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Abstract:



The rockburst hazard has always been an important issue affecting the safety production of coal mines in China. The unreasonable sequencing of roadway driving can lead to the dynamic instability of coal pillars, which subsequently causes rockburst accidents in roadway backfilling mining engineering and poses a serious threat to the safety of the mines. Roadway backfilling mining technology is an effective approach with which to mine corner residual coal resources under buildings, railways, and rivers. An energy density criterion is established and programmed with FISH language using numerical analysis software for the rockburst risk evaluation of coal pillars. On this basis, a numerical simulation model is established based on four scheme types, namely, the sequential mining, one-roadway interval mining, two-roadway interval mining, and three-roadway interval mining schemes. The influence of the backfilling roadway driving sequence on coal pillar stability is investigated, and the change law of vertical stress and energy density factor of coal pillars in different driving sequences in roadway backfilling mining technology are analyzed. According to the research results, the maximum energy density factor value of 21,172 J/m4 for coal pillars in one-roadway interval mining is the lowest among the different schemes. Therefore, the one-roadway interval mining scheme is the optimal choice in roadway backfilling mining technology. The results can be treated as an important basis for the prevention and treatment of coal pillar instability and rockburst in roadway backfilling mining technology.
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1. Introduction


China is in a high-speed stage of economic development, but its energy utilization structure is not reasonable. Coal resource consumption accounts for 63.7% of total energy consumption in China in 2015 [1,2]. In addition, the safety production of coal mines, which is part of the energy safety objective of China, will likely affect the development of the Chinese national economy. For the sake of recovering the corner residual coal resource under railways, buildings, and water bodies, the roadway backfilling mining technology is preferentially employed and widely promoted, given that long-wall backfilling mining technology is not suitable in certain conditions [3,4,5,6]. In roadway backfilling mining technology, coal cutting is synchronized with roadway excavation, a method realized by a roadheader. Then, the backfilling materials are conveyed to the mined roadway [7,8,9,10]. When the excavation and backfilling procession in a single roadway is completed, the same procession starts in the next roadway. Besides, the gangue generated in roadway excavation can be recycled as solid backfilling materials. Therefore, roadway backfilling mining technology is also beneficial to environmental protection [11,12,13,14].



In the last 20 years, the mining industry has witnessed a series of remarkable achievements in roadway backfilling mining technology [15,16,17,18]. To deal with the waste disposal problem and the extraction of trip coal pillars, Zhang et al. [19] proposed the use of roadway backfilling mining technology by expounding its effect on surface movement. The layout of the waste filling roadway was centralized and decentralized on the basis of the analyzed feasible coal-pillar width of substituted extraction. In addition, the layout with two waste backfilling roadways placed at the middle of the coal-pillar strip extraction is determined. The width and height are 4.0 m and 5.0 m, respectively. To understand the strata movement and control caused by mining with backfilling under buildings, railways, and water bodies, Yu et al. [20] emphasized the combined action of backfilling, coal pillar, and roof load-bearing rock stratum and subsequently suggested the mechanical model of coordinated support systems. Besides, rock mechanics and strata control principle were adopted to analyze the supporting mechanism of backfilling, supporting conditions of coal pillar, and process of mechanical action. The stability condition of the coordinated support systems was also determined. To solve the engineering technical problems in extra-thick coal seams, Deng et al. [21] proposed the longwall-roadway cemented backfilling mining technology. The composition and bearing characteristics of backfilling materials were also investigated to determine the optimal ratio of cemented filling materials, which are commonly applied in field work. The optimal proportion of fly ash, lime slag, cement, and gangue were 35%, 10%, 2%, and 53%, respectively. To deal with the environmental problem and low recovery of coal in traditional coal mining, Sun et al. [22] proposed the longwall-roadway backfill coal mining method based on a systematic analysis of the roadway layout and backfill mining technology. Besides, the plan for roadway backfill coal mining was optimally designed and then combined with the engineering case of roadway backfill mining in Shanxi Changxing Coal Mine. On the basis of the deformation characteristics of overburdened strata in roadway backfilling mining technology, Cao et al. [23] established the mechanical model of the bearing system of a coal pillar and a backfilling body and derived the corresponding joint bearing mechanism by combining the elastic-viscoelastic correspondence principle and the compressive mechanical property of the backfilling body.



