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Abstract

:

Filling mining technology is a feasible and effective means to build a green mine and protect the environment. In order to investigate the overlying rock movement law of gangue-filling mining under the condition of no support for thick coal seams, this paper takes the Sima mine as the research object and determines the relevant parameters of rock mechanics in the mine area through a uniaxial compression test, a uniaxial tensile test, and a uniaxial shear test, which lay the foundation for the numerical simulation and similar simulation experiments. The optimal solution was determined by the numerical simulation, the effects of mining width and mining sequence on the overlying rock stress and deformation were analyzed, and the accuracy of the results was further confirmed by combining with similar simulation experiments. The results show that the mining sequence of jump mining with large intervals adopted in this paper can make the backfill solidify fully and is more conducive to the working face support and roof management. The larger the mining width, the larger the deformation of the overlying rock seam and the surface. It shows that the smaller the mining width, the smaller the increase of stress caused by excavation and filling, which is more favorable to the stability of the coal column and filling body. This paper deals with coal mine solid waste, while realizing the effective control of surface subsidence and providing a theoretical basis for the construction of green mines.
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1. Introduction


The mining of underground coal destroys the original stratigraphic structure of the mining area, which will cause the deformation of the rock stratum and the ground surface above the mined area [1,2]. In this process, the rock stratum and the ground surface will move, deform, fall, crack, etc., which is called “mining subsidence”. When the surface deformation caused by mining is too large, it will directly damage the surface of the building (structure), and even form a cave-in pit, causing serious accidents [3]. This kind of geological disaster has seriously affected people’s safe production and normal life, and its consequences have become a social focus, seriously threatening the harmony and stability of society.



Filling mining is a mining technology that uses the replacement of underground coal resources with filling materials, and when the coal is extracted, the filling body is filled into the mining area in time, which can effectively reduce the sinking space of the top rock layer, so as to achieve the purpose of control rock strata movement [4]. At present, many scholars have conducted research on the related problems of filling mining; Liu [5] established a simulation model of the irregular geometric shape of gangue grains by RGM model and simulated and analyzed the particle breakage and strain–stress relationship of gangue-filling materials with different lithologies. Huang [6], based on the elastic foundation theory, established the mechanical model of solid filling mining overburden thin slab and analyzed the critical condition of the top slab rock without breaking. The gangue lateral limit compression steel cylinder experiment was used to obtain the compression deformation and energy dissipation law of gangue with different particle sizes by changing the loading rate and initial loading rate conditions [7]. Karolina et al. used a numerical simulation to analyze the influence law of the size and quantity of ore pillars in deep mining on the damage of the surrounding rock in the extraction area and proposed an ore pillar scheme to control the stability of the surrounding rock in the quarry [8,9,10,11]. Guo and Li used the FLAC3D numerical simulation to study the influence range of movement angle and subsidence of rock movement under deep large dip mining conditions and analyzed the influence of different values of dip angle on the above factors [12,13]. Sun [14], based on the stratigraphic conditions of the Wanglou mine, simulated the surface deformation in deep mining with different combinations of mining widths and isolated coal pillar widths between working faces, and it was analyzed by et al. The filling mining mass ratio and solid waste material ratio of solid filling mining working face were designed for experiments, and the results all effectively controlled the ground strata movement and surface settlement [15,16]. Lu et al. studied the stress distribution of backfill materials under different particle size states and analyzed the stress distribution and deformation of backfill body [17,18]. The effect of filling mining on formation movement and sudden water was studied, and it was found that filling mining could effectively reduce the sudden water in the bottom slab [19]. By analyzing the main direction of groundwater migration change, Machowski studied the change law of surface subsidence in industrial urban areas caused by mining activities [20]. The study by Marian et al. explains and demonstrates the origin and development of subsidence basins caused by coal mining [21]. Solarski et al. took Bytom City as an example to evaluate the influence of underground mining activities for many years on the elevation change of the urban area [22]. Using a digital relief model, Maksymilian analyzed the effects of mining and metallurgical activities on land subsidence and dumps between 1883 and 1994 [23]. Stefan and Harald analyzed the differences in surface space under large-scale mining in the Ruhr region by comparing 100 years of digital surface models of the region [24]. Adam Nadudvari compared the surface data collected by DinSAR and SBAS methods to determine the most subsidence area of the surface and analyze its impact on the active mining area [25].



