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Abstract

:

To study the influence of filling step and advancing distance on the deformation and failure of a working face floor, a mechanical model based on elastic foundation beam theory is established. The deflection and bending moment curves of the floor under different filling steps and advancing distance are obtained by Maple. Then, a fluid–solid coupling model of paste-filling mining on confined water is established by FLAC3D. The effects of different filling steps and advancing distance on the floor displacement, stress, and plastic zone of the floor are analyzed. The results show that there is a “concave” quadratic relationship between the filling step and the maximum displacement of the floor, and there is a “convex” quadratic relationship between the advancing distance and the maximum displacement of the floor. The maximum stress of the floor increases linearly with the increase in filling distance and tends to be stable with the increase in advancing distance. Moreover, the increase in filling steps will lead to the continuous increase in longitudinal failure. This study could guide paste-filling mining above confined water.
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1. Introduction


With the extension of the mining depth of coal resources in China, water inrush from the coal mine floor is becoming more serious [1]. In this case, the problem of safe mining above confined water needs to be solved urgently [2]. Therefore, relevant researchers have carried out a series of studies on the failure characteristics and laws of the floor on confined water [3,4]. The “Key layer theory” is proposed, and then, the water inrush criterion of stope floor is established [5]. The theory of “original rock tension fracture” and “zero failure” further analyzes the maximum failure depth of the mining floor [6,7]. The theory of “strong seepage channel” shows that whether water inrush occurs in the floor is based on the water inrush channel [8,9]. The “rock water stress relationship” means that the water inrush was the result of the joint action of rock, water, and stress [10,11]. The “dominant surface” theory of water inrush shows that the coal-bearing stratum is the key to control floor stability [12,13,14,15,16]. In another aspect, with the accelerated development of urban underground resources and the massive construction of traffic engineering over the world, more traffic tunnels and underground engineering have been built with the characteristic of high water pressure alongside complex geological structures such as fault fracture zones, water inrush areas, weak rock mass status, etc. Facing these challenges, many scholars have conducted a considerable amount of research on reducing economic losses, injuries, and deaths and have obtained abundant and beneficial research results [17,18,19,20,21].



The parameters affecting the floor stability of paste-filling face mainly include filling strength, filling rate, filling step, etc. Relevant researchers have conducted a series of studies on the floor failure of paste filling on confined water [22,23,24,25,26]. Some researchers have analyzed the influencing factors of floor failure in paste-filling face from the perspective of filling strength and filling rate [27,28]. Many researchers analyzed the relationship between floor failure depth and mining height [29,30,31]. Previous studies have established the evaluation formula of paste-filling floor and the relationship between safety factor and filling parameters [32,33]. However, the effects of filling step, advancing distance, and floor failure on floor stability have not been studied thoroughly.



Therefore, taking the paste-filling mining project on confined water in the 11,607 areas of the working face of the Daizhuang coal mine as the background, this paper focuses on analyzing the deformation characteristics and failure of the floor under different filling steps and advancing distance. The research results will help to understand the mine floor water prevention. It is also the development and supplement of filling mining theory.




2. Project Overview


The Daizhuang coal mine is located in the north of the Jining coalfield. According to the characteristics of the water inrush properties in different areas of 1160 mining areas, the mine puts forward a regional paste-filling mining scheme to solve the problem. The paste-filling mining method is adopted. Generally, solid wastes such as gangue and construction waste are processed and crushed, mixed with cement and water, stirred into paste slurry without critical flow rate and bleeding, and then transported to the filling site by self-weight or pump pressure. In this project, the water and solid content of fill material are about 20% and 80%, respectively. The particle size distribution curve of fill materials is given in Figure 1.



The average buried depth of the 11,607 areas of the working face is 543 m. No. 16 coal is mainly mined. The average thickness of the coal seam is 2 m, and the average inclination angle is 7°. The aquifers have a great impact on its mining, which includes 13th ash and Ordovician ash. The upper boundary of the 13th ash aquifer is 24 m away from the coal seam floor, and the upper boundary of the Ordovician ash aquifer is 53 m away from the coal seam floor. These two aquifers constitute the direct and indirect water-filled aquifers of No. 16 coal floors. Table 1 shows the lithologic characteristics of the roof and floor and hydrological characteristics of the floor aquifer around No. 16 coal.