The research achievements have been considerably apparent for roadway backfilling mining technology, and the topics have mainly concentrated on the mining technical practice, mechanical properties of backfilling materials, and backfilling equipment [24,25,26]. Nonetheless, making a rational choice regarding the roadway driving sequence is also vital to the security of roadway backfilling mining technology, because unreasonable sequencing can lead to rockburst accidents of coal pillars, which subsequently pose serious threats to the safety of mines, especially in the corner residual coal resource. The influence of the backfilling roadway driving sequence on the rockburst danger of coal pillars should also be systematically studied to provide the basis for preventing and treating coal pillar instability and rockburst in roadway backfilling mining technology.



In this study, the energy density criterion for the rockburst danger evaluation of coal pillars was established. Four kinds of numerical simulation models for roadway driving sequence were designed to study the influence of backfilling roadway driving sequence on coal pillar stability. The change rule of vertical stress and energy density factor of coal pillars in different driving sequences in roadway backfilling mining technology were analyzed. On this basis, the optimal roadway driving sequence was put forward, which could avoid the rockburst accidents of coal pillars in the roadway backfilling mining technology. Furthermore, the research results can be summarized as a guideline and a reference for the prevention and treatment of coal pillar instability and rockburst in roadway backfilling mining technology.




2. Geological and Engineering Conditions


The Wulan mine of the Shenhua Ningxia Coal Industry Group Co., Ltd., located in the Inner Mongolia Autonomous Region in China, is an example of a mine with serious risks of coal and gas outbursts. The mine has a north-to-south monoclinic dumping relief trend. The strike is 5.3 km and the dip is 3.04 km. The mine has 17 minable layers. The main coal seam includes coal seams 2#, 3#, 7#, and 8#. The location and geologic column of the Wulan coal mine are shown in Figure 1. The geo-stress of the coal seam at Wulan mine is high, which mainly hinders the mining of the coal seam. A rockburst disaster hazard is also a major problem in the production process of Wulan mine. The core objective of this study is to put forward an effective method for determining the optimal roadway driving sequence in roadway backfilling mining technology at Wulan mine. The originality of this study is the rockburst risk evaluation of coal pillars based on the energy density criterion established and programmed with FISH language through numerical analysis method.


Figure 1. Location and geologic column of the Wulan coal mine.



[image: Sustainability 10 02609 g001]






A coal mass is a special geological material formed by a long and complex diagenetic process, and it contains a large number of original cracks, as shown in Figure 2. Underground mining usually induces fracture and destruction of surrounding coals and rocks, which then directly determines the mechanical strength and damage characteristics of the coals and rocks in the area.


Figure 2. Cracks of the coal under the scanning electron microscope.
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In the study, traditional triaxial test is performed to have a comprehensive understanding of mechanical behavior of coal mass. According to the in-situ measurement of Wulan Coal Mine, the geo-stress of the target depth range (200–300 m) is 15 MPa. Considering the stress release caused by excavation, the surrounding rock is subjected to low restrictions, and the compression test is carried out under restricted conditions (confining pressure of 15 MPa). In the test, after applying the confining pressure at the loading rate of 2.5 MPa/min, the specimens are first loaded axially at the rate of 25 kN/min. Then, when the axial stress is close to the failure strength, the constant axial deformation rate maintains 0.01 mm/min to avoid rock bursting at the point of failure.



The stress-strain curves of phases I, II, III, and IV correspond to the compaction process and the elastic deformation stage of the coal samples, as shown in Figure 3. [image: ], [image: ], and [image: ] are the three principal stresses, MPa; [image: ], [image: ], and [image: ] are the three principal strains corresponding to the principal stresses, respectively; [image: ] is the total volumetric strain; [image: ] is the deviatoric stress, MPa; [image: ] is the stress in elastic stage, MPa; [image: ] is the stress at the crack initiation point, MPa; [image: ] is the stress at the unstable cracking point, MPa; [image: ] is the peak stress, MPa. The elastic compression of coals and the proximity of fractures initially absorb most of the energy exerted by external stress. Then, the energy is stored in the rock in the form of elastic energy with no apparent acoustic emission. The next stage corresponds to the nonlinear plastic deformation stage. After the transformation of the volume strain from compaction to dilatancy, a large number of new cracks rapidly develop. Finally, the coal mass is broken, and the fracture ratio increases by three to four orders of magnitude compared with the initial value. In this stage, the risk of rockburst increases significantly.