The gangue hill formed by the accumulation of a large amount of waste rock on the surface not only occupies the available land resources on the surface, but also causes problems such as spontaneous combustion, weathered and blow dust, leaching of heavy metals [26], pollution of the mine air and groundwater environment, and other problems. Therefore, how to effectively solve the gangue problem while ensuring the safety of mining is extremely important. A prediction model is proposed to accurately predict the surface dynamic sedimentation process of gangue-filling mining and assess the mining damage [27]. The characteristics of overburden rock strata movement when using gangue as solid waste filling material are analyzed [28]. Based on the equivalent mining height theory [29], the filling ratio is proposed as the theoretical control index of filling effect, and the control method of filling effect of solid gangue-filling mining is established [30]. A series of laboratory-based compression tests were conducted on gangue samples, and the hardening process of the filled gangue in the field test was analyzed [31]. The hydraulic properties of the cemented paste filling material were studied, and different specimens were made by controlling the amount of gangue for relevant tests, and the results controlled the top slab movement and surface subsidence effectively.



In this paper, gangue-filling mining under unsupported conditions in thick coal seams is studied, and the rock mechanical parameters of the analyzed mine area are determined by a uniaxial tensile test, a uniaxial compressive test, and a uniaxial shear test, and the stress and deformation changes of surrounding rocks under different options are analyzed by establishing numerical simulation models, and finally verified by similar simulation experiments. This article analyzes the movement law of the overlying strata during the mining process and realizes that, on the basis of extensive research on gangue-filling technology and subsidence control effects, it can effectively control surface subsidence while processing coal mine solid waste.




2. Geological Mining Conditions and Coal Rock Mechanics Parameters in the Mining Area


2.1. Overview of Geological Mining Conditions in the Mining Area


As shown in Figure 1, the Sima coal mine is located in Changzhi City, Shanxi Province, China. Its geographical location is 36°05′18″–36 °08′32″ north latitude and 113°00′33″–113°04′52″ east longitude. The mining area is located at the northeast boundary of the Sima mine field in the Changzhi District, and the surface is located at Chenggong Automobile Factory. The coal seam mined has a depth of 332 m, an average dip of 5°, and a topsoil layer thickness of 76.15 m. The immediate roof of the coal seam is 4.25 m grey-black mudstone, the old roof is 6.7 m grey-white fine-grained sandstone, and the floor of the coal seam is 3.55 m grey fine-grained sandstone with a muddy structure at the top. Some of the borehole columns are shown in Table 1.




2.2. Rock Mechanical Property Testing


2.2.1. Experimental Specimens


The rock cores taken from the Sima coal mine were processed, and the uniaxial compression deformation tests were conducted using specimens with a diameter of 50 mm and a height of 100 mm. For the tensile strength test, a specimen with a diameter of 50 mm and a height of 25 mm was used. A cylindrical specimen with a diameter of 50 mm and a height of 100 mm was used for the compression-shear test. An example of the specimen used in this experiment is shown in Figure 2.




2.2.2. Experimental Process


	(1)

	
Uniaxial compression and deformation experiments on coal rock masses were conducted to measure the uniaxial compressive strength, elastic modulus, and Poisson’s ratio of coal rock masses. Before the measurement, the strain gauges attached to the specimens were connected to the resistance strain gauge and the half-bridge circuit was used to measure the transverse and longitudinal directions of the specimens during loading. Some examples of the field experiment are shown in Figure 3.




	(2)

	
Uniaxial tensile strength experiments of the specimens were carried out by the splitting method. The diameter and height of the specimens were also measured before the experiment, and after the measurement was completed, each specimen was placed on the tensile jig and loaded until the specimen was damaged. An example of the field experiment is shown in Figure 4.




	(3)

	
Shear strength experiments on the coal rock body can measure the cohesion and internal friction angle of the coal rock body. After measuring the height and diameter, the specimens were placed in a variable angle plate shear apparatus and shear experiments were conducted at three different angles, loading from 45°, 50°, and 55° until the specimens were destroyed. An example of the specimen shear test is shown in Figure 5.








2.2.3. Experimental Results


Based on the tests, the following experimental results were obtained. Table 2 shows a summary of the mechanical parameters about the roof and floor of the Sima mine, through which the mechanical parameters are used to provide data support for the following text.