3. Theoretical Analysis


In this part, the elastic foundation beam theory is applied to calculate the bending deformation of the floor. Due to the length of the floor along the strike direction of the filling working face being much greater than the span in the inclined direction, it is approximately considered that the deformation of the floor is close and continuous. The floor and waterproof layer can be simplified as a mechanical analysis model of the elastic foundation beam. According to the actual situation, the corresponding pressure is applied to the floor, and the stress state of the floor under different filling steps and advance distance is simulated. The deflection and bending moment curve equation of the floor on the filling surface is established, and then, the relationship of the filling step, advance distance, the deformation, and failure of the floor is analyzed.



According to the coordinate system established in Figure 2, the deflection equation of the floor is analyzed step by step, in which    q 1    is the superimposed pressure of confined water,    q 2    is the deadweight pressure of a waterproof layer,    q 3    is the self-weight pressure of the filling body,    q 4    is the deadweight pressure of the coal body and,    q 6  ,  q 7  ,  q 8  ,  q 9  ,  q  10    ,    q  11   ,    and     q  12     represent the overlying pressure of the corresponding section floor, respectively.



	(1)

	
For LM segment analysis:


  EI    d 4   w 1   ( x )    d  x 4    +  K 1   w 1   ( x )  =  q  L M    ( x )   



(1)




where    q  L M     is the superposition of the overlying pressure of the floor of the LM section, the self-weight pressure of the coal body, the self-weight pressure of the aquifer, and the pressure-bearing water pressure. That is:


   q  L M   =  q  l m 1   +  q  l m 2   +  q  l m 4   +  q 5   



(2)




where    K 1   —foundation coefficient of floor, N·m−3, and    q  l m    —pressure on LM section, N·m−2.







The characteristic coefficient α is taken        K 1    4 E I    4   . The deflection of the floor of the LM section is as follows:


   w 1   ( x )  =  e  − α x    (   A 1  cos  (  α x  )  +  B 1  sin  (  α x  )   )  +  e  α x    (   C 1  cos  (  α x  )  +  D 1  sin  (  α x  )   )  +    q  L M    ( x )     K 1     



(3)







When x tends to infinity, the deformation of the floor is a certain value. Due to the long floor at the left end, the floor is used as a semi-infinite beam. At this point, C1 = 0, D1 = 0, and the upper formula becomes:


   w 1   ( x )  =  e  α x    (   A 1  cos  (  α x  )  +  B 1  sin  (  α x  )   )  +    q  L M    ( x )     K 1     



(4)







	(2)

	
For MN segment analysis:


  EI    d 4   w 1   ( x )    d  x 4    +  K 1   w 2   ( x )  =  q  M N    ( x )  +  q 6   ( x )   



(5)




where    q  M N     is the superposition of the dead weight pressure of the coal body, the deadweight pressure of the waterproof layer, and the confined water pressure in the MN section. That is:


   q  M N   =  q  m n 1   +  q  m n 2   +  q  m n 4    



(6)






   q 6   ( x )  =  a 1  x +  b 1   



(7)






   w 2   ( x )  =  e  − α x    (   A 2  cos  (  α x  )  +  B 2  sin  (  α x  )   )  +  e  α x    (   C 2  cos  (  α x  )  +  D 2  sin  (  α x  )   )  +    q  M N    ( x )     K 1    +    q 6   ( x )     K 1    .  