Figure 3. Whole stress-strain curve of coal mass.
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Over the past few decades, scholars have proposed some theories and models to describe the mechanical behavior of rocks based on rock experiments, such as strength theory, damage model, and energy criterion [27,28,29]. It is generally believed that the reduction of mechanical properties and rock failure are mainly related to the development of internal cracks and the accumulation of damage. Most of the studies on the mechanism and prediction of rockburst are based on the application of strength, stiffness, fractal, fracture damage, catastrophe theory, and numerical analysis [30,31,32]. Hoek and Brown [33] have proposed the stress intensity criteria of rock burst for rock engineering. Zhao et al. [34] further modified the standards by investigating the observation results of underground tunnels. Qian [35] calculated the stiffness of rock pillar and surrounding rock, and established a prediction model for rock burst. Disaster theory and cusp catastrophe model are also used in the analysis of rockburst system [36]. Although the energy criteria are normally used to analyze the rock damage, they are rarely used in the evaluation and prediction of the rockburst risk. Therefore, based on the phased mechanical characteristics observed from the test, we adopt an energy density criterion for the rockburst risk evaluation of coal pillars through numerical method in the following sections.




3. Energy Density Criterion for the Rockburst Risk Evaluation of the Coal Pillar


3.1. Elastic Strain Energy Density


Coal seam excavation causes stress field redistribution in the original rock mass, and this phenomenon leads to stress concentration and elastic strain energy accumulation. In tri-axial stress states, the elastic strain energy density of coal mass can be expressed as [37]


[image: ]



(1)




in which [image: ], [image: ], and [image: ] represent the three principal stresses, MPa, while [image: ], [image: ], and [image: ] represent the three principal strains corresponding to the principal stresses, respectively. Besides, the generalized Hooke law is


[image: ]



(2)




in which [image: ] and [image: ] represent the elastic modulus (MPa) and Poisson’s ratio of the coal mass, respectively.



By combining Equation (1) with Equation (2), the elastic strain energy density of the coal mass represented by the principle stress can be obtained by


[image: ]



(3)








3.2. Energy Density Criterion


Rockbursts in coal mines represent the dynamic disaster of surrounding rocks in working face or during roadway excavation, and they are caused by the abrupt release of elastic strain energy in coal mass. The strength of a rockburst is proportional to the differential value of accumulated energy and dissipated energy in a coal mass. Therefore, the total accumulated energy in the coal mass and the position of accumulated energy are vital to rockburst behavior.



The accumulated energy level is represented by the maximum energy density [image: ], while the position of accumulated energy is represented by distance [image: ] between the point of maximum energy density and the free face of roadway. Thus, the energy density criterion of rockburst risk is positively related to the maximum energy density [image: ] and negatively to the distance [image: ].



The energy density criterion for rockburst risk evaluation can then be proposed by combining the maximum energy density [image: ] with the distance [image: ] between the point of maximum energy density and the free face of a roadway.


[image: ]



(4)




in which [image: ] is the energy density factor, J/m4. Rockburst occurs when the value [image: ] of energy density factor is larger than the limit energy density factor [image: ], which is shown in Equation (5).


[image: ]



(5)




in which the value [image: ] is only related to the structure feature and lithology of the coal pillar, which can be obtained by a mechanical test of the coal mass and a site test of the rockburst in the coal mine. Besides, the energy density criterion is achieved by using a numerical software in FISH programming language.