2.3. Mining Width Design


Gangue storage space is excavated in the coal seam, and the roof rock layer is supported by the coal pillars on both sides of the gangue storage space, forming a structure similar to a “beam”. According to the constraints of the coal pillars on both sides of the gangue storage space on the roof rock beams, the roof rock beams can be analyzed as “simply supported beams” or “fixed beams”. According to the analysis, a reasonable mining width can be designed according to the beam theory, and the load on the roof rock beam must be determined first before the design.



	(1)

	
Loads on the top rock beam







The roof is generally composed of more than one layer of rock. Therefore, the magnitude of the load chosen in calculating the ultimate span of the first layer should be determined by the interaction between the layers above the top slab, with the combined effect of the n layers forming a load      (   W n   )   1    of


     (   W n   )   1  =    E 1   h 1 3   (   γ 1   h 1  +  γ 2   h 2  + ⋯ +  γ n   h n   )     E 1   h 1 3  +  E 2   h 2 3  + ⋯ +  E n   h n 3     



(1)







	
where: E1, E2,…, En—modulus of elasticity of each rock layer of the roof slab.



	
h1, h2,…, hn—thickness of each rock layer in the roof slab.



	
γ1, γ2,…, γn—capacity of each rock layer of the roof slab.






When calculating      (   W  n − 1    )   1  <    (   W n   )   1   ,      (   W n   )   1    is taken as the load applied to the first layer of rock, and the gravity of the n +1th layer and above will not exert influence on the first layer of rock. At this time, the result of Equation (1) can be used as the load on the rock beam to calculate the limit span of the mining width.



	(2)

	
Analysis of simply supported beams







Taking a simply supported beam of unit width for analysis, the positive stress    σ x    and the shear stress    τ x    at any point A within the beam are


   σ x  =   12  M x  y    t 3     



(2)






   τ x  =   3  V x   (   t 2  − 4  y 2   )     t 3     



(3)







	
where:    M x   ,    V x   —the bending moment and shear force in the cross-section where point A is located, respectively.



	
 y —the distance from point A to the neutral axis.



	
 t —thickness of the beam.






The maximum bending moment occurs at the center of the beam, i.e., at the   x = L / 2   cross-section


   M  max   =   W  L 2   8   



(4)







Therefore, the maximum tensile and compressive stresses occur at the top and bottom outer edges of this section, i.e., at   y =  t 2   


   σ  max   = ±   3 W  L 2    4  t 2     



(5)




where: W is the transverse mean load of the rock beam.



The maximum shear force occurs at both ends of the beam, i.e., at the cross-section of x = 0 and x = L.


   V  max   =   W L  2   



(6)







The maximum shear stress occurs at the neutral axis of this section


   τ  max   =   3  V  max     2 t   =   3 W L   4 t    



(7)







Let the allowable and shear stresses of the rock beam be    σ e    and    τ e   , and the tensile and shear strengths be    σ t    and    τ j   , respectively, then


    σ e  =    σ t   F    ,    τ e  =    τ j   F    



(8)




where: F is the safety factor, generally taken from 2 to 4.



	(3)

	
Calculation of fixed beam







Taking a unit width solidly supported beam for analysis, the maximum bending moment and shear force in the beam occur at the coal wall at the end of the beam


   M  max   =   W  L 2    12    



(9)






   V  max   =   W L  2   



(10)







Then, the maximum tensile and maximum shear stresses on this section are


   σ  max   =   W  L 2    2  t 2     



(11)






   τ  max   =   3 W L   4 t    



(12)







Substituting    σ e    for    σ  max     in Equation (11) yields the ultimate span at which a rock beam can be damaged by a maximum tensile stress exceeding its tensile strength as


   L 1  =     2  t 2   σ e   W     



(13)







Substituting    τ e    for    τ  max     in Equation (12), the ultimate span of rock beam failure due to the maximum shear stress exceeding its shear strength is


   L 2  =   4 t  τ e    3 W    



(14)







A comparison of two kinds of results in the smaller value can be derived from the mining face roof limit span of about 8 m. Combined with the actual situation and considering the support and gangue-filling equipment, the preliminary design mining width is 4~7 m.