(8)








	(3)

	
For NO section analysis, establish the floor deflection curve equation:


  EI    d 4   w 1   ( x )    d  x 4    +  K 1   w 3   ( x )  =  q  N O    ( x )  +  q 7   ( x )   



(9)




where    q  N O     is the superposition of the self-weight pressure of the filling body of the NO section, the self-weight pressure of the water barrier, and the pressure-bearing water pressure, which is:


   q  N O   =  q  n o 1   +  q  n o 2   +  q  n o 4   +  q 7   



(10)






   q 7   ( x )  =  a 2  x +  b 2   



(11)






   w 3   ( x )  =  e  − α x    (   A 3  cos  (  α x  )  +  B 3  sin  (  α x  )   )  +  e  α x    (   C 3  cos  (  α x  )  +  D 3  sin  (  α x  )   )  +    q  N O    ( x )     K 1    +    q 7   ( x )     K 1     



(12)








	(4)

	
For OA section analysis, establish the floor deflection curve equation:


  EI    d 4   w 1   ( x )    d  x 4    +  K 1   w 4   ( x )  =  q  O A    ( x )   



(13)











Among them, it is the superposition of the overburden pressure of the OA section, the self-weight pressure of the filling body, the self-weight pressure of the aquifer, and the pressure-bearing water pressure, which is:


   q  O A   =  q  o a 1   +  q  o a 2   +  q  o a 3   +  q 8   



(14)






   w 4   ( x )  =  e  − α x    (   A 4  cos  (  α x  )  +  B 4  sin  (  α x  )   )  +  e  α x    (   C 4  cos  (  α x  )  +  D 4  sin  (  α x  )   )  +    q  O A    ( x )     K 1     



(15)







	(5)

	
For the AB section analysis, superimpose according to the superposition principle and establish the floor deflection curve equation:


  EI    d 4   w 2   ( x )    d  x 4    +  K 1   w 5   ( x )  =  q  A B    ( x )  +  q 9   ( x )   



(16)




where    q  A B     is the superposition of the self-weight pressure of the filling body of the AB section, the self-weight pressure of the water barrier, and the pressure-bearing water pressure, which is:


   q  A B   =  q  a b 1   +  q  a b 2   +  q  a b 3    



(17)






   q  9  ( x )    =  a 3  x +  b 3   



(18)






   w 5   ( x )  =  e  − α x    (   A 5  cos  (  α x  )  +  B 5  sin  (  α x  )   )  +  e  α x    (   C 5  cos  (  α x  )  +  D 5  sin  (  α x  )   )  +    q  A B    ( x )     K 1    +    q 9   ( x )     K 1    .  



(19)








	(6)

	
Analyze the BC section and establish the floor deflection curve equation:


  EI    d 4   w 3   ( x )    d  x 4    +  K 1   w 6   ( x )  =  q  B C    ( x )   



(20)




where    q  B C     is the superposition of the self-weight pressure of the water barrier of the BC section and the pressure-bearing water pressure, which is:


   q  B C   =  q  b c 1   +  q  b c 2    



(21)






   w 6   ( x )  =  e  − α x    (   A 6  cos  (  α x  )  +  B 6  sin  (  α x  )   )  +  e  α x    (   C 6  cos  (  α x  )  +  D 6  sin  (  α x  )   )  +    q  B C    ( x )     K 1     



(22)








	(7)

	
Similar to the MN section, the CD section is analyzed, and the floor deflection can be obtained as:


   w 7   ( x )  =  e  − α x    (   A 7  cos  (  α x  )  +  B 7  sin  (  α x  )   )  +  e  α x    (   C 7  cos  (  α x  )  +  D 7  sin  (  α x  )   )  +    q  C D    ( x )     K 1    +    q  10    ( x )     K 1     



(23)




where    q  C D     is the superposition of the self-weight pressure of the coal body in the CD section, the self-weight load of the aquifer, and the pressure of pressurized water, which is:


   q  C D   =  q  c d 1   +  q  c d 2   +  q  c d 4    



(24)






   q  10    ( x )  =  a 4  x +  b 4   



(25)








	(8)

	
Similar to the NO section, the DE section is analyzed, and the deflection of the floor can be obtained as:


   w 8   ( x )  =  e  − α x    (   A 8  cos  (  α x  )  +  B 8  sin  (  α x  )   )  +  e  α x    (   C 8  cos  (  α x  )  +  D 8  sin  (  α x  )   )  +    q  D E    ( x )     K 1    +    q  11    ( x )     K 1     