4. Rockburst Risk of Coal Pillars in Different Roadway Driving Sequences


4.1. Numerical Calculation Model


The influence rule of roadway driving sequence on the rockburst risk of a coal pillar is investigated, and the numerical calculation model of roadway backfilling mining is established on the basis of the geological conditions of Wulan coal mine (Figure 4). This area has a main roadway for transmitting coal and nine backfilling roadways for excavating coal. The backfilling roadways are identified as 1# to 9# from left to right. The width of the coal pillar and the roadway are 5 m, and the height of the roadway is 6 m. Meanwhile, the length and width of the numerical model are 185 m and 100 m, respectively, and the main roadway width is 5 m. The mechanical parameters of each single strata in the numerical model and the backfilling mass, which are based on the geological and mining conditions of the coal seam, are shown in Table 1.


Figure 4. The numerical model of roadway backfilling mining technology.
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Table 1. The physical and mechanical parameters of each strata.





	Strata
	Thickness

(m)
	Density

(kg/m3)
	Bulk Modulus (GPa)
	Shear Modulus (GPa)
	Tensile Strength (MPa)
	Cohesive Force (MPa)
	Internal Friction Angle (°)





	Basic Roof
	31
	2300
	27
	16.2
	4.6
	7.35
	35



	Immediate Roof
	1
	2615
	18.7
	11.2
	4.4
	6.9
	30



	Coal Seam
	6
	1400
	1.67
	1
	1.14
	2.86
	29



	Immediate Floor
	1
	2200
	6.25
	5.08
	1.5
	4.0
	32



	Basic Floor
	14
	2581
	19.4
	14.6
	4.5
	7.8
	28



	Backfilling Body
	6
	1500
	0.083
	0.038
	1
	2
	28









The boundary conditions of numerical model are set so that the upper boundary of the numerical model is free face. The uniform load of the overburden strata applied on the boundary is 15 MPa. The left and right sides of the numerical model restrict horizontal displacement, while the bottom part of the numerical model restricts vertical displacement.



In this numerical procedure, four kinds of numerical scheme are designed as follows:

	(1)

	
In sequential mining, the driving sequence of the backfilling roadway is 1#, 2#, 3#, 4#, 5#, 6#, 7#, 8#, and 9#.




	(2)

	
In one-roadway interval mining, the driving sequence of the backfilling roadway is 1#, 3#, 5#, 7#, 9#, 2#, 4#, 6#, and 8#.




	(3)

	
In two-roadway interval mining, the driving sequence of the backfilling roadway is 1#, 4#, 7#, 2#, 5#, 8#, 3#, 6#, and 9#.




	(4)

	
In three-roadway interval mining, the driving sequence of the backfilling roadway is 1#, 5#, 9#, 3#, 7#, 2#, 6#, 4#, and 8#.









In addition, before the next roadway is excavated, the previous roadway should be backfilled.




4.2. Sequential Mining Scheme


In the sequential mining scheme of the roadway backfilling mining technology, one cycle is sufficient to finish the mining and backfilling work.



The vertical stress curve of the surrounding rock of a roadway in the sequential mining scheme is shown in Figure 5. The maximum vertical stress of the surrounding rock is 35.25 MPa, which occurs in the excavation of 9# roadway. The position is located at the right side of the roadway, and the x coordinate value is 139.57 m. It is obvious that the rockburst risk of coal pillars is the maximum in the excavation of 9# roadway in the sequential mining scheme.


Figure 5. The vertical stress curve of surrounding rock of roadway in sequential mining.
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The vertical stress and energy density contour of the surrounding rock in 9# roadway excavation in sequential mining is shown in Figure 6, while the energy density factor value of the surrounding rock in this scheme is shown in Table 2. The maximum density value of the surrounding rock is 228,029 J/m3, which occurs in the excavation of 9# roadway. The position is located at the right side of the roadway, and the x coordinate value 139.64 m. Thus, distance d is 4.64 m.


Figure 6. The contour of surrounding rock in 9# roadway excavation of sequential mining.
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Table 2. The energy density factor of surrounding rock of roadway in sequential mining.