3. Numerical Simulation Study of Without-Support Gangue-Filling Mining of Thick Coal Seams


3.1. Establishment of Numerical Simulation Modeling


The Sima mine coal seam has a small dip angle and belongs to the near horizontal coal seam, so it is considered as a horizontal coal seam in the numerical simulation calculation. In order to analyze the movement and deformation law of the overlying rock seam and the ground surface more clearly, the model was built from the bottom 30 m of the coal seam to the ground surface. The model is divided into 399,000 units and 454,881 nodes, and the model is shown in Figure 6.



The model is taken as 1500 m in the x-direction and 200 m in the y-direction, and the model height is 361 m. The coal seam is 6 m thick and located in the z=30 m~36 m interval. In order to improve the operation speed, the key study area is divided more densely, and the other parts are more sparse. In the Figure 6, the topmost layer and the penultimate layer are the research focus, namely the surface and coal seam. They are the key research areas, so the grid is dense, and the grid of other rock strata is set as sparse.




3.2. Numerical Simulation Scheme


In order to study the influence of the change of mining width on the deformation and stress distribution of the surrounding rock, and to obtain the law of surface movement and failure of the overlying rock, according to the theoretical calculations in the previous sections, the mining widths of 4 m, 5 m, 6 m, and 7 m were used for research in this study. In order to ensure smooth mining, facilitate construction, provide sufficient setting time for the filling body, and reduce the interaction between filling and excavation, two test options were set up according to the mining sequence. During mining, the 12 working faces were divided into groups, and the groups were sequentially mined. The simulation test options are shown in Figure 7, where the rock mechanics parameter design is obtained from the rock mechanics property test, and the specific parameter design is shown in Table 3 below.




3.3. Deformation Analysis of the Surrounding Rock at the Filling Working Face


3.3.1. Deformation Analysis of the Surrounding Rock for Option I


Figure 8 shows the horizontal displacement cloud map of the overall 12 working face mining area after the fourth round of digging and filling of option I. It can be seen in the Figure 8 that there are opposite horizontal deformations in the area on both sides of the basic top overburden rock, the two deformation areas are approximately symmetrically distributed, and the maximum horizontal deformation occurs on both sides of the mining area.



From the analysis of the deformation of the surrounding rock during the four rounds of option I, it can be seen that the movement deformation of the overburden rock and the ground surface under different mining width conditions are different. Figure 9 and Figure 10 and Table 4 show that the mining width is small, the overburden sinking is small, which is beneficial to the control of the roof; when the mining width reaches 7 m, the overburden sinking amount and sinking speed increase obviously, and the maximum sinking position is shifted from the center of the mining area to the interval coal column between working faces or the roof of the newly filled working face.




3.3.2. Deformation Analysis of the Surrounding Rock for Option II


Figure 11 is cloud images of the horizontal displacement of the mining area of 12 working faces after the fourth round of excavation and filling in option II. It can be seen from the Figure 11 that opposite horizontal deformations appear in the two sides of the basic overburden rock. The two deformation areas are approximately symmetrically distributed, and the maximum horizontal deformation occurs on both sides of the mining area.



According to the Figure 12 and Figure 13 and Table 5, the analysis of the deformation of the surrounding rocks during the four rounds of excavation and filling of option II shows that the excavation and filling of the working face will lead to the deformation of the overlying rocks and the surface, the deformation curve of the rocks tends to moderate with the increase of the height from the coal seam, the convergence speed of the sinking curve gradually decreases, and the influence range gradually expands. After four rounds of excavation and filling, the maximum sinking of the surface of option II is slightly smaller than that of option I, and the difference is not big, but the deformation of the two sides after the four rounds of option II is less than that of option I, and option II is more favorable to the stability of the surrounding rocks of the two gangs of the working face, plus the overall effect of option II is better.





3.4. Stress Analysis of Surrounding Rock in Filling Face


3.4.1. Stress Analysis of the Surrounding Rock for Option I


Figure 14 is the cloud map of the horizontal stress distribution in the mining area after the fourth round of excavation and filling. The maximum horizontal stress in the mining area after the fourth round of digging and charging is concentrated in the position where the coal pillar intersects with the direct top on both sides of the mining area, and gradually decreases along the height direction; the maximum horizontal stress in the coal pillar increases very little, which coincides with the small increase of the horizontal deformation of the two sides after the four rounds of excavation and filling.



