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Abstract

:

Aiming to better understand the fracture evolution characteristics of thin bedrock affected by mining, a program was developed to establish a numerical calculation model for the fracture evolution of the overlying rock in the stope under the coupled seepage-stress condition. The fracturing law of mining overburden during the advancing process of the coal seam working face has been deeply studied. The dynamic change process of the development height of the overburden fissure zone is analyzed. The results show that with the advance of the working surface, shear and tension compound rupture occurs in the overlying rock layer bottom-up. The rupture penetrates into the sand-water layer and forms a stable rupture zone, which terminates at the bottom of the clay layer in the vertical direction and no longer develops upward. The equivalent stress concentration area is obviously separated at the bottom of the clay layer. Additionally, there is no obvious damage to the clay layer, indicating that the integrity of the clay layer has been protected. This pattern is consistent with the field monitoring results. Under the dual action of mining stress and pore water pressure, the bedrock aquifer ruptured in a wide range, and gradually caused water to flow to the goaf. The low pore pressure zone runs through the entire bedrock layer and ends at the bottom of the clay layer; also, the effective velocity of pore fluid shows a consistent pattern. The on-site water inflow monitoring results found that the main source of water inflow was the sandstone aquifer in the bedrock section, and the shallow groundwater and surface water did not enter the working face in large quantities with coal mining. This shows that the clay layer has a good water barrier effect, effectively blocking the inflow of shallow groundwater or surface water into the working face. It also shows that the “soft–hard” roof layer combination feature greatly buffers the impact of mining on the water isolation layer and has a good water separation effect.
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1. Introduction


There are many coal-forming periods in China with very complex endowment conditions, among which many coal fields have extensive areas of thin bedrock coal seams with abundant coal reserves [1]. The following impact characteristics are prevalent: shallow burial of the main recoverable coal seam; thicker loose strata covering the surface [2]; thin bedrock layer above the coal seam; long mining history and multiple water damage impacts [3]. Mining overburden damage during coal seam mining usually connects the working face with the loose strata [4], and even ripples to the surface to form longitudinal through fissures [5].



In essence, the destruction of the surrounding rock caused by coal mining is a spatiotemporal evolutionary process [6], in which the surrounding rock in the mining area will gradually form a fracture zone [7]. During the advance of the stope, the fracture zone develops gradually [8], usually penetrating the bedrock and entering the Cenozoic loose overburden [9]. This causes the hydraulic connection between the coal seam roof sandstone fissure aquifer [10], the Cenozoic loose overburden pore water-bearing sand layer and the surface shallow aquifer and the working face, resulting in water inrush hazards [11]. Especially in some Cenozoic loose overburden pore water-bearing sand layers and shallow aquifers with strong water richness and large water storage [12], the threat of shallow groundwater and surface water damage is more prominent when thin bedrock coal seams are mined [13]. If the shallow groundwater and surface water with large storage capacity and strong water-richness enter the well in large quantities due to the influence of coal seam mining [14], they will not only pose a threat to the safe production at the working face, affecting the local residents’ industrial, agricultural and domestic water [15], but they will also cause serious damage to the ecological environment of groundwater resources in the region [16]. In order to realize the protection of groundwater resources [17], it is necessary to conduct in-depth research on the evolution law of the roof overlying fracture zone in the goaf under mining conditions [18].



Considering the water resources and ecological fragility [19], coal mining activities should be carried out at the premise of protecting the local hydrological environment and ecology [20], without taking water resources destruction as the cost [21]. To this end, Fan [22] proposed the research idea of “water conserving mining” to show the direction for alleviating the water resources damage caused by coal mining. Subsequently, a large number of scholars have conducted fruitful studies and discussions on various aspects, such as the height of the overburden hydraulic fracture zone [23], the thickness of the effective protection layer and the stability of the water barrier mining [24]. Among them, the highly accurate identification of the water-conducting fissure zone is a prerequisite for realizing safe underwater coal mining and water preserving mining [25]. Xu et al. [26] proposed the evaluation method of “effective water barrier thickness”. Fan et al. [27] suggested that the water barrier capacity of mining overburden is determined by both structural and hydrological water barrier properties. These studies play an important guiding role in the protection of water resources in engineering [28].