	
Excavation Step

	
Maximum Energy Density (J/m3)

	
Position Of Maximum Energy Density

	
Distance

d (m)

	
Energy Density Factor (J/m4)




	
x (m)

	
y (m)

	
z (m)






	
1# roadway excavation

	
66,058

	
46.88

	
44.50

	
18.37

	
3.12

	
21,172




	
2# roadway excavation

	
82,637

	
46.63

	
44.50

	
18.12

	
13.37

	
6181




	
3# roadway excavation

	
100,956

	
78.63

	
55.50

	
18.62

	
3.63

	
27,812




	
4# roadway excavation

	
123,528

	
88.88

	
69.50

	
18.36

	
3.88

	
31,837




	
5# roadway excavation

	
146,525

	
99.13

	
69.50

	
18.11

	
4.13

	
35,478




	
6# roadway excavation

	
168,855

	
109.38

	
69.50

	
18.11

	
4.38

	
38,551




	
7# roadway excavation

	
194,063

	
119.39

	
69.50

	
18.85

	
4.39

	
44,206




	
8# roadway excavation

	
210,558

	
129.64

	
69.50

	
18.60

	
4.64

	
45,379




	
9# roadway excavation

	
228,029

	
139.64

	
69.50

	
18.60

	
4.64

	
49,144




	
9# roadway backfilling

	
228,150

	
139.64

	
69.50

	
18.60

	
∞

	
0











4.3. One-Roadway Interval Mining Scheme


In the one-roadway interval mining scheme of the roadway backfilling mining technology, two cycles are needed to finish the mining and backfilling work. In particular, the first cycle involves 1#, 3#, 5#, 7#, and 9#, while the second cycle involves 2#, 4#, 6#, and 8#. The vertical stress curve of the surrounding rock of a roadway in the one-roadway interval mining scheme is shown in Figure 7. The maximum vertical stress of the surrounding rock is 37.14 MPa, which occurs in the excavation of 6# roadway in the second cycle. The position is located at the right side of the roadway, and the x coordinate value is 119.10 m. Besides, the maximum vertical stress of the surrounding rock in the first cycle is 25.08 MPa, which occurs in the excavation of 9# roadway. It is obvious that the rockburst risk of coal pillars is the maximum in the excavation of 6# roadway in the second cycle in the one-roadway interval mining scheme.


Figure 7. The vertical stress curve of surrounding rock in one roadway interval mining.
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The vertical stress and energy density contour of the surrounding rock in 6# roadway excavation in sequential mining are shown in Figure 8. The energy density factor value of the surrounding rock in the one-roadway interval mining scheme is shown in Table 3. The maximum density value of the surrounding rock is 243,926 J/m3, which occurs in the excavation of 6# roadway in the second cycle. The position is located at the right side of the roadway, and the x coordinate value is 119.14 m. Thus, distance d is 14.14 m.


Figure 8. The contour of surrounding rock in 6 # roadway excavation of one roadway interval mining.
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Table 3. The energy density factor of surrounding rock in one roadway interval mining.





	
Excavation Step

	
Maximum Energy Density (J/m3)

	
Position Of Maximum Energy Density

	
Distance

d (m)

	
Energy Density Factor (J/m4)




	
x (m)

	
y (m)

	
z (m)