Figure 15 is the cloud diagram of the vertical stress distribution in the mining area after excavation and filling in the four-wheel working face. The maximum vertical stress is concentrated in the coal pillars on both sides of the mining area. The larger the mining width, the larger the mining area after completing four rounds of digging and charging, and the greater the vertical stresses in the coal pillars on both sides.




3.4.2. Stress Analysis of the Surrounding Rock for Option II


Figure 16 is the cloud diagram of the horizontal stress distribution in the mining area after the fourth round of excavation and filling. The maximum horizontal stress is concentrated at the intersection of the coal pillars and the immediate roof on both sides of the mining area, and gradually decreases along the height direction. The maximum horizontal stress of the column increases very little, which coincides with the little increase of the horizontal deformation of the two sides after four rounds of excavation and filling.



Figure 17 is the cloud diagram of the vertical stress distribution in the mining area after four rounds of excavation and filling. After the four rounds of excavation and filling, the maximum vertical stress is concentrated in the coal pillars on both sides of the mining area. The larger the mining width, the larger the mining area after four rounds of excavation and filling and the greater the vertical stress of the coal pillars on both sides, and the filling body has not been fully loaded after the excavation and filling of the working face.





3.5. Surface Movement Analysis


In summary, the analysis of the surrounding rock deformation, surrounding rock stress, and surface movement at the filling face under different mining widths and different retrieval sequences shows that:



(1) From the perspective of controlling the deformation of the surrounding rocks, the mining sequence of option II is conducive to the support of the working face and more favorable to the management of the roof. The smaller the mining width, the more favorable it is to the support of the working face; when the mining width reaches 7 m, the roof is difficult to manage, thus the mining width is best controlled below 7 m.



(2) From the perspective of the stress distribution in the surrounding rock, the vertical stress and horizontal stress during the digging and filling process of option II are smaller than those of option 1. The smaller the mining width, the smaller the increase in stress caused by digging and filling, and the more conducive it is to the stability of the coal column and the filling body. However, under the conditions of too small a mining width, the number of working faces increases significantly, the number of moves of digging and filling equipment will increase, and the support costs of the working face will be greatly increased.



(3) The following conclusions can be drawn from Figure 18 and Figure 19 and Table 6. From the point of view of surface control, the control effect of option I is slightly better than that of option II, both of which can ensure that the impact of mining on surface structures after mining is controlled within the range of Class I. The smaller the mining width, the better the control of surface movement.



Therefore, considering the support effect, surface control effect, and economic benefits of the working face, the mining sequence is selected as option II. In order to determine a reasonable mining width more accurately, the movement deformation law of the overburden and surface under the mining width of 5 m and 6 m are analyzed by similar simulation experiments next.





4. Similar Simulation Research on Rational Mining Width of Gangue-Filling in Thick Coal Seams without Support


A similarity simulation test is a model testing technique based on similarity theory, and the success of a similarity simulation test often depends on the degree of satisfaction of similarity conditions between the model and the prototype. The similarity simulation test is used to simulate the rock mass with materials similar to the mechanical properties of the prototype in a certain geometric scale, to excavate it, and to propose a basis and a way to improve and optimize the technical solution by measuring and analyzing its laws under the premise of meeting similar boundary and initial conditions [32,33,34].



4.1. Similar Material Model Design


The test combined rock layers with similar mechanical properties and used a 2500 mm × 200 mm plane stress test bench. Considering the height of the model, the geometric similarity ratio of the model was determined to be 1:400, and the geometric dimensions were (L × W × H) 2500 mm × 200 mm × 905 mm. The model layering is shown in Table 7, and the model material ratios are shown in Table 8.



The field model is shown in Figure 20. A total of 24 working faces were laid out in this test, with 12 5 m strip faces and 12 6 m strip faces. After excavation of the roadway was completed, 10 min was waited to provide sufficient time for the deformation of the roadway envelope, and then filling was carried out. The mining sequence was in accordance with option II above.




4.2. Deformation Analysis of Overlying Rock after Four Rounds of Excavation and Filling


From Figure 21 and Table 9, it can be seen that:



	(1)

	
After the end of four rounds of excavation and filling, all the coal in the mining area was extracted, the overlying rock layer in the mining area was supported by the filling body, and the top plate will sink further with the compression of the filling material, but the increase of the top plate sinking was not obvious.




