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Abstract

:

The traditional backfill mining method is a technology developed by the general trend of green coal mining, but with a high cost and an impact on production efficiency. This paper proposes a structured backfill mining method with high-water materials and pillars. The evolution of roof pressure appearance is assessed through the sensor and monitoring system in the hydraulic support. The main roof fracture step distance is determined based on the roof structure characteristics of backfill mining, and the backfill step distance of underground structural backfill is 22.7 m considering the safety factor. Through the simulation results of Abaqus commercial simulation software, the roof subsidence evolution of different backfill schemes under temporary load and permanent load is compared, and the rationality of the backfill step distance is verified. Based on the probability integral method, the surface subsidence prediction model is proposed, then the final value and the maximum dynamic change value of the surface subsidence at the north and south ends of the interchange bridge by traditional mining and backfill mining are analyzed, which verifies the rationality of the structural backfill mining method.
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1. Introduction


Ground subsidence mitigation regarding backfill mining is inextricably linked to backfill mining technology [1,2,3,4,5]. Towards the extent that solid backfill can be used to control ground subsidence, some scholars have conducted systematic analyses of the equivalent mining diameter theory of strata movement in backfill mining, developed a structural mechanics model of strata movement in high-density backfill mining, and performed continuous medium mechanics analysis [6,7,8]. It is proposed that when the probability integral approach is employed to predict ground sinking regarding dense filling, the traditional ground subsidence prediction specifications will be adjusted [9,10].



Additionally, some scholars established a model for estimating solid-filled coal mining subsidence based on the equivalent mining height theory, suggested a design procedure for solid-filled mining under buildings, as well as described a strategy for determining the probability integral method’s parameters [11,12,13]. Vyazmensky et al. [14] and Hamdi et al. [14,15] constructed a computational model of ground subsidence in backfill mining and simulated it using discrete element and finite difference methods. Li et al. [16] developed a method for calculating subsidence regions using a surface subsidence database and described the principles, specifications, methodologies, and steps for sketching a subsidence boundary, completed a quantitative assessment of underground coal mining damage caused by surface subsidence and promoted the use of Geographic Information System (GIS) in mining damage assessment. Shi et al. [17] constructed a simulation experiment methodology to examine the propagation of cracks in overlaying layers based on the real mechanical characteristics of rock and soil in goaf. Lamich et al. [18] proposed a novel, self-contained approach for evaluating the linear direction of potentially hazardous locations in order to estimate the impact of underground coal mining on future development. It is proposed that standard geodetic monitoring of roadways be developed as a stand-alone technique for identifying hazardous regions in foundation engineering. The laws of overburden movement, the process of overburden collapse, and the dynamic behaviors of overburden are the primary concerns of subsidence theory [15,19,20,21,22,23,24]. The laws of strata movement and surface subsidence are studied by scholars from different scopes. On the one hand, it is concerned with analyzing the mechanical mechanisms behind the behavior of mining rock masses through the examination of overburden failure, deformation, and movement laws, and then with analyzing surface deformation and failure [25,26,27]. On the other hand, it has created significant achievements in both theoretical and practical investigations, which concentrate on the mathematical analysis and assessment of the mining rock mass’s behavior, beginning with research into the surface curvature and failure laws and progressing to the analysis of the overlaying rock’s distortion and breakdown [10,23,28,29,30]. The strata stabilization theory is determined by the relationship between overburden deformation and failure and the ground on the ground, which differs from the relationship observed in traditional mining [18,31,32,33]. Hence, the strata systems theory of backfill mining provides the foundation for studying the deformation and breakdown of overburden and ground subsidence, for determining the filling method, filling material performance, and support strength, and for representing a critical comparison for cost reduction. As a result, it is essential to expand studies into the strata mitigation theory of backfill mining [25,27,30].



Currently, mining technology for “three under” coal pressure consists primarily of multiple methodologies: protective coal pillar locations, goaf backfill mining, incomplete mining, goaf gangue space grouting filling, and overburden separation zone grouting [34,35]. The traditional “three under” mining technology suffers from inefficiency and resources wastage. The Liangshuijing coal mine 421 area mined a total of 14 working faces from panel 42,101 to panel 42,114. Now, there is a challenge with “three under” coal pressure in panel 42,115. If the backfill protection mining strategy is not implemented, a considerable number of protective coal pillars will need to be installed in the 42,115 panel at the interchange bridge section. On the one hand, this will result in a significant waste of coal resources. On the other hand, when mining the 42,115 panel, the working face’s equipment must be relocated, significantly reducing the working face’s production efficiency. The efficient processing of 42,115 work faces while ensuring the safety and stability of the interchange bridge is a critical factor at the Liangshuijing coal mine. Thus, research on structural backfill mining methods based on roof structural characteristics is being conducted in order to give theoretical and technological guidance for ensuring interchange bridge mining protection.



Therefore, the objectives of this paper are:




	-

	
Propose a roof subsidence numerical simulation method and determine the structural backfill parameters;




	-

	
Theoretical basis and application of a ground subsidence prediction model;




	-

	
To develop an efficient structural backfill method through “three under” coal mining, to be combined with high-water materials filling barricades and pillars.










2. Geological Conditions and Structural Backfill Schemes


2.1. Geological Conditions of Working Face under Interchange Bridge


The Liangshuijing coal mine is about 16 km west of Shenmu County, Yulin City, Shaanxi Province, with the following geographic coordinates: 110°14′22″–110°21′24″ E, 38°47′29″–38°53′24″ N (shown in Figure 1a). The relationship between interchange bridge above 42,115 working face and underground mining is shown in Figure 1b, the 42,115 fully mechanized working face is located to the north of the 421 mine area. The length and width of the 42,115 panel are 4380 m and 330 m, respectively. The buried depth of the coal seam (42#) near the 42,115 and 42,114 panels is 250 m. The geological drilling near interchange bridge shows that the roof and floor rock properties of 42,115 working face are shown in Figure 2, the coal seam has a dip angle of about 1°~3° and an average thickness of about 3.5 m. The lithology is mostly mudstone and siltstone, and the coal seam structure is complex. The lithology of the roof is mainly siltstone and fine sandstone, locally medium grained sandstone, and mudstone, and occasionally mudstone pseudo roof, which is a class II medium stable roof. The lithology of the coal seam floor is mainly siltstone, locally fine sandstone, and mudstone. The average thickness of the immediate roof is about 5.0 m, and the average thickness of the main roof is about 15.0 m.