However, due to the special geological structural characteristics of thin bedrock, the water barrier damage induced by the mining process is the root cause of the damage to groundwater resources and ecological environment [29]. Therefore, it is important to study the fracture law of overlying rock movement during the advancing process of the working face to reveal the fracture evolution mechanism under the combined action of seepage and stress field [30]. In view of this, combined with the specific engineering geological conditions of the third mining area of Sanyuan Coal Mine, this manuscript establishes a numerical calculation model for the fracture evolution of the overlying rock in the gob under the coupled seepage-stress condition. The dynamic change process of the development height of the fissure zone of the mining overburden is analyzed, the evolution mechanism of the permeability characteristics of the mining overburden is revealed, and the water blocking effect of the overlying rock under the mining influence is reasonably evaluated.




2. Background of the Engineering


Sanyuan Coalfield is located in the pre-mountainous area in the west of the middle section in Taihang Mountains, at the southern edge of Changzhi Basin, and the landform type is low mountain hilly area. The 3301 first mining face, located in the eastern area of the three mining areas, contains coal seams with a thickness greater than 6.7 m, a bedrock with thickness less than 50 m and a Quaternary overburden of about 200 m in most areas. The overlying rock seam of coal seam No. 3 in the third mining area, from the direct top to the top boundary of weathered bedrock, is largely composed of soft–hard–soft–hard–soft lithology. In this soft–hard structure, it is easy for the hard rock layer to form a stable bearing structure; at the same time, the soft rock layer is effective in inhibiting the development of mining fissures.



According to the feedback from the hydrogeological borehole, the sandstone aquifer at the roof of No. 3 coal seam, consisting mainly of medium- and fine-grained sandstone, is a direct water-filled aquifer of No. 3 coal seam with weak water-richness. The bedrock has multiple aquifers with medium water richness, which is the main source of water supply for the coal seam mining face. The Quaternary loose layers are fully covered, with a layer thickness of 166.7–206.0 m, and the formation occurrence is generally less than 8. Its aquifer is mainly composed of yellow, brownish-yellow powder-coarse sand, gravel layer, etc., which constitutes a lens body of different sizes. The water content and permeability are determined by the degree of development in the thickness of sand and gravel layers, which are generally moderately rich in water. The medium-grained sand layer near the surface is a submerged aquifer with high water-richness and large water storage capacity. In the low-lying areas of the region, shallow groundwater is naturally exposed and forms surface ponds (Figure 1).




3. Numerical Modeling and Scheme


A plane strain numerical calculation model (Figure 2) was created in the finite element software ABAQUS along the working face with a model size of 250 m × 150 m. According to the results of the hydrogeological survey, the model is generalized from the top to the bottom into the Quaternary loose layer, bedrock, coal seam, and floor rock layer, whose heights are 50 m, 58 m, 7 m and 35 m, respectively. The rock layer subdivision thickness and basic mechanical parameters are shown in Table 1. In this study, the basic mechanical parameters of the element (including Young’s modulus, internal cohesion, internal frictional angle, and so on) were obtained by trial and error method. Through a large number of numerical experiments, when the deviation between the numerical results and the experimental results is reduced to a reasonable range, the most reasonable parameters are selected.



The boundary conditions of the model are set as: the left and right boundaries and the bottom surface are set as displacement constraints. The height of the overlying rock layer of the model is 200 m, and it is loaded on the upper boundary of the model in the form of a uniform load. After calculation of in situ stress, a stress load of 5 MPa is applied. For seepage boundaries, the left, right, and bottom boundaries of the model are set as impermeable boundaries, respectively. A pore water pressure of 1.0 MPa is applied at the top to simulate the reinforcement effect of the far field on the confined aquifer on the roof. The flow of water in each rock layer obeys Darcy’s law. The simulated coal seam is cut from a distance of 60 m from the left boundary of the model, and the coal seam is mined from left to right. The calculation is carried out by means of step-by-step excavation. The excavation step is calculated according to the normal advancing speed of the working face in the actual location. The calculation is carried out by means of step-by-step excavation. The excavation step is calculated according to the normal advancing speed of the working face in the actual project of 3.3 m/d. The excavation distance of each step is L = 10 m, and the duration step is 3d.