	(2)

	
The working face was filled after mining, and the filling body effectively controlled the movement of the overlying rock layer. In addition, the sinking of the rock layer above was greatly influenced by the compression properties of the filling body.




	(3)

	
The subsidence of the surface was still synchronized with the subsidence of the topsoil layer 300 m above the coal seam, the increase in the subsidence of the topsoil layer was less than the increase in the subsidence of the rock seam, and the influence of the mining width on the surface was gradually obvious as the mining area increased.







The analysis of the overburden deformation law under different mining widths through similar simulation tests shows that when the number of working faces is small, the overburden deformation law is more or less the same when the mining width is 5 m and 6 m, and with the increase of the number of working faces, the increase of mining width will lead to the increase of overburden and surface deformation. After the working face is mined and filled, the roof is well controlled under the support of the filling body, and there is a key layer to control the overburden and surface deformation at 80 m above the coal seam. The similar simulation results are close to the numerical simulation results, which shows that the study on the control of surface deformation of unsupported thick coal seam gangue-filling mining is reasonable.





5. Conclusions


This paper researches gangue-filling mining under the condition of no support in thick coal seams, analyzes the movement law of the overlying rock layer during mining, and can effectively control the surface subsidence while dealing with coal mine solid waste, and the main findings are as follows.



	(1)

	
Through rock mechanics experiments, it was determined that the average compressive strength of sandstone in the study area is about 77.45 MPa and the tensile strength is about 4.52 MPa. In addition, the compressive strength of mudstone is about 19.86 MPa, and the tensile strength is about 1.56 MPa. The reasonable mining width of the mining area should be between 4 and 7 m through theoretical analysis.




	(2)

	
The numerical simulation results show that, considering the control of surrounding rock deformation angle and surrounding rock stress distribution, the skip mining sequence with large intervals in option II in this paper can fully solidify the filling material and is more conducive to controlling roof and surface settlement.




	(3)

	
With the increase of the number of working faces, the increase of mining width will lead to the increase of overburden and surface deformation. When the mining width reaches 7 m, the amount of overburden sinking and sinking speed will increase significantly. The smaller the mining width, the smaller the stress increase caused by digging and filling, and the more conducive it is to the support of the working face and the stability of the coal column and filling body. However, if the mining width is too small, it will significantly increase the number of working faces, and the support cost will increase greatly.




	(4)

	
The results of similar simulation tests show that the overburden deformation pattern is more or less the same when the mining width is 5 m and 6 m. After the working face is mined and filled, the roof is better controlled under the support of the filling body, and there is a key layer to control the deformation of the overburden and surface at 80 m above the coal seam.
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Figure 1. Schematic diagram of the location of the mining area. 
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Figure 2. Example of sample in the experimental part. 
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Figure 3. Mudstone sample on the floor of hole No. 3 in the experiment. 






Figure 3. Mudstone sample on the floor of hole No. 3 in the experiment.



[image: Minerals 13 00053 g003]







[image: Minerals 13 00053 g004 550] 





Figure 4. Sandstone sample from the floor of hole No. 3 in the experiment. 
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Figure 5. Roof mudstone sample from hole No. 3. 
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Figure 6. Thick coal seam gangue-filling mining model. 
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Figure 7. Simulation test plan. 
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Figure 8. Horizontal displacement cloud for (a) 4 m, (b) 5 m, (c) 6 m, and (d) 7 m. 
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Figure 9. Vertical displacement cloud for (a) 4 m, (b) 5 m, (c) 6 m, and (d) 7 m. 
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Figure 10. Overburden vertical deformation curve for (a) 4 m, (b) 5 m, (c) 6 m, and (d) 7 m. 
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Figure 11. Horizontal displacement cloud for (a) 4 m, (b) 5 m, (c) 6 m, and (d) 7 m. 
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Figure 12. Vertical displacement cloud for (a) 4 m, (b) 5 m, (c) 6 m, and (d) 7 m. 
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Figure 13. Vertical displacement cloud map of (a) 4 m, (b) 5 m, (c) 6 m, and (d) 7 m. 
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Figure 14. Horizontal stress distribution cloud for (a) 4 m, (b) 5 m, (c) 6 m, and (d) 7 m. 
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Figure 15. Cloud of vertical stress distribution for (a) 4 m, (b) 5 m, (c) 6 m, and (d) 7 m. 
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Figure 16. Horizontal stress distribution cloud for (a) 4 m, (b) 5 m, (c) 6 m, and (d) 7 m. 
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Figure 17. Cloud of vertical stress distribution for (a) 4 m, (b) 5 m, (c) 6 m, and (d) 7 m. 
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Figure 18. Surface subsidence curve. 
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Figure 19. Surface horizontal movement curve. 