	
1# roadway excavation

	
66,058

	
46.88

	
44.50

	
18.37

	
3.12

	
21,172




	
3# roadway excavation

	
80,159

	
58.37

	
44.50

	
18.12

	
11.63

	
6892




	
5# roadway excavation

	
90,816

	
78.62

	
44.50

	
18.12

	
11.38

	
7980




	
7# roadway excavation

	
103,837

	
78.62

	
44.50

	
18.11

	
31.38

	
3309




	
9# roadway excavation

	
108,963

	
78.62

	
69.50

	
17.62

	
51.38

	
2121




	
2# roadway excavation

	
149,473

	
78.87

	
69.50

	
18.11

	
13.87

	
10,777




	
4# roadway excavation

	
206,279

	
99.13

	
69.50

	
18.10

	
14.13

	
14,599




	
6# roadway excavation

	
243,926

	
119.14

	
69.50

	
18.84

	
14.14

	
17,251




	
8# roadway excavation

	
224,936

	
138.89

	
69.50

	
19.09

	
13.89

	
16,194




	
8# roadway backfilling

	
224,972

	
138.89

	
69.50

	
19.09

	
∞

	
0











4.4. Two-Roadway Interval Mining Scheme


In the two-roadway interval mining scheme of the roadway backfilling mining technology, three cycles are needed to finish the mining and backfilling work. The first cycle involves 1#, 4#, and 7#; the second cycle involves 2#, 5#, and 8#; and the third cycle involves 3#, 6#, and 9#. The vertical stress curve of the surrounding rock of a roadway in the two-roadway interval mining scheme is shown in Figure 9. The maximum vertical stress of the surrounding rock is 36.48 MPa, which occurs in the excavation of 3# roadway in the third cycle. The position is located at the right side of the roadway, and the x coordinate value is 98.87 m. Besides, the maximum vertical stress of the surrounding rock in the first cycle is 22.13 MPa, which occurs in the excavation of 7# roadway; the maximum vertical stress of the surrounding rock in the second cycle is 30.02 MPa, which occurs in the excavation of 8# roadway. It is obvious that the rockburst risk of coal pillars is the maximum in the excavation of 3# roadway in the third cycle in the two-roadway interval mining scheme.


Figure 9. The vertical stress curve of surrounding rock in two roadway interval mining.
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The vertical stress and energy density contour of the surrounding rock in 3# roadway excavation in sequential mining are shown in Figure 10. The energy density factor value of the surrounding rock in the two-roadway interval mining scheme is shown in Table 4. The maximum density value of the surrounding rock is 225,925 J/m3, which occurs in the excavation of 3# roadway in the third cycle. The position is located at the right side of the roadway, and the x coordinate value is 99.38 m. Thus, distance d is 24.38 m.


Figure 10. The contour of surrounding rock in 3 # roadway excavation of two roadway interval mining.
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Table 4. The energy density factor of surrounding rock in two roadways interval mining.





	
Excavation Step

	
Maximum Energy Density (J/m3)

	
Position Of Maximum Energy Density

	
Distance

d (m)

	
Energy Density Factor (J/m4)




	
x (m)

	
y (m)

	
z (m)






	
1# roadway excavation

	
66,058

	
46.88

	
44.50

	
18.37

	
3.12

	
21,172




	
4# roadway excavation

	
73,871

	
76.63

	
43.50

	
18.12

	
3.37

	
21,920




	
7# roadway excavation

	
82,590

	
88.37

	
44.50

	
18.12

	
21.63

	
3818




	
2# roadway excavation

	
106,918

	
68.87

	
68.50

	
18.12

	
3.87

	
27,627




	
5# roadway excavation

	
140,671

	
76.13

	
69.50

	
18.11

	
13.87

	
10,142




	
8# roadway excavation

	
159,451

	
76.13

	
69.50

	
18.11

	
43.87

	
3635




	
3# roadway excavation

	
225,925

	
99.38

	
69.50

	
18.10

	
24.38

	
9267




	
6# roadway excavation

	
208,837

	
129.14

	
69.50

	
18.60

	
24.14

	
8651




	
9# roadway excavation

	
220,821

	
46.11

	
69.50

	
18.85

	
83.89

	
2632




	
9# roadway backfilling

	
220,862

	
46.11

	
69.50

	
18.85

	
∞

	
0











4.5. Three-Roadway Interval Mining Scheme


In the three-roadway interval mining scheme of roadway backfilling mining technology, four cycles are needed to finish the mining and backfilling work. The first cycle involves 1#, 5#, and 9#; the second cycle involves 3# and 7#; the third cycle involves 2# and 6#; and the fourth cycle involves 4# and 8#. The vertical stress curve of the surrounding rock of a roadway in the three-roadway interval mining scheme is shown in Figure 11. The maximum vertical stress of the surrounding rock is 36.87 MPa, which occurs in the excavation of 4# roadway in the fourth cycle. The position is located at the right side of the roadway, and the x coordinate value is 119.35 m. Besides, the maximum vertical stress of the surrounding rock in the first cycle is 21.94 MPa, which occurs in the excavation of 9# roadway; the maximum vertical stress of the surrounding rock in the second cycle is 26.16 MPa, which occurs in the excavation of 7# roadway; the maximum vertical stress of the surrounding rock in the third cycle is 35.17 MPa, which occurs in the excavation of 6# roadway. It is obvious that the rockburst risk of coal pillars is at its maximum in the excavation of 4# roadway in the fourth cycle in the three-roadway interval mining scheme.