The initial state of each rock formation is assumed to contain randomly and uniformly distributed original fractures [31], and the numerical model of rock damage rupture evolution with random distribution is established by using the secondary development subroutine USDFLD of ABAQUS platform [32]. It is assumed that the percentage of damaged units in a rock formation is    n 0   , and its basic mechanical parameters are about 1/2 of those of intact units. To describe the rock fracture evolution law, fracture initiation and extension criteria are introduced in this study. When the unit stress satisfies the maximum tensile stress criterion or the Mohr-Coulomb criterion, the unit will initiate fracture [33]. It should be noted that since the tensile strength of the rock is much less than the compressive strength, tensile damage is judged in priority, shear damage is judged only if no tensile damage occurs [34,35,36]. The stiffness degradation is carried out for the damaged unit, and the stiffness is 1/10 of the original initial stiffness, while the permeability coefficient is increased by a factor of 100. Figure 3 shows the specific numerical calculation flow.




4. Fracture Evolution Law of Overlying Rock during Mining


After the coal seam is mined, the stress around the goaf is redistributed to form the mining stress, which causes the deformation and damage of the rock mass around the goaf. Figure 4 shows the distribution law of tension and shear rupture zone during the working face advance. When the excavation distance L = 30 m, there is a wide range of tensional damage zone in the roof and floor surrounding rocks of the mining area, while the shear rupture zone is mainly concentrated in the cuttings and near the working section. Figure 5 shows the height variation law of the fracture zone of the roof overburden during the working face advance. When the excavation distance L is in the range of 0~40 m, the height of the roof overlying fracture zone increases slowly. The medium-grained sandstone in point B (Figure 5) is an 8 m-thick hard rock layer, which plays the main bearing role and plays a certain obstructive role for the breakage of the rock layer. However, the top stratum is composed of soft and hard strata. Once the hard stratum breaks (L = 50 m), the upper soft strata will also be destroyed rapidly. For example, when L = 60 m, the upper three weak rock layers break rapidly until another hard rock layer D. When L = 70 m (Figure 4), a wide range of tensile rupture zones appear in several rock layers, at which time the hard rock layer D is locally broken in tension and begins to evolve gradually. When L = 100 m, shear and tension compound rupture occurs in multiple areas of the upper weak rock layer in the hard rock layer D. The rupture penetrates to the sand-water layer E and forms a stable rupture zone. With the advancement of the working face, the failure of the rock layer ends at the bottom of the clay layer F in the vertical direction, and no longer develops upward. According to the analysis of the reasons, the loose clay layer has the characteristics of strong plasticity and will not be cut off as a whole due to the severe damage of the rock stratum below. It itself has a certain buffer effect, so the height of the final mining fracture zone will not develop upward.



In order to investigate the development pattern of the mining fracture zone, observation drilling was carried out on the surface after the mining of the 3301 working face was completed. The development height of the mining fracture zone was determined comprehensively by measuring the leakage of drilling flushing fluid, the change in the drilling water level, the destruction of the drilling core and various anomalies during the drilling process. Figure 6 demonstrates the consumption of drilling flushing fluid and the hydrological changes in the hole opening during the drilling process of the observed mining fracture zone. The thickness of the coal seam is 7 m, and the vertical depth of the coal roof from the hole is 245.9 m. Since the drilling depth of 193.10 m, the first leakage occurred in the hole, while the consumption of drilling flushing fluid increased and changed significantly, especially in the coarse-grained sandstone and medium-grained sandstone layers, where the cores were broken and longitudinal fractures appeared (Figure 6). This indicates that the drilling has obvious water leakage, that is, the leakage of flushing fluid increases significantly, indicating that the rock formation in this area is severely ruptured and cannot block the water flow, so it represents the mining fissure zone. After drilling to 229.7 m, the number of drilling rigs dropped, and the core recovery rate decreased to 33.6% to 48.5%. The core was broken, the oblique fissures were developed, and the fault dip angle was disordered. This shows that the damage of the rock formation is extremely serious, and its thickness is 16.2 m. Combined with Figure 6, the height of the mining fracture zone can be obtained as 36.6 + 16.2 = 52.8 m. The development height is the sand layer at the bottom of the Quaternary, and it does not enter the clay layer. This is basically consistent with the numerical simulation result (54.5 m).