Figure 19. Surface horizontal movement curve.



[image: Minerals 13 00053 g019]







[image: Minerals 13 00053 g020 550] 





Figure 20. Model measurement point layout. 
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Figure 21. Sinking curve after completion of four rounds of excavation and filling. 
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Table 1. Patch 12 borehole column.
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	Rock Name
	Breadth
	Thickness
	Lithological Description





	Fine-grained sandstone
	212.6
	118.3
	Off-white, thinly laminated, quartz-dominated.



	Mudstone
	256.55
	43.95
	Grey-black, friable, with fossilized plants.



	Fine-grained sandstone
	287.05
	30.5
	Off-white, quartz and feldspar in composition, with a small amount of mica.



	Mudstone
	325.80
	38.75
	Grayish black, thinly laminated, with more fine sand at the base.



	Coal
	332.15
	6.35
	Gray-black-black with black stripes, predominantly lumpy, glassy luster, jagged fracture, semi-bright coal.



	Fine-grained sandstone
	335.70
	3.55
	Gray, laminar, semi-hard, mainly quartz and mica, with argillaceous structure at the top.



	Mudstone
	345.15
	9.45
	Grayish black, lumpy, with a flatter fracture.



	Medium-grained sandstone
	345.75
	0.60
	Grey, quartz-dominated, semi-hard.



	Mudstone
	348.15
	2.40
	Gray-black, lumpy, flat fracture.
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Table 2. Summary of mechanical parameters of the Sima mine roof and floor samples.
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	Type
	Compressive Strength/MPa
	Tensile Strength/MPa
	Modulus of Elasticity

/GPa
	Poisson’s Ratio
	Cohesion

/MPa
	Internal Friction Angle

/(°)





	Average of old roof coarse grain sandstone
	76.53
	3.59
	33.58
	0.217
	9.53
	34.69



	Average of immediate roof mudstone
	17.29
	1.57
	22.14
	0.264
	3.63
	25.33



	Average of coal
	24.41
	0.98
	9.35
	0.31
	1.13
	36.52



	Average of immediate bottom fine-grained sandstone
	78.38
	5.46
	36.03
	0.199
	9.78
	35.32



	Average of old bottom mudstone
	22.42
	1.55
	22.35
	0.265
	3.59
	24.70
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Table 3. Mechanical parameters of the rock mass.
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	Rockiness
	Density (kg/m3)
	Bulk Modulus (GPa)
	Shear Modulus (GPa)
	Cohesion (MPa)
	Tensile Strength (MPa)
	Angle of Internal Friction (°)





	Topsoil
	1400
	0.017
	0.1
	0.4
	0.04
	15



	siltstone interbedded with fine sandstone
	2500
	5.0
	3.75
	8.7
	3.21
	32



	Mudstone
	2500
	4.464
	3.074
	3.7
	1.48
	26



	Mudstone-sandstone interlayer
	2500
	4.598
	3.306
	3.9
	2.42
	30



	Mudstone
	2500
	3.819
	2.88
	3.7
	1.48
	26



	Mudstone-sandstone interlayer
	2500
	4.598
	3.306
	3.9
	2.42
	30



	Fine-grained sandstone
	2500
	5.0
	3.75
	9.5
	3.59
	35



	Mudstone
	2500
	3.819
	2.88
	3.5
	1.57
	26



	Coal
	1500
	1.94
	1.46
	1.8
	1.0
	24



	Mudstone-sandstone interlayer
	2500
	4.657
	4.095
	3.8
	2.34
	28



	Filling body
	1680
	0.21
	0.12
	1.4
	0.244
	27
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Table 4. Maximum overburden subsidence for different mining width conditions.
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Rock Location

	
Maximum Overburden Subsidence/mm




	
4 m

	
5 m

	
6 m

	
7 m






	
Direct top

	
135

	
156

	
199

	
228




	
11 m above the coal seam (old top)