2.2. Mine Pressure Evolution of the Working Face around the Interchange Bridge


2.2.1. Mine Pressure Evolution Monitoring and Result of the 42,114 Working Face


ZY12000/20/40D (a hydraulic support codename) hydraulic support was used in the 42,111 working face, and a German Marco control and monitoring system was installed on the support for real-time monitoring. The Marco system consists of three parts at the control level, mechatronics control at the level of single hydraulic support, fieldbus control at the level of working face and Supervisory Control and Data Acquisition (SCADA, production process control) control at the level of channel. The controllers in the fully mechanized working face are connected into a control system through the cables between the supports. Through the bus communication technology, the fieldbus control system including all the hydraulic supports in the working face is formed. The data is transmitted to the ground monitoring host, and the monitoring results are obtained after the system program analysis and processing. The mine pressure monitoring equipment system can monitor the stope pressure behavior in real time, analyze the mine pressure data reasonably, and then forecast the failure of the roof based on the stope pressure behavior.



During the mining process of the 42,114 panel, the working resistance of the hydraulic support was monitored in the area (745 m~800 m) potentially affected by the interchange bridge, and the specific monitoring location is shown in Figure 3. The working resistance monitoring results of the upper area hydraulic support (15#, 20#), the middle area hydraulic support (70#, 78#, 115#, 121#), and the lower area hydraulic support (160#, 168#) in the 745 m~800 m monitoring area are shown in Figure 4a–h.



The evolution of hydraulic support working resistance is a common method to predict the distance of the periodic pressure of the roof [36]. Usually, the sum of the average working resistance of the hydraulic support and the variance of its average value is used as the index of the periodic pressure judgment. The judgment criteria are as follows:


  P =    P t   ¯  +  σ P   



(1)






   σ P  =    1 n    ∑  i = 1  n        p  t i   −    p t   ¯     2       



(2)






     P t   ¯  =  1 n    ∑  i = 1  n    p  t i      



(3)




where  P  is the period of pressure criterion, MPa;      P t   ¯    is the average value of hydraulic support resistance at the end of the cycle, MPa;    σ P    is the variance of the mean value of the resistance of the hydraulic support at the end of the cycle, MPa; and    p  t i     is the working resistance of the hydraulic support at the end of the cycle, MPa.



According to Figure 4a–g, with the change of the advancing distance of the 42,114 working face, the hydraulic support resistance of the three areas shows periodic changes. Furthermore, the upper monitoring area (Figure 4a,b) hydraulic supports maximum working resistance of 32.1 MPa, 33.0 MPa, average working resistance of 25.20 MPa, 25.14 MPa, and periodic pressure distances of 14.5 m, 19 m, and 17 m, the average periodic distance is 16.1 m; the middle monitoring area (Figure 4c–f) hydraulic supports maximum working resistance of 42.9 MPa, 43.1 MPa, 41.2 MPa, 42.5 MPa, average working resistance of 25.04 MPa, 24.45 MPa, 25.11 MPa, 24.81 MPa, and periodic pressure distances of 20 m, 18.8 m, and 19.8 m, the average periodic distance is 19.7 m; the upper monitoring area (Figure 4g,h) hydraulic supports maximum working resistance of 30.9 MPa, 33.7 MPa, average working resistance of 25.02 MPa, 24.52 MPa, and periodic pressure distances of 13 m, 17 m, 15 m, 16 m, and 14.5 m; the average periodic distance is 15.3 m. Combined with Table 1, the upper hydraulic support resistance and the lower hydraulic support resistance of the working face are slightly lower than the middle hydraulic support resistance, which is consistent with the previous research result [36,37] for the period pressure distance evolution. The periodic pressure step distance is about 15.3 m~19.7 m, with an average value of 17.0 m.




2.2.2. General Situations of Backfill Strategies


Figure 5 depicts the relationship between the 42,115 working face and its interchange bridge. The open-off cut width of 42,115 working face is 330 m, and the mining has been completed near 42,114 working face. The width of the yielding coal pillar between the two working faces is 10 m. In order to reduce the impact of 42,115 working face mining on the stability of the interchange bridge, it is necessary to carry out certain protective mining in the corresponding area under the interchange bridge and carry out structural backfill in a certain direction of the 42,115 working face. Under the protection of structural backfill, it is necessary to ensure that 42,115 working face mining has as little impact on the interchange bridge as possible. The feasible backfill technology scheme of 42,115 working face passing through the interchange bridge has also been determined.



When the 42,115 working face is mined to the backfill position, the roof is maintained by means of net laying, roof rock bolts, and anchor cables. The channel formed by the backfill support is used to transport the single hydraulic prop and wooden stack to the goaf. At the same time, the high-water materials are used to fill the isolation wall, so that the height of the roof and floor can reach 3.4 m. To fill the steel pipes, new high-water materials with high strength and pumpability are used. The cast-in-place support pillars and the gangue (high-water materials filling) between the pillars are used to support the roof. The initial roof support parameters in the backfill area are shown in Table 2.






3. Theoretical Model of Backfill Parameters and Finite Element Simulation of Roof Subsidence


3.1. The Ultimate Collapse Step Distance of the Main Roof of Underground Structural Backfill


The study and application of structural backfill technology of goaf with high-water materials and pillars is an innovative approach to solve the problem of coal mining in 42,115 working face of Liangshuijing coal mine passing through the interchange bridge. The high-water materials have the performance of fast loading, and it supports the main roof load together with the pillars. In the underground structural backfill area, when the filling barricades bear the immediate roof, the determination of the ultimate fracture step distance of the main roof is the key factor in studying the partition size of structural backfill.