Figure 11. The vertical stress curve of surrounding rock in three roadways interval mining.
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The vertical stress and energy density contour of the surrounding rock in 4# roadway excavation in sequential mining are shown in Figure 12. The energy density factor value of the surrounding rock in the three-roadway interval mining scheme is shown in Table 5. The maximum density value of the surrounding rock is 238,839 J/m3, which occurs in the excavation of 4# roadway in the fourth cycle. The position is located at the right side of the roadway, and the [image: ] coordinate value is 119.39 m. Thus, distance [image: ] is 34.39 m.


Figure 12. The contour of surrounding rock in 4# roadway excavation of three roadway interval mining.
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Table 5. The energy density factor of surrounding rock in three roadways interval mining.





	
Excavation Step

	
Maximum Energy Density (J/m3)

	
Position Of Maximum Energy Density

	
Distance

d (m)

	
Energy Density Factor (J/m4)




	
x (m)

	
y (m)

	
z (m)






	
1# roadway excavation

	
66,058

	
46.88

	
44.50

	
18.37

	
3.12

	
21,172




	
5# roadway excavation

	
69,764

	
86.63

	
43.50

	
18.12

	
3.37

	
20,702




	
9# roadway excavation

	
74,678

	
86.63

	
54.50

	
18.12

	
43.37

	
1722




	
3# roadway excavation

	
96,642

	
78.62

	
44.50

	
18.12

	
3.62

	
26,697




	
7# roadway excavation

	
107,238

	
106.13

	
69.50

	
18.12

	
3.87

	
27,710




	
2# roadway excavation

	
144,437

	
79.12

	
69.50

	
18.11

	
14.12

	
10,229




	
6# roadway excavation

	
202,887

	
85.88

	
69.50

	
18.10

	
14.12

	
14,369




	
4# roadway excavation

	
238,839

	
119.39

	
69.50

	
18.35

	
34.39

	
6945




	
8# roadway excavation

	
221,576

	
46.11

	
69.50

	
18.85

	
73.89

	
2999




	
8# roadway backfilling

	
221,578

	
46.11

	
69.50

	
18.85

	
∞

	
0











4.6. Calculation Results and Analysis


On the basis of the energy density factor values of the surrounding rock of the roadway for the four schemes (Table 2, Table 3, Table 4 and Table 5) and the excavation step in each scheme for roadway backfilling mining, which is identified by their respective numbers, the change rule of the energy density factor of the surrounding rock in these schemes is obtained (Figure 13).


Figure 13. The change rule of energy density factor of surrounding rock in four schemes.
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The maximum energy density factor value of the surrounding rock in the sequential mining scheme is 49,144 J/m4 (Table 2), and the largest rockburst risk occurs in the excavation of 9# roadway. The maximum energy density factor value of the surrounding rock in the one-roadway interval mining scheme is 21,172 J/m4 (Table 3), and the largest rockburst risk occurs in the excavation of 1# roadway in the first cycle. The maximum energy density factor value of the surrounding rock in the two-roadway interval mining scheme is 27,627 J/m4 (Table 4), and the largest rockburst risk occurs in the excavation of 2# roadway in the second cycle. The maximum energy density factor value of the surrounding rock in the three-roadway interval mining scheme is 27,710 J/m4 (Table 5), and the largest rockburst risk occurs in the excavation of 7# roadway in the second cycle.




4.7. Discussion


Compared with the research results in previous literature [16,17,20,21], which are usually obtained from experience, the results in this study are achieved by theoretical analysis and numerical calculation. More importantly, the energy density criterion is established and programmed with FISH language for the rockburst risk evaluation of coal pillars. Besides, the influence of backfilling roadway driving sequence on coal pillar stability is investigated, and the change law of vertical stress and energy density factor of coal pillars in different driving sequences in roadway backfilling mining technology is analyzed.