	
113

	
135

	
156

	
177




	
78 m above the coal seam

	
48

	
63

	
79

	
97




	
289 m above the coal seam (topsoil)

	
27

	
37

	
47

	
59




	
The surface (of the earth)

	
29

	
39

	
49

	
63
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Table 5. Maximum overburden subsidence for different mining width conditions.
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Rock Location

	
Maximum Overburden Subsidence/mm




	
4 m

	
5 m

	
6 m

	
7 m






	
Direct top

	
134

	
156

	
178

	
217




	
11 m above the coal seam (old top)

	
112

	
135

	
155

	
173




	
78 m above the coal seam

	
45

	
61

	
78

	
94




	
289 m above the coal seam (topsoil)

	
24

	
33

	
44

	
55




	
The surface (of the earth)

	
25

	
35

	
47

	
58
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Table 6. Surface deformation under different mining width conditions.
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Deformation Indicators

	
Option I

	
Option II




	
4 m

	
5 m

	
6 m

	
7 m

	
4 m

	
5 m

	
6 m

	
7 m






	
Maximum sink/mm

	
−141

	
−139

	
−143

	
−145

	
−145

	
−134

	
−157

	
−154




	
Maximum horizontal movement/mm

	
74

	
73

	
75

	
75

	
76

	
71

	
82

	
80




	
Maximum inclination/mm/m

	
−0.54

	
−053

	
−0.54

	
−0.54

	
−0.56

	
−0.53

	
−0.58

	
−0.57




	
Maximum curvature /10-3 mm/m2

	
−4.5

	
−4.6

	
−4.5

	
−4.6

	
−4.9

	
−4.9

	
−4.5

	
−4.6




	
Maximum horizontal deformation/mm/m

	
−0.56

	
−0.56

	
−0.56

	
−0.56

	
−0.59

	
−0.57

	
−0.58

	
−0.58
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Table 7. Distribution of similar material model rock formations.
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	Number
	Rockiness
	Prototype Thickness/m
	Model Thickness/mm





	1
	Topsoil
	76.15
	190



	2
	Siltstone interbedded with fine sandstone
	18.15
	45



	3
	Mudstone
	118.3
	296



	4
	Mudstone-sandstone interlayer
	43.95
	110



	5
	Mudstone
	30.5
	76



	6
	Mudstone-sandstone interlayer
	38.75
	97



	7
	Coal
	6.35
	16



	8
	Mudstone-sandstone interlayer
	30.05
	75
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Table 8. Table of model material ratios.
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	Number
	Rockiness
	Proportion Sign

(Sand:Mica Powder:Cements)
	Cement

(Gypsum:Calcium Carbonate)
	Sand

/kg
	Mica/kg
	Gypsum/kg
	Calcium Carbonate/kg
	Sawdust/kg





	1
	Topsoil
	86:0:4 (sawdust 10)
	2:2
	131.31
	
	3.05
	3.05
	15.3



	2
	Siltstone interbedded with fine sandstone
	80:17:3
	7:3
	28.93
	6.15
	0.76
	0.32
	



	3
	Mudstone
	73:23:4
	3:7
	173.64
	54.71
	2.85
	6.66
	



	4
	Mudstone-sandstone interlayer
	73:23:4
	7:3
	64.53
	20.33
	2.47
	1.06
	



	5
	Mudstone
	73:23:4
	3:7
	44.58
	14.05
	0.73
	1.71
	



	6
	Mudstone-sandstone interlayer
	80:17:3
	7:3
	62.36
	13.25
	1.64
	0.7
	



	7
	Coal
	90:0:6 (sawdust 4)
	3:3
	11.57
	
	0.39
	0.39
	0.51



	8
	Mudstone-sandstone interlayer
	80:18:2
	7:3
	48.22
	10.85
	0.84
	0.36
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Table 9. Maximum overburden subsidence for different mining width conditions.
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Rock Location

	
Maximum Overburden Subsidence/mm




	
5 m

	
6 m






	
20 m above the coal seam

	
139

	
157




	
60 m above the coal seam

	
67

	
85




	
80 m above the coal seam

	
47

	
56




	
300 m above the coal seam (topsoil)

	
37

	
47




	
The surface (of the earth)

	
38

	
49
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