3.1.1. Assessment of the Main Roof Load Using the Periodic Weighting Step Distance


According to the mine pressure observation of Liangshuijing coal mine, in the mining process of 42,114 working face, which is adjacent to 42,115 working face in the study area, the periodic weighting step distance is 15~19 m, with an average of 17 m. In the case of the traditional mining process of 42,115 working face, the main roof periodic weighting beam structure is a cantilever beam, as shown in Figure 6, the stress structure diagram and bending moment of the beam are as follows [38,39]:



According to the force and bending moment diagram, it can be determined that, at the point   x = 0  , the force  F  is:


  F = − q l  



(4)




where  l  is the length of the cantilever beam;  q  is the uniform load on the cantilever beam.



When   x = 0  , the maximum bending moment  M  is:


  M = −  1  2 q  l 2     



(5)







Normal stress  σ  at any point in the cantilever beam is:


  σ = −   M y    I z     



(6)







The maximum bending moment occurs at   x = 0  ,   y = ±  h / 2   , so:


   σ  max   = −    1 2  q  l 2   h 2     1  12    h 3    =   3 q  l 2     h 2     



(7)




where    σ  max     is the maximum normal stress in the cantilever beam;  h  is the thickness of the cantilever beam.



When    σ  max   =  R T   , the rock layer’s normal stress achieves its ultimate tensile strength, the rock layer splits at this point, and the ultimate span of beam fracture is:


   L  l T   = h      R T    3 q      



(8)







Owing to the 42,115 working face’s rock tensile strength    R T  = 1.9    MPa   , the periodic weighting step distance    L  l T   = 17    m   , and the thickness of the main roof   h = 15    m   , so:


  q =    R T   h 2    3  L  l T     2    =   1.9 ×   10  6  ×   15  2    3 ×   17  2    Pa = 0.493   MPa  



(9)








3.1.2. Estimation of the Main Roof Fracture Step Distance Based on the Backfill Structure


Under backfill structure conditions, the periodic weighing step distance of the main roof is modelled as a mechanical structure with fixed-freely-supported, and the elastic-plastic bending of beams is assumed as follows [40,41]:



(1) The main roof material is ideal rigid plastic, that is to say, the rigid plastic deformation model is adopted without considering the elastic properties and strengthening effect of the material;



(2) Rock is a brittle material. Before failure, the deformation of the structure is small enough, and the geometric relationship of material deformation is linear;



(3) Before reaching the ultimate load, the structure will not lose its stability.



Figure 7 shows the stress analysis and bending moment diagram of fixed-freely-supported after backfilling with high-water materials in the structural backfill system.



According to the principles of structural mechanics and elastic mechanics:


   F 0  Δ 1 l + Δ 1 p = 0  



(10)







In addition:


  Δ 1 l =  1 3   l 3     l  E I     , Δ 1 p =  1 8  q  l 4     l  E I      



(11)







Then:


   F 0  = −  3 8  q l ,  F l  = −  5 8  q l  



(12)







It can be determined according to the bending moment diagram: when   x =   3 l  / 8   , the bending moment  M  is the maximum,   −   9 q  l 2   /  128    .



Normal stress  σ  at any point in the fixed-freely-supported beam is:


  σ = −   M y    I z     



(13)







The maximum bending moment occurs at   x =   3 l  / 8   ,   y = ±  h / 2   , so:


   σ  max   = −    9  128   q  l 2   h 2     1  12    h 3    =   27 q  l 2    64  h 2     



(14)







When    σ  max   =  R T   , the rock layer’s normal stress develops its ultimate tensile strength, the rock layer splits at this point, and the ultimate span of beam fracture under the condition of the support of the wall filled with the underground structural filling high-water materials are:


   L  l T   = 8 h      R T    27 q      



(15)







According to the model result above, the main roof load q is equal to 0.493 MPa, so the ultimate span of beam fracture    L  l T   = 45.33    m   , and considering the safety factor of 2.0, the backfill step distance is 22.7 m.




3.1.3. The Procedure of Resolving Beam Load Problems


The beam load is determined using composite beam theory. The immediate roof, the main roof, and the strata of each stratum comprise the upper portion of the coal seam. It must meet the uniform load of the overlaying strata in this location [38,42]. As illustrated in Figure 8, there are m layers of strata above the backfill barricade, with the elastic modulus, thickness, and volume force of each layer being    E i   (i = 1,2,…, m),    h i   (i = 1,2,…, m), and    γ i   (i = 1,2,…, m), respectively.



Assume that the main roof is the first layer, with n strata controlled by it. The n layers maintain contact, and the lower layer’s deformation governs the top layer’s deformation. Together, the n layers create a composite beam. According to composite beam theory, the rock section’s bending moment M and shear force Q fulfil the following equation:


      Q =  Q 1  +  Q 2  + ⋯ +  Q n      M =  M 1  +  M 2  + ⋯ +  M n       



(16)







In the case of structural backfill mining, the subsidence deformation of the composite beam is small, and the curvature of each rock stratum in the composite beam is consistent after deformation:


   k i  =  1   ρ i    =        M i     x     E i   I i     



(17)




where    ρ i    is the curvature radius of layer i,    E i    is the elastic modulus of layer i, and    I i    is the moment of inertia of the  i  stratum.


     M 1     E 1   I 1    =    M 2     E 2   I 2    = ⋯ =    M n     E n   I n     



(18)




That is:


         M 1     x         M 2     x    =    E 1   I 1     E 2   I 2    ,        M 1     x         M 3     x    =    E 1   I 1     E 3   I 3    , ⋯ ,        M 1     x         M n     x    =    E 1   I 1     E n   I n     



(19)




In addition:


   M x  =      M 1     x  +      M 2     x  + ⋯ +      M n     x  =      M 1     x    1 +    E 2   I 2  +  E 3   I 3  + ⋯ +  E n   I n     E 1   I 1       



(20)




The shear force is the first derivative of the bending moment, so:


    d M   d x   = Q  



(21)




That is:


       Q 1     x  =    E 1   I 1     E 1   I 1  +  E 2   I 2  + ⋯  E n   I n    ⋅  Q x   



(22)




The beam load is the first derivative of the shear force, so,


    d Q   d x   = q  



(23)