In order to analyze the fracture characteristics of the roof surrounding rock more intuitively, the equivalent stress    σ e  =  σ 1  −  σ 3    is defined in this study. The equivalent stress can control the failure of the rock mass, and has important directional significance for judging the fracture trend of the unit, which is more likely when more damage to the surrounding rock has occurred. Figure 7 shows the trend of surrounding rock failure during the advancement of the face using equivalent stress quantification. Near the open cut and the working section, a high-equivalent stress concentration area similar to a “double petal” appeared, indicating that the stope is prone to rupture during the advance of the stope. With the continuous increase in the excavation distance L, the scope of the high-equivalent stress zone continues to expand. Due to the “soft–hard” distribution characteristics of the roof strata, the equivalent stress concentration zone is clearly separated at the bottom of the clay layer. Under the two conditions of L = 100 and 140 m, it can be seen that the stope advance did not have a significant impact on the clay layer, indicating that the integrity of the clay layer and the waterproof effect were not greatly affected by the damage. It is comprehensively indicated that the “soft–hard” roof stratum feature greatly weakens the degree of roof rupture caused by mining. Among them, the hard rock layer has the main bearing function, and the soft rock layer such as the loose sand layer greatly buffers the impact of mining damage, and the two have natural bearing and water resistance capabilities.




5. Evolution Law of Seepage Field


During the advancement of the working face, the redistribution of the roof overlying stress field not only changed the distribution of the fissure field in the surrounding rock of the stope, but also changed the permeability of the rock mass and the flow state of groundwater. Once the stope is pushed into the near-surface aquifer, it will cause water loss on the surface land, damage to vegetation, and even the danger of water inrush from the working face. Figure 8 shows the penetration law of the roof overlying rock during the advancing process of the working face. The mining causes the movement and destruction of the overlying rock, while a large low pore pressure zone appears above the roof. With the increasing excavation distance L, this area gradually expands and the height in vertical direction gradually increases. This indicates that the mining fissures in the roof of the coal seam gradually sprout, expand and penetrate, causing the water in the surrounding high-osmotic pressure aquifer to penetrate into it. When L = 100 m, the overburden low pore pressure zone penetrates the whole bedrock layer and stops at the bottom of the clay layer, which can also be illustrated by the pore fluid effective velocity change law. However, the Quaternary clay layer exhibits an obvious water-resistance effect, so that the water in the sand-water layer sandwiched between the two clay layers does not flow vertically, but flows independently and horizontally (L = 100 m). This indicates that the clay layer has a good water barrier effect, effectively blocking the inflow of shallow groundwater or surface water into the working face. At the same time, it also shows that the “soft–hard alternate” roof slate layer combination feature greatly buffer the impact of mining on the water isolation layer, and has a good water separation effect.



During the mining process of the 3301 working face, the change in water surge was monitored on site, as shown in Figure 9. During the mining period of the 3301 working face, the water inflow was relatively small (less than 6.0 m3/h). With the increase in the advancing distance of the 3301 working face, the water inflow did not increase significantly, relatively smooth changes. This shows that during the mining of the 3301 working face, the main source of water inflow was the sandstone aquifer water in the bedrock section, and the shallow groundwater and surface water did not enter the working face in large quantities with the mining of the coal seam. This also supports the seepage law of the roof overlying rock in Figure 8. This shows that the overall integrity of the clay layer is not damaged by mining, and its water insulation remains good.




6. Conclusions


	(1)

	
Based on seepage and mechanics theory, a rock seepage-stress coupling equation with random damage elements is established. The numerical calculation model for the fracture evolution of the overlying rock in the stope under the coupled seepage-stress condition was established by using the ABAQUS secondary development program. A multi-scale numerical calculation method for the whole process analysis of rock mass destruction under seepage-stress coupling is realized.




	(2)

	
The whole process of the overlying rock fracture evolution during the advancing process of the working face is reproduced. The results show that with the advancement of the working face, shear and tension compound rupture occurs in the overlying rock layer bottom-up. It gradually penetrates into the sand-water layer and forms a stable rupture zone, which ends at the bottom of the clay layer in the vertical direction and no longer develops upward. The damage height reached 54.5 m, which was consistent with the field monitoring results, indicating the accuracy of the numerical calculation results. The equivalent stress is used to quantify the failure trend of the surrounding rock during the advancing process of the working face. The equivalent stress concentration area is obviously separated at the bottom of the clay layer, while there is no obvious damage to the clay layer. This shows that the characteristics of the “soft–hard” roof layer greatly weaken the rupture degree of the roof caused by mining, protecting the integrity of the clay layer and ensuring its good water insulation.




	(3)

	
The permeation law of the overlying rock of the roof during the advancement of the working face was analyzed, and the results were that: under the dual action of mining stress and pore water pressure, the bedrock aquifer ruptured in a wide range, and gradually caused water to flow to the goaf. The low pore pressure zone runs through the entire bedrock layer and ends at the bottom of the clay layer; also, the effective velocity of pore fluid shows a consistent pattern. This indicates that the clay layer has a good water barrier effect, effectively blocking the flow of shallow groundwater or surface water into the working face. This also shows that the “soft–hard” roof layer combination feature greatly buffers the impact of mining on the water isolation layer and has good water separation effect.