(26)




where    q  D E     is the superposition of the coal self-weight pressure of the DE section, the self-weight pressure of the aquifer, and the pressure-bearing water pressure, which is:


   q  D E   =  q  d e 1   +  q  d e 2   +  q  d e 4    



(27)






   q  11    ( x )  =  a 5  x +  b 5   



(28)








	(9)

	
Similar to the LM section, the EF section is analyzed, and the deflection of the floor can be obtained as:


   w 9   ( x )  =  e  − α x    (   C 9  cos  (  α x  )  +  D 9  sin  (  α x  )   )  +    q  E F    ( x )     K 1     



(29)











Since the rotation angle θ(x), bending moment M(x), shear force Q(x), and deflection w(x) of the arbitrary cross-section of the floor are related to:


   {      θ  ( x )  =   d w  ( x )    d x         M  ( x )  = − E I   d  w 2   ( x )    d  x 2          Q  ( x )  = − E I   d  w 3   ( x )    d  x 3          .  



(30)







From the continuity conditions between the various sections of the floor, one can obtain:


   {       w 1   ( A )  =  w 2   ( A )         θ 1   ( A )  =  θ 2   ( A )         M 1   ( A )  =  M 2   ( A )         Q 1   ( A )  =  Q 2   ( A )         w 2   ( B )  =  w 3   ( B )         θ 2   ( B )  =  θ 3   ( B )         M 2   ( B )  =  M 3   ( B )         Q 2   ( B )  =  Q 3   ( B )         {       w 3   ( C )  =  w 4   ( C )         θ 3   ( C )  =  θ 4   ( C )         M 3   ( C )  =  M 4   ( C )         Q 3   ( C )  =  Q 4   ( C )         w 4   ( D )  =  w 5   ( D )         θ 4   ( D )  =  θ 5   ( D )         M 4   ( D )  =  M 5   ( D )         Q 4   ( D )  =  Q 5   ( D )         {       w 5   ( E )  =  w 6   ( E )         θ 5   ( E )  =  θ 6   ( E )         M 5   ( E )  =  M 6   ( E )         Q 5   ( E )  =  Q 6   ( E )         w 6   ( E )  =  w 7   ( E )         w 6   ( E )  =  w 7   ( E )         M 6   ( E )  =  M 7   ( E )         Q 6   ( E )  =  Q 7   ( E )         {       w 7   ( E )  =  w 8   ( E )         θ 7   ( E )  =  θ 8   ( E )         M 7   ( E )  =  M 8   ( E )         Q 7   ( E )  =  Q 8   ( E )         w 8   ( E )  =  w 9   ( E )         w 8   ( E )  =  w 9   ( E )         M 8   ( E )  =  M 9   ( E )         Q 8   ( E )  =  Q 9   ( E )         



(31)







Maple is currently one of the most general mathematics and engineering calculation software, and it is widely used in the fields of science and engineering. Using Maple and bringing the relevant working face parameters into Equations (1)–(31), the corresponding parameters can be obtained: A1, B1, A2, B2, C2, D2, A3, B3, C3, D3, A4, B4, C4, D4, A5, B5, C5, D5, A6, B6, C6, D6, A7, B7, C7, D7, A8, B8, C8, D8, C9, and D9.



According to the actual situation of the mine, taking the filling step of 4 m and the working face advancing to 48 m as an example, the stress concentration factor at the coal wall of the open cut (K2) is taken as 1.8, and the stress concentration factor in front of the working face (K1) is taken as 2.1 based on empirical experiences. The foundation coefficient of the coal seam floor waterproof layer is set as 0.7 × 108 N/m3. The elastic modulus of the coal seam floor is based on a field test. The relevant parameters are as follows: E 3.5 GPa, I = bh3/12, b = 1, h = 4, L1 = 20 m, L2 = 32 m, L3 = 8 m, L4 = 34 m, L5 = 10 m, L6 = 4 m, L7 = 8 m, L8 = 32 m, L9 = 20 m, q1 = −6.7 MPa, q2 = 1.25 MPa, q3 = 0.02 MPa, q4 = 0.03 MPa, q5 = 14 MPa, q6 = 0.125x + 19 MPa, q7 = −0.75x + 12 MPa, q8 = 12 MPa, q9 = −1.2x + 52.8 MPa, q10 = 0.2625x − 126 MPa, q11 = −7/32x +1064/32 MPa. Substituting Formulas (1)–(11), the floor deflection curve and bending moment curve under this condition can be obtained.