That is:


       q 1     x  =    E 1   I 1     E 1   I 1  +  E 2   I 2  + ⋯  E n   I n    ⋅  q x   



(24)




In addition:


       q x  =  γ 1   h 1  +  γ 2   h 2  + ⋯ +  γ n   h n       I 1  =   b  h 1    3    12   ,  I 2  =   b  h 2    3    12   , ⋯ ,  I n  =   b  h n    3    12        



(25)




       q 1     x    is the load formed when considering the influence of n layers on the first layer, which is        q n     1   , then:


       q n     1  =    E 1   h 1    3     γ 1   h 1  +  γ 2   h 2  + ⋯ +  γ n   h n       E 1   I 1  +  E 2   I 2  + ⋯  E n   I n     



(26)




The roof load of the filling barricade in the backfill structure, Q, is:


  Q =  q 1  +  q 2  = 0.618   MPa  



(27)







According to the calculation of coal seam buried depth, the permanent load that the filling barricade needs to bear is 3.75 MPa (permanent load).





3.2. Subsidence Analysis of Main Roof and Immediate Roof Using Finite Element Model


According to the rock drilling histogram in Section 2, the thickness of the overlying immediate roof is 5 m, and the thickness of the floor is 10 m. The full-scale model was established by Abaqus [39] as shown in Figure 9, and the dimensions of the immediate roof and floor are adjusted with the spacing of the supporting barricades, and the corresponding parameters of the rock stratum are defined; Hexahedral element (HEX) is adopted for rock stratum and pillars, consolidation constraint is adopted for wall bottom, hard contact force is adopted for barricade and immediate roof and floor, and tie constraint is applied for relative space position. The subject of this section is the influence of different filling parameters on roof subsidence. The main factors considered are the influence of temporary load and permanent load on roof subsidence. The influence of immediate roof and main roof mechanical parameters has exceeded the scope of this paper. Therefore, in the simulation process, the immediate roof and the main roof are simplified to the same material, called the “upper rock layer”, with a thickness of 20 m. The mechanical parameters applied in the model are shown in Table 2. The dimension of the “upper rock layer” is 330 m in length and 20 m in height, with mesh of 1 m in all three directions. The applied surface load has been calculated to be 0.618 MPa (temporary load) and 3.75 MPa (permanent load).



In the X positive and negative direction of the coordinate system, the filled partition barricade model sets the position for the partition barricade, and the mechanical behavior of directly jacking in these areas completely depends on the support effect of the barricade, so there is no constraint condition. So, its deformation behavior can only be obtained through the constraint effect of the barricade. In the Y positive and negative direction of the coordinate system, the negative direction of the Y coordinate is the coal wall, which is set as a fixed constraint. The square of the Y coordinate is the direction of the connecting roadway, which can be different according to different reinforcement schemes, so there is no constraint.



According to the method in GB50936-2014 [43], GB50017-2017 [44], the ultimate bearing capacity of the precast concrete-filled steel tube pillars is calculated, and the relevant parameters of the Φ 500 mm L 4000 mm pillars under the temporary load of 0.618 MPa are shown in Table 3.



Through the above model, the finite calculation of the temporary wall support is carried out, and the deformation law of the roof is analyzed when the support wall spacing is 5 m, 10 m, 15 m, and 20 m respectively.



Through the comparative analysis of the subgraphs in Figure 10, the maximum settlement of the roof is in the center of the two wall supports in the X direction, and the vertical deformation of the wall support area and the wall is small, which also conforms to the deformation law of the unidirectional slab under uniform load. When only temporary load (0.618 MPa) is considered, the maximum settlement of direct roof with spacing of 5 m, 10 m, 15 m, and 20 m is 2.584 mm, 7.787 mm, 23.32 mm, and 63.24 mm, respectively. Considering the permanent support load (3.75 MPa), the maximum settlement of the roof with the spacing of 5 m, 10 m, 15 m, and 20 m is 15.68 mm, 47.25 mm, 144.6 mm, and 598.03 mm, respectively.



The numerical variation law of the maximum settlement area of the roof is shown in Figure 11. The settlement rate of the immediate roof increases with the increase of the spacing between the supporting barricades. The settlement rate of the immediate roof increases more rapidly in the section of 15~20 m, and the settlement rate of the immediate roof increases more gently in the section of 5~10 m. The maximum displacement calculated by the column model with boundary constraints is 8.375 mm, while the maximum settlement calculated by the 5 m and 10 m infilled pillar support scheme is 2.584 mm and 7.787 mm, which shows that the infilled wall construction scheme is more reasonable. The infilled wall restricts the roof settlement to a certain extent, the construction is more convenient, and the cost is relatively low.




3.3. Determine the Structure Backfill Mining Parameters


(1) Material and size selection of pillars



The pillars support the roof strata of the backfill area. Related parameters such as pillar size and materials are discussed in Section 3.2. There are mainly three commonly used concrete types for the materials of the pillars, namely C35, C40, and C60. In the structural backfill method, the column and the partition wall are supported together, and the bearing capacity of the column is not the most crucial factor. Therefore, the commonly used C35 concrete is selected. There are mainly two commonly used diameters for pillars, namely Φ 800 mm and Φ 500 mm. According to the calculation method of bearing capacity provided by GB50936-2014 [43], GB50017-2017 [44], the parameters of different types of pillars under the temporary load of 0.618 MPa are shown in Table 4. Φ 500 mm, although the bearing capacity provided is less than Φ 800 mm, because its weight is one-third of Φ 800 mm, the cost is one-half of Φ 800 mm. Therefore, a Φ 500 mm pillar prefabricated with C35 concrete was chosen.



(2) Material and size selection of barricade



Regarding the material of the filling barricade, concrete, sand, and gravel can be selected [45,46]. The selection of high-water materials has advantages over other materials due to its fast load-bearing characteristics. The mechanical load-bearing properties of high-water materials are discussed in detail in Section 5.1 and are also proven in previous literature [47,48]. In Section 3.2, the variation relationship of the roof subsidence of different backfill barricades spacing is simulated, and the roof subsidence is smaller under the filling barricade spacing of 5~15 m, considering the spacing and row spacing between the columns are both 4 m. Therefore, the spacing of the filling barricade is determined to be 12 m. In addition, the width of the filling barricade is 1.5 m, the maximum distance between the filling barricade and the pillars and the coal mining face is 22.7 m (discussed in Section 3.1.2).