It is obvious that the energy density criterion in this study is suitable for the rockburst risk evaluation of coal pillars. Through the comparative analysis of the four kinds of numerical scheme, the rockburst risk evaluation of coal pillars in the one-roadway interval mining scheme is at its minimum, which is the priority choice to avoid rockburst accident. The maximum energy density factor value of 49,144 J/m4 for the surrounding rock in the sequential mining scheme is the largest among the four types of mining scheme. The maximum energy density factor value of 21,172 J/m4 for the surrounding rock in the one-roadway interval mining scheme is the lowest relative to the two-roadway and three-roadway interval mining schemes at 27,627 and 27,710 J/m4, respectively. Therefore, the one-roadway interval mining scheme is the optimal choice for roadway backfilling mining technology.





5. Conclusions


	(1)

	
The degree and position of accumulated energy in the surrounding rock of roadways are the two vital parameters of the rockburst evaluation of coal mines. The energy density criterion of the rockburst risk is positively related to maximum energy density and negatively related to the distance between the point of maximum energy density and the free face of the roadway. The energy density criterion for rockburst risk evaluation is therefore proposed by combining the parameters of maximum energy density and distance. In addition, the energy density criterion is achieved by using numerical software in FISH programming language.




	(2)

	
The maximum energy density factor of the surrounding rock in the sequential mining scheme is 49,144 J/m4, the largest rockburst risk occurs in the excavation of 9# roadway, and the maximum energy density factor of the surrounding rock in the one-roadway interval mining scheme is 21,172 J/m4, and the largest rockburst risk occurs in the excavation of 1# roadway in the first cycle. The maximum energy density factor of the surrounding rock in the two-roadway interval mining scheme is 27,627 J/m4, and the largest rockburst risk occurs in the excavation of 2# roadway in the second cycle. The maximum energy density factor of the surrounding rock in the three-roadway interval mining scheme is 27,710 J/m4, and the largest rockburst risk occurs in the excavation of 7# roadway in the second cycle. Therefore, the excavation security of 1# roadway in the first cycle in the one-roadway interval mining scheme should be guaranteed to reduce the rockburst risk of coal pillar, such as improving the backfilling quality, speeding up the backfilling work, decelerating the excavation work, strengthening the roadway support, and so on.




	(3)

	
The maximum energy density factor of the surrounding rock in the sequential mining scheme is 49,144 J/m4, which is the largest among the four types of mining scheme. The maximum energy density factor of the surrounding rock in the one-roadway interval mining scheme is 21,172 J/m4, which is the lowest among the four kinds of mining scheme, particularly the two-roadway and three-roadway interval mining schemes at 27,627 and 27,710 J/m4, respectively. Therefore, the one-roadway interval mining scheme is the optimal choice for roadway backfilling mining technology.
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sandstone

136.8

131.8

Composed of sandstone and
sandy mudstone; most
sandstone is thick-bedded
and partially coal-bearing

140.3

3.5

Complicatedly structured and
mingled with one or two
partings of mudstone

153.7

13.4

Black, thin-bedded,
compacted, hard and
horizontally bedded

170.1

16.4

Hoar, thick-bedded; its joints
are lumply developed;
mingled with mica sheets

171.5

Cinereous, thin-bedded,
compacted and hard

177.92

Complicatedly structured,
mingled with three layers of
kaolinite; the coal is soft and
fragile.

Horizontally bedded and hard

Complicatedly structured and
mingled with one layer of
kaolinite

211.7

Gary, horizontally bedded
and hard

212.5

Simply structured and hard

Gray, thick-bedded,
compacted and horizontally
bedded

2555

5.5

Charcoal gay, compacted and
hard

256.1

0.6

Charcoal gay, compacted,
slightly fractured and flied
with calcite

257.94

Simply structured and stably
deposited

Siltstone

Coal 8#

Siltstone

261.74

3.8

Charcoal gray, thick-bedded,
high clay content and
bedding developed

265.64

3.9

Complicatedly structured and
mingled with one layer of
clay

276.24

10.6

Charcoal gray and highly
compacted
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