-situ stress
measurement

e Stress
Stress direction = Stress value
condition

Geological conditions
Engineering conditions

technical conditions repeat

Guide roadway Roadway
layout support design

Rockburst prevention
and control system

Permanent support





media/file36.png





nav.xhtml


  energies-15-01267


  
    		
      energies-15-01267
    


  




  





media/file11.png
u~(o,=0y)/(c,+0;)

0.0 0.2 0.4 0.6

500

600

800

depth/m

900

1000

1100

n

[] [ ]
LI .
Egpm N

n

n u
| |
| |





media/file41.png





media/file37.png





media/file10.jpg
ug=(0;=0)/(0, %))

0.0 0.2 0.4 0.6

500
600

700

800

depth/

900






media/file16.jpg
‘Tiangiao fault

Juye fault
—
o

Heze fault

Wi A o 2.520/100H<3.0
® 3.050/100H<3.5

3.520/100H24.0

@ 4.050/100H<4.5

@ ¢ s5so/100H

% Abla Name of fuult zone

# —><«— Direction of maximum
principal stress.






media/file3.png
Wensi fault

°

Tiangiao fault

Juye fault

Heze fault

Fushan fault





media/file42.png





media/file22.jpg
i, 0
R i T
N\
p
i i —
Row spacing - $50 x 300 o L L Row spaciag + xzm.u@_
m_l_.,.,.i‘ o L [
=% T T T —— I_§
8] | snsen: o« so0mmy
[ Row 850 - 800 T
o= -
H H

50

50






media/file38.png





media/file25.png
1.5~2m 2~25m

—_—

20m ISm

Layout of pressure relief boreholes in Layout of pressure rehef boreholes in
high impact danger area ger area






media/file0.jpg
Evolution law of the
geological structure

Types of in-situ stress f

Distribution characteristics

stress level and stress of the Variation of princip

gradient in-situ s

Variation of

Direction characteristics pressure coe

Analysis on the influencing Engineering practice of PRICARY foF ek o

factors of rock burst control






media/file30.png





media/file26.jpg





media/file13.png
depth/m

600

1000

1200

Principal stress value/MPa
18 30 60

T T T 1
low imedium  high super ® Pengzhuang mine
stress stress stress —high ® Guotun mine

stress® Yuncheng mine
v Zhaolou mine
¢ Liangbaosi mine
< Xinjulong mine
lﬁ“‘. » Wanfu mine
e “ LIS g o
¢ xS g
s Wya e > ‘
. P LS >
> »P >
| 4 5,} > > >
5 » >
> >





media/file31.png





media/file39.png





media/file18.jpg
In-situ stress
measurement

g Stress
Stress direction ress value
condition
Geological conditions
ingineering conditions
R o

Guide roadwa Roadway

layout support design

Rockburst prevention
and control system

Permanent support





media/file9.png
depth/m

600

700

1000

1100

(a)

depth/m

K,=o0;/0,
001 2 3 4
500 |-
n
600 |-
700 "
o ' n
800 -l ig” ®
n
900 - m 78
1000 - "
1100 | [m

depth/m

k,=(0,%05)/ 20,

0

500

600

700

800

900

1000

1100

1

2

3

4





media/file23.png
Anchor cable : ®22 x 6200 mm
Row spacing
48|
Roof bolt : @22 x 2400 mm Rib balt : @22 x 6200 mm
1850 2150
Row spacing : 850 x 800 mm Y} Row spacing : 1200 x 16
850 | 850 850 | gs0 | 850
- —
@ Rib bolt : ®22 x 3000 mm|

Row spacing : 850 x 800 mm

4600






media/file40.png





media/file15.png
NE

NW

NEE
E
SEE

z , z
S = =
Z »n

SE

SW

o T o o N T ©

sjurod 3uranseauw jo Jaquny

©

10

12 -





media/file32.png





media/file2.jpg
‘Wensi fault

Tiangiao fault

Juye fault

Heze fault

Fushan fault





media/file6.jpg
500

600

800

depth/m

900

1000

1100

Principal stress value / MPa

0 10 20 30 40 50 60 70 80 90 100

L VLA | L B S B B

r B o/MPa == g Linear fitting curve
\ 1 1 2

bal 6,/MPa == o, Linear fitting curve

L\ |\ A o/MPa = o Lincarfitiing curve






media/file24.jpg
20m

15m

E

20m

Layout of pressure relief boreholes in

high impact danger arca

15m

Layout of pressure relief boreholes in

‘medium impact danger area






media/file29.png





media/file1.png
Geological conditions
Variation law of horiz
difference stres:
situ stress level and stre:
gradient

Direction characte

is on the influencing
Jactors of rock burst

ribution character
f the

itu stress

Engineering practice of

rock burst control

Evolution law of the
vlogical structure

Types of in-situ stress field

Variation of principal stress

Variation of the lateral
pressure coefficient

Strategy for the rock burst
contro.






media/file7.png
Principal stress value / MPa
0 10 20 30 40 50 60 70 80 90 100
UL WAL —T 1
500 - \ B o,/MPa == o Linear fitting curve
L \ ad ® o,/MPa == o, Linear fitting curve
(W | \ A 5/MPa = o Linear fitting curve

600

1000

1100






media/file33.png





media/file17.png
el N
/ M
o ¥ #®ao .
Wensi fault

* i Yuncheng fault

Tianqiao fault

/ Juye fault
i

Heze fault

@ * 2.550/100H<3.0
® 3.0<0/100H<3.5
® 3.5<6/100H<4.0
® 1.0<6/100H<4.5

) @® :5<0/100H

= J-L—ll- Name of fault zone

£} —p4—— Direction of maximum
principal stress

Wt





media/file4.jpg
Maximum principal stress/MPa

50
10
30
20
10

10
2
)
1

180

Pengzhuang mine
Yuncheng mine
Guotun mine
Zhaolou mine
Liangbaosi mine
xinJulong mine
Wanfu mine





media/file34.png





media/file21.png
rll.. ;// ; // // I ///' £’ /; // //, f.l'l -

L ////' // // /// +:I‘

|'J s 7 //. l” 4
i // f 1
1% 7
,

7
\

o 7
I

7 L
[ K :_.//f No

ed — =T
_4'-/;

.

5 ym".“l\n af

/)