4. Prediction Model of Mining Deformation and Subsidence and Its Application


4.1. Basic Theory of Prediction Model


The probability integral theory hypothesizes that the law of strata and surface movement induced by mining is comparable to the law given in macroscopic terms by the granular medium model as a randomized medium, and it has developed into one of the most matured and extensively used prediction methods [49,50,51].



As shown in Figure 12, unit   B   u , v     is mined in an inclined coal seam by taking ground coordinate system   x O y   and coal seam coordinate system   u  O y  v  . According to the principle of probability integral method, the subsidence value of surface point   A   x , y     caused by unit mining is:


   W e    x , y   =  1   r 2    exp   − π       x − u    2  +     y − v + H ⋅ c tan θ    2     r 2       



(28)




where r is the main influence radius at unit  B ,   r =  H /  tan β    ;  H  is the mining depth at unit  B ; tanβ is the tangent of the main influence angle;  θ  is the propagation angle of mining influence.



Accordingly, the inclination      i  e x     x , y   ,  i  e y     x , y      , curvature      K  e x     x , y   ,  K  e y     x , y      , horizontal movement      U  e x     x , y   ,  U  e y     x , y       and horizontal deformation      ε  e x     x , y   ,  ε  e y     x , y       of surface point   A   x , y     along   x , y   directions are as follows:


       i  e x     x , y   = −   2 π   x − u      r 2     W e    x , y        i  e y     x , y   = −   2 π   y − v + H ⋅ c tan θ      r 2     W e    x , y        



(29)






       K  e x     x , y   = −   2 π    r 2      1 −   2 π     x − u    2     r 2      ⋅  W e    x , y        K  e y     x , y   = −   2 π    r 2      1 −   2 π     y − v + H ⋅ c tan θ    2     r 2       W e    x , y        



(30)






       U  e x     x , y   = b ⋅ r ⋅  i  e x     x , y        U  e y     x , y   = b ⋅ r ⋅  i  e y     x , y   +  W e    x , y   ⋅ c tan θ      



(31)






       ε  e x     x , y   = b ⋅ r ⋅  K  e x     x , y        ε  e y     x , y   = b ⋅ r ⋅  K  e y     x , y   +  i  e y     x , y   ⋅ c tan θ      



(32)




where b is the horizontal displacement coefficient. According to the superposition principle, the subsidence   W   x , y     of surface point   A   x , y     caused by the whole coal seam mining is:


  W   x , y   =  W 0     ∫   s 3   l      ∫   s 1  cos α  L    W e    x , y         d v d u  



(33)




where    W 0    is the maximum subsidence,    W 0  = m q cos α  ;  m  is the normal mining thickness of coal seam;  q  is the subsidence coefficient;  α  is the dip angle of coal seam;


      l =  D 3  −  s 4      L =    D 1  −  s 2    cos α      



(34)




where    D 3    is the strike length of working face;    D 1    is the inclined length of working face;    s 1  ,  s 2  ,  s 3  ,  s 4    is the inflection point offset of the left and right boundary in downhill direction, uphill direction and strike direction, respectively.



On this basis, it can be deduced that the surface point   A   x , y     along any direction  φ , the inclination   i   x , y , φ    , curvature   K   x , y , φ    , horizontal movement   U   x , y , φ     and horizontal deformation   ε   x , y , φ     of the model are as follows:


  i   x , y , φ   =  W 0     ∫   s 3   l      ∫   s 1  cos α  L      i  e x     x , y   cos φ +  i  e y     x , y   sin φ         d v d u  



(35)






  K   x , y , φ   =  W 0     ∫   s 3   l      ∫   s 1  cos α  L      K  e x     x , y     cos  2  φ +  K  e y     x , y     sin  2  φ +   4  π 2    x − u     y − v + H ⋅ c tan θ      r 4     W e    x , y   sin 2 φ         d v d u  



(36)






  U   x , y , φ   =  W 0     ∫   s 3   l      ∫   s 1  cos α  L      U  e x     x , y   cos φ +  U  e y     x , y   sin φ         d v d u  



(37)






  ε   x , y , φ   =  W 0     ∫   s 3   l      ∫   s 1  cos α  L      ε  e x     x , y     cos  2  φ +  ε  e y     x , y     sin  2  φ +     8 b  π 2    x − u     y − v + H ⋅ c tan θ      r 3    ⋅  W e    x , y   +  i  e x     x , y   c tan θ   sin φ cos φ         d v d u  



(38)







When the surface is fully mined, the maximum deformation can be calculated by the following equation: Maximum value of ground surface subsidence,    W 0  = mqcos α  , inclination,    i 0  =    W 0   / r   , curvature,    k 0  =   ± 1.52  W 0   /   r 2     , horizontal movement,    U 0  = b  W 0   , and horizontal deformation,    ε 0  =   ± 1.52 b  W 0   / r   .




4.2. Input Parameters of the MSAS


The Mining subsidence prediction and analysis system (MSAS) was developed on the basis of the visual basic 6.0 system, which can truly realize the prediction calculation of surface subsidence, inclination, curvature, horizontal movement and horizontal deformation caused by mining of any shape working face [52]. In addition, the system has the advantages of simple data preparation and convenient operation, which abandons the traditional method of rectangular partitions for any working face, and adopts the integral method to calculate, which reduces the partition error and makes the calculation results more accurate. Consequently, the contour lines of maximum inclination, maximum curvature and maximum horizontal deformation can be given, which makes the analysis of mining damage easier. Considering the reasonable length of the article, there is no detailed study on the expected parameters, and the relevant parameters in the reference [53] are selected when the prediction model is applied, as follows:



(1) Normal mining prediction parameters of the MSAS:



Surface subsidence coefficient,   q = 0.72  , horizontal movement coefficient,   b = 0.3  , main influence angle tangent,   tan β = 1.8  , inflection point translation distance,    S 0  = 0.05 H  , mining influence spread angle,   θ = 90 − 0.5 α  .