	(4)

	
The monitoring results of on-site water inflow showed that during the mining of the working face, the main source of water inflow was the sandstone water layer of the bedrock section, and the shallow groundwater and surface water did not enter the working face in large quantities with the mining of the coal seam. The clay in the Quaternary overburden has not been damaged as a whole due to coal mining, which shows that the roof rock layer combination characteristics of “soft–hard alternate” greatly buffer the destructive effect of mining on the clay water separation layer, and that this has a good water separation effect.
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Figure 1. 3301 working face in Sanyuan coal mine and water accumulated area. 
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Figure 2. Numerical calculation model. 
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Figure 3. Flow chart of numerical simulation solution. 
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Figure 4. Distribution of tension and shear fracture zones in the process of overburden fracture and collapse: (a) tension failure distribution; (b) shear failure distribution. 
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Figure 5. Height of failure zone of roof overburden fracture zone and corresponding triggered rock stratum. 
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Figure 6. The variation in water level, consumption of drilling flushing fluid and core fracture characteristics with depth. 
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Figure 7. The variation pattern of the equivalent stress field with the advance of the working face. 
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Figure 8. (a) Variation law of pore pressure; (b) Variation law of the pore fluid effective velocity. 
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Figure 9. Variation law of water inflow with mining distance. 
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Table 1. Numerical model parameters.






Table 1. Numerical model parameters.





	
Quaternary Loose Layer

	
Strata

	
Thickness

(m)

	
Young’s Modulus

(GPa)

	
Internal Cohesion

(MPa)

	
Internal

Frictional

Angle (°)

	
The Proportion of Damaged Elements (%)

	
Tensile Strength

(MPa)

	
Permeability

(m2)




	
Clay

	
7.0

	
0.8

	
0.55

	
30.0

	
10

	
0.16

	
1 × 10–15




	
Sand-water layer

	
4.0

	
0.1

	
0.20

	
20.0

	
8

	
0.10

	
5 × 10–8




	
Clay

	
26.0

	
0.8

	
0.55

	
30.0

	
10

	
0.16

	
1 × 10–15




	
Sand-water layer

	
2.0

	
0.1

	
0.20

	
20.0

	
8

	
0.10

	
5 × 10–8




	
Clay

	
11.0

	
0.8

	
0.55

	
30.0

	
10

	
0.16

	
1 × 10–15




	
Bedrock

	
Sand-water layer

	
4.0

	
0.1

	
0.20

	
20.0

	
8

	
0.10

	
5 × 10–8




	
Mudstone

	
6.0

	
12.1

	
2.30

	
20.9

	
9

	
0.40

	
1 × 10–13




	
Sandy mudstone

	
4.0

	
16.3

	
3.45

	
29.0

	
9

	
0.45

	
1 × 10–12




	
Medium-grained sandstone

	
8.0

	
35.0

	
5.20

	
30.5

	
7

	
6.50

	
1 × 10–10




	
Mudstone

	
5.0

	
16.3

	
3.45

	
29.0

	
9

	
0.45

	
1 × 10–13




	
Fine-grained sandstone

	
6.0

	
38.0

	
5.91

	
24.4

	
5

	
1.98

	
1 × 10–10




	
Sandy mudstone

	
3.0

	
16.3

	
3.45

	
29.0

	
7

	
0.45

	
1 × 10–12




	
Medium-grained sandstone

	
8.0

	
35.0

	
5.20

	
30.5

	
7

	
6.50

	
1 × 10–10




	
Mudstone

	
4.0

	
12.1

	
2.30

	
20.9

	
9

	
0.40

	
1 × 10–13




	
Medium-grained sandstone

	
4.0

	
35.0

	
5.20

	
30.5

	
7

	
6.50

	
1 × 10–10




	
Mudstone

	
6.0

	
12.1

	
2.30

	
20.9

	
9

	
0.40

	
1 × 10–13




	
Coal

	
3# Coal

	
7.0

	
5.0

	
1.60

	
30.0

	
10

	
0.20

	
5 × 10–12




	
Floor strata

	
Medium-grained sandstone

	
35.0

	
35.0

	
5.20

	
30.5

	
5

	
6.50

	
1 × 10–10
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