3.1. Analysis of Deformation and Failure of the Filling Floor under Different Filling Steps


To compare the effect of the filling step on the damage of the floor, the filling steps of the working face are set as 1 m, 2 m, 3 m, and 4 m. The pressure gradually increases, and the supporting pressure coefficients are set as 1.8, 1.9, 2.0, and 2.1. When the working face is advanced to 48 m, the deflection curve of the floor is shown in Figure 3a, and the bending moment curve of the floor is shown in Figure 3b.



In Figure 3a, it can be seen that the impact of the change of the filling step on the floor is mainly reflected in the opening of the cut and the downward displacement of the floor at the coal wall. This can be explained by the bending moment diagram in Figure 3b. The bending moments at the open cut and the working face are positive, indicating that the two positions are subjected to compressive stress and therefore will produce downward displacement. In the empty roof area, the bending moment of the floor is negative, indicating that the floor in the empty top area is under tensile stress. With the increase in the filling step, the corresponding bending moments at each position of the floor continue to increase.



By fitting the maximum displacement of the floor, it is obtained that the maximum positive displacement of the floor and the filling step show a “concave” quadratic function relationship shown in Figure 3c. The function relationship is    y  = 0.009  x 2  + 0.003 x + 0.0725  . The maximum negative displacement of the floor and filling step presents a “concave” quadratic function relationship shown in Figure 3d. The function relationship is   y = − 0.00925  x 2  − 0.00125 x − 0.02625  . From the aforementioned two formulas, it can be concluded that with the increase in the filling step, the displacement and deformation of the floor will continue to increase. Therefore, the size of the filling step is closely related to the damage degree of the floor.




3.2. Analysis of Deformation and Failure of the Filling Floor under Different Advancing Distances


To compare the influence of advancing distance on the damage of the floor, the advancing distances of the working face are taken as 12 m, 24 m, 36 m, and 48 m. When the filling step of the working face is 4 m, the deflection curve of the floor is shown in Figure 4a. The bending moment curve is shown in Figure 4b.



The floor flection during the advancement of the filling surface is shown in Figure 4a, which can be regarded as the dynamic change process. Under the action of high stress on the coal walls, floor heave occurs in the goaf. With the advancement of the working face, the deformation and failure of the floor show the following tendency. First of all, the maximum heave of the goaf floor remains unchanged. The main reason is that the system of “filling body–empty roof–coal wall” is formed during the advancement of the working face. Secondly, as the working face advances, the floor heave of the filled area gradually decreases. The main reason is that the filling body plays a role in transmitting the pressure of the overburden. Under the action of the overburdened pressure, the deformation of the floor is suppressed and gradually compressed. Hence, the floor volume is reduced. Figure 4b can be seen as the dynamic change process of the floor bending moment during the advancing process of the filling surface. The side bending moment of the coal wall is positive, indicating that the coal body is compressed, and as the working face advances, the bending moment in the filled area is also positive. Therefore, the coal body in this area is also under pressure, which is the main reason for the gradual decrease in the floor heave in the filled area. As the advancing distance of the working face increases, the bending moment in front of the coal wall of the working face gradually increases and then stabilizes.



It is obtained that the maximum negative displacement of the floor and the advancing distance of the filling surface show a “convex” quadratic function relationship shown in Figure 4c. The function relationship is   y = − 2.9514 ·   10   − 5    x 2  − 0.00276 x − 0.02125  . There is a downward displacement of the floor before the work. The amount gradually increases and then stabilizes, indicating that the increase in the advancing distance will increase the destruction depth