(2) Backfill mining prediction parameters of the MSAS:



Surface subsidence coefficient,   q = 0.085  , horizontal movement coefficient,   b = 0.3  , main influence angle tangent,   tan β = 1.8  , inflection point translation distance,    S 0  = 0.03 H  , mining influence spread angle,   θ = 90 − 0.5 α  .




4.3. Model Application and Result Analysis


Through the calculation of the MSAS system, the surface subsidence and deformation of the interchange bridge area after 42,115 working face mining can be obtained. The contour map of surface subsidence and the contour map of maximum inclination, curvature and horizontal deformation are shown in Figure 13 and Figure 14.



The interchange bridge area final subsidence and maximum deformation values of normal mining and backfill mining are shown in Figure 13, Figure 14 and Figure 15. Under normal mining conditions, the maximum subsidence at the north end of the interchange bridge area is 2300 mm, and the maximum subsidence at the south end of the interchange bridge area is 2550 mm. Under backfill mining conditions, the maximum subsidence at the north end of the interchange bridge area is 240 mm, and the maximum subsidence at the south end of the interchange bridge area is 300 mm. Under normal mining conditions, the maximum inclination of the north end of the interchange bridge area is 15 mm/m, and under backfill mining conditions, the maximum inclination of the north end of the interchange bridge area is 1.8 mm/m. Under normal mining conditions, the maximum curvature of the north end of the interchange bridge area is −0.4 mm/m2, and under backfill mining conditions, the maximum curvature of the north end of the interchange bridge area is −0.1 mm/m2. Under normal mining conditions, the maximum horizontal deformation of the north end of the interchange bridge area is −12 mm/m, and under filling mining conditions, the maximum curvature of the north end of the interchange bridge area is −1.5 mm/m.



Due to the interchange bridge being located directly above the 42,115 working face, which is located in the center of the subsidence basin after mining, each deformation value is small. During the mining process, the interchange bridge is affected by various dynamic deformations, especially when the working face is pushed under the interchange bridge, then each deformation value is the largest. The interchange bridge is first subjected to positive curvature and tensile deformation, and then to negative curvature and compression deformation. For this reason, the surface subsidence deformation of 42,115 working face under the interchange bridge area is specially predicted. The maximum dynamic deformation value of normal mining and backfill mining under the interchange bridge area is shown in Table 5.



As shown in Table 5, at the south of the interchange bridge, the maximum dynamic tilt, curvature, and horizontal deformation under normal mining conditions are 30 mm/m, −0.5~0.5 mm/m2, and −14~14 mm/m compared to backfill mining, which are 3.5 mm/m, −0.05~0.05 mm/m2, and −1.5~1.5 mm/m. At the north of the interchange bridge, the maximum dynamic tilt, curvature, and horizontal deformation under normal mining conditions are 25 mm/m, −0.4~0.4 mm/m2, and −12~12 mm/m compared to backfill mining which are 3.0 mm/m, −0.05~0.05 mm/m2, and −1.3~1.3 mm/m. Obviously, the surface subsidence parameters are reduced appropriately by ten times under the conditions of backfill mining. In other words, backfill mining can effectively limit surface deformation and greatly reduce the impact of mining on surface buildings, which is consistent with the previous research result [4,16,54,55,56].





5. Discussions


5.1. Feasibility of Structural Backfill Engineering


Several parameters govern the mechanical characteristics of backfill materials, which could be divided into two categories: macroscopic parameters and intrinsic parameters [3,57]. Ingredients A and B make up the high-water materials. Ingredient A is a unique concrete that contains the minerals listed in Table 6. The major components of ingredient B are quicklime (CaO) and gypsum (CaSO4). Ingredients A and B are combined with water and fluttered constantly for 24 h to keep the mixture uncondensed. Ingredients A and B are combined with water and fluttered constantly for 24 h to keep the mixture uncondensed. The major components of high water material are ettringite, alumina, and free water [47], which has the benefit of quick healing and a significant post peak deformation with a high load carrying capacity. The full stress-strain curve and deformation characteristics of high-water materials after 7 days of setting at the water cement ratio of 1.5:1 is shown in Figure 16 [58,59,60].



It can be seen from Figure 16 that high-water materials have outstanding plastic characteristics. After the load reaches the peak strength, the high-water materials do not completely destroy and lose the bearing capacity immediately. However, with the further increase of strain, the bearing capacity decreases slowly, and the rate of bearing capacity decreasing slowly with the increase of strain is far less than that of ordinary concrete and rock materials. Under this condition, the peak compressive strength of high-water materials is 10.4 MPa. When the strain reaches 0.1, the compressive strength is still above 65% of the peak strength, the strain continues to increase to 0.18, and the residual compressive strength is about 59% of the peak strength [61]. The barricade of high-water materials shows obvious plastic materials characteristics, which can allow large plastic deformation under pressure, and the strength attenuation is relatively slow, which can maintain high residual strength.




5.2. Measured Analysis of Support Resistance


After adopting the structural backfill and mining technology, the monitoring result of the hydraulic support resistance is shown in Figure 17 when the 42,115 working face passes through the interchange bridge region.



As shown in Figure 17, the overall resistance of hydraulic support is less than 22 MPa, and there is no obvious strata behavior due to the supporting effect of filling body on the roof of 42,115 working face. The resistance of the hydraulic support in the backfill area of the 42,115 working face is relatively small, indicating that the small roof pressure of the working face verifies the rationality of the structural backfill parameters, and it is also consistent with the surface subsidence results predicted in Section 4.3.




5.3. Economic and Social Benefit Analysis


(1) Economic benefit analysis:



The output value of coal mine mining by using the structure backfill method:



The length and width of the mining area affected by the interchange bridge are 1000 m and 330 m respectively. After adopting the structural backfill technology of high-water materials combined with pillars for this region, the increased output value of coal mine mining can be calculated by the following equation:


  G = L D m η γ V  



(39)




where  G  is the increase output value of 42,115 working face,   R M B  ;  L  is the increase length of 42,115 working face, 1000 m;  D  is the increase width of 42,115 working face, 330 m;  m  is the coal seam thickness of 42,115 working face, 3.5 m; η is the recovery rate of 42,115 working face, 95%;  γ  is the coal seam bulk density of 42,115 working face,     1.29   t  /   m 3     ; and  V  is the price per ton of coal,   600   CNY  , so:


  G = 1000 × 330 × 3.5 × 95 % × 1.29 × 600 = 849,271,500    CNY   



(40)







The cost of using the structure backfill method is shown in Table 7:



Therefore, the economic benefit after using the structure backfill mining method is:



Economic benefit = 849,271,500 − 172,250,900 = 677,020,600 CNY



(2) Social benefit analysis:



This technology has the potential to significantly improve resource recovery rates, noticeably reduce coal resource waste, extend the life of the mine, and ensure the establishment of a high-yielding and efficient mine [46,62]. This technology not only solves the problem of safe mining of coal resources under the overpass, but also deals with a large amount of underground discharge and accumulation of gangue, alleviating the social problems such as no gangue discharge space and environmental pollution. The successful implementation of mixed filling mining of gangue and structural column widens the application scope of filling mining method, which provides an important engineering reference for coal mining under similar conditions.



In the mining process of 42,115 working face, the structural backfill technology of high-water materials combined with pillars for goaf is adopted. After mining, the height of roof crack development and vertical displacement are small, which can ensure the stability of the interchange bridge above the 42,115 working face and meet the requirement of safe production [63]. It not only achieves significant economic benefits, but also has considerable social benefits.





6. Conclusions


In this paper, through field measurement, theoretical analysis, and numerical simulation, a structural backfill method based on roof structural characteristics is proposed. The main conclusions obtained are as follows:



(1) Based on the monitoring result of the hydraulic support resistance, the periodic weighting step is determined to be an average of 17 m, then the main roof load is calculated to be to be 0.493 MPa, and the backfill step distance is determined to be 22.7 m. According to the composite beam theory of roof strata, the temporary load of the backfill structure is 0.618 MPa, and the permanent load is 3.75 MPa.



(2) The finite element model is established, then the roof layer mechanical properties and pillars parameters is selected depending on the related criteria. The result of the finite element model shows that the subsidence is lower when the spacing of the filling barricade is 5~15 m, considering the pillars layout, the reasonable filling spacing (12 m) of the barricade is determined, and the rationality of backfill mining for safe mining under the interchange bridge is verified by the probability integral method result.



(3) This paper discusses the feasibility of the structural backfill technology with high-water materials and pillars in goaf, and finally analyses the economic benefits of 677,020,600 CNY and demonstrates the application value of the structural backfill mining method based on the roof structural characteristics and its subsidence prediction model.



The structural filling strategy proposed in this paper with high-water materials and pillars is of great significance to solving the mining face under the building. It has significant advantages with the rapid bearing of high-water materials and the stable support of the pillars, which provides an innovation in the field of backfilling mining.
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Figure 1. The study coal mine location and geological conditions. (a) Location of Liangshuijing coal mine and panels layout in the 421 mine area; (b) The mining conditions of 42,115 panel and adjacent panel. 
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Figure 2. A borehole histogram is displayed in the L7 borehole. 
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Figure 3. The monitoring location of hydraulic support. 
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Figure 4. Monitoring results of the hydraulic support resistance during mining in 42,114 working face. (a) Resistance of 15# hydraulic support; (b) Resistance of 20# hydraulic support; (c) Resistance of 70# hydraulic support; (d) Resistance of 78# hydraulic support; (e) Resistance of 115# hydraulic support; (f) Resistance of 121# hydraulic support; (g) Resistance of 160# hydraulic support; and (h) Resistance of 168# hydraulic support. 
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Figure 5. The relationship and relative location of the yield coal pillar, working face, interchange bridge and the structure backfill area. 






Figure 5. The relationship and relative location of the yield coal pillar, working face, interchange bridge and the structure backfill area.



[image: Minerals 11 00945 g005]







[image: Minerals 11 00945 g006 550] 





Figure 6. Force model and bending moment diagram of a cantilever beam. 
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Figure 7. Force model and bending moment diagram with a fixed-freely-supported beam. 
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Figure 8. Solving model of composite beam roof load. 
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Figure 9. Finite element model of structural pillars backfill. (a) Global model diagram; (b) Local component diagram. 
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Figure 10. Vertical displacement cloud distribution map under different support barricade spacing. (a) Support barricade spacing is 5 m; (b) Support barricade spacing is 5 m; (c) Support barricade spacing is 15 m; and (d) Support barricade spacing is 20 m. 
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Figure 11. Wall spacing-maximum settlement of the roof. 
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Figure 12. Space mining coordinate system. 
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Figure 13. Prediction results of surface deformation after 42,115 working face normal mining. (a) Ground surface subsidence; (b) Ground surface inclination; (c) Ground surface curvature; (d) Ground surface horizontal deformation. 
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Figure 14. Prediction results of surface deformation after 42,115 working face backfill mining. (a) Ground surface subsidence; (b) Ground surface inclination; (c) Ground surface curvature; (d) Ground surface horizontal deformation. 
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Figure 15. Final value of surface subsidence prediction for normal mining and backfill mining. 
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Figure 16. Full stress strain curve of high-water materials. 
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Figure 17. Curve of the support resistance of 42,115 working face under the interchange bridge area. (a) Resistance of 80 # hydraulic support; (b) Resistance of 90# hydraulic support. 
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Table 1. Periodic pressure characteristic value of 42,114 working face monitoring area.






Table 1. Periodic pressure characteristic value of 42,114 working face monitoring area.





	
Remark

	
HSn

	
MShsec/MPa

	
       P t   ¯  / MPa    

	
     σ P  / MPa    

	
PPC/MPa

	
PPD/m






	
Upper area

	
15#

	
32.1

	
25.20

	
2.21

	
27.41

	
14.5, 19




	
20#

	
33.0

	
25.14

	
2.10

	
27.24

	
14, 17




	
Middle area

	
70#

	
42.9

	
25.04

	
3.88

	
28.92

	
20




	
78#

	
43.1

	
24.45

	
3.25

	
27.67

	
18.8




	
115#

	
41.2

	
25.11

	
3.51

	
28.62

	
20




	
121#

	
42.5

	
24.81

	
3.43

	
29.24

	
19.8




	
Lower area

	
160#

	
30.9

	
25.02

	
2.14

	
27.16

	
13, 17




	
168#

	
33.7

	
24.52

	
2.50

	
27.02

	
15, 16








HSn—Hydraulic support number; MShsec—Maximum working resistance of hydraulic support at the end of cycle;      P t   ¯   —Average working resistance of hydraulic support at the end of cycle;    σ P   —The variance of the mean value of the resistance of the hydraulic support at the end of the cycle; PPC—Periodic pressure criterion; PPD—Periodic pressure distance.
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Table 2. Initial roof support parameters in the backfill area.
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Support Materials

	
Parameters

	
Requirements

	
Remarks






	
Rock bolts

	
Diameter/length

	
Φ 18 mm × L 1800 mm

	
Screw thread steel




	
Spacing and row spacing

	
1000 mm, 800 mm




	
Tray

	
140 mm × 250 mm × 10 mm

W-shaped steel tray




	
Anchorage agent

	
MSCK 23/80 mm




	
Anchor cables

	
Diameter/length

	
Φ 15.24 × L 7500 mm

	
Mine anchor cables




	
Spacing and row spacing

	
2000 mm, 1600 mm




	
Tray

	
300 mm × 300 mm × 16 mm dished tray




	
Anchorage agent

	
MSCK23/60 mm + MSZ23/80 mm




	
Rhombic metal mesh

	
Specification

	
8#

	
Two pieces lapped by 100 mm




	
Length

	
2800 mm




	
Width

	
1000 mm




	
Hydraulic support

	
Specification

	
ZY12000/20/40D

	




	
Support height

	
2000~4000 mm




	
Center distance

	
1750 mm




	
Rated working resistance

	
12,000 kN




	
Rated initial support force

	
7917 kN




	
Backfill hydraulic support

	
Specification

	
ZZC10000/20/40

	




	
Support height

	
2000~4000 mm




	
Center distance

	
1500 mm




	
Rated working resistance

	
10,000 kN




	
Rated initial support force

	
8322 kN




	
Single hydraulic prop

	
Specification

	
DW31.5-300/100

	




	
Maximum support height

	
3500 mm




	
Rated working resistance

	
200 kN




	
Spacing

	
1000 mm
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Table 3. Parameters of Φ 500 mm L 4000 mm pillars in structural filling.
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	Materials
	Strength Grade
	Diameter
	Length
	Ultimate Bearing

Capacity
	Spacing
	Row Spacing





	Concrete
	C35
	500 mm
	4000 mm
	10,200 kN
	4
	4
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Table 4. The parameters of different types of pillars.
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	Materials
	Strength

Grade
	Diameter

(mm)
	Length

(mm)
	Ultimate Bearing

Capacity (kN)
	Spacing

(m)
	Row Spacing

(m)
	Cost *

(CNY)
	Weight

(kg/each)





	Concrete
	C60
	800
	4000
	28,150
	6.5
	7
	3900
	4040



	Concrete
	C40
	800
	4000
	24,500
	6
	6.5
	3860
	4006



	Concrete
	C35
	800
	4000
	23,000
	4
	4
	3830
	4001



	Concrete
	C60
	500
	4000
	11,500
	4
	4.5
	1880
	1660



	Concrete
	C40
	500
	4000
	10,900
	4
	4.4
	1870
	1643



	Concrete
	C35
	500
	4000
	10,200
	4
	4
	1850
	1641







Cost *—The value is the project cost of the pillars, which is different from the cost in the Section 5.3 (considering the cost of surface transportation and underground transportation) of the calculation of economic benefits.
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Table 5. Dynamic maximum evolution value of surface subsidence prediction between normal mining and backfill mining.
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Mining Method

	
Location

	
Tilt

(mm/m)

	
Curvature

(mm/m2)

	
Horizontal Deformation

(mm/m)






	
Normal mining

	
South

	
30

	
−0.5～0.5

	
−14～14




	
North

	
25

	
−0.4～0.4

	
−12～12




	
Backfill mining

	
South

	
3.5

	
−0.05～0.05

	
−1.5～1.5




	
North

	
3.0

	
−0.05～0.05

	
−1.3～1.3
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Table 6. Mineral composition of ingredient A.
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	Mineral Composition
	3CaO·3Al2O3·CaSO4
	2CaO·SiO2
	4CaO·Al2O3·Fe2O3





	Content/%
	3~13
	30~48
	1~3
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Table 7. The cost of using the structure backfill method.
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Item

	
Sum Number

	
Price

	
Cost/CNY






	
Materials

	
Rock bolts

	
2300

	
36 CNY/series *

	
82,800




	
Anchor cable

	
500

	
135 CNY/series *

	
67,500




	
Metal mesh

	
2000 m2

	
17 CNY/m2

	
34,000




	
High-water materials

	
2700 t

	
2150 CNY/t

	
5,805,000




	
Equipment

	
Backfill hydraulic support

	
40

	
650,000 CNY/each

	
-




	
Hydraulic support

	
40

	
486,000 CNY/each

	
-




	
Difference between hydraulic support

	
-

	
16,400 CNY/each

	
65,600




	
Two-fluid grouting pump

	
2

	
350,000 CNY/each

	
700,000




	
Mixing drum

	
4

	
25,000 CNY/each

	
100,000




	
Pillars

	
Precast concrete column

	
11,000

	
2100 CNY/each

	
23,100,000




	
Backfill working face

	
Worker

	
1320 days

	
300 CNY/day

	
396,000




	
High-water materials

	
66,000 t

	
2150 CNY/t

	
141,900,000




	
Sum

	
172,250,900








* A series of rock bolt contains the anchorage agent and tray; A series of anchor cable contains the anchorage agent, anchor lock and tray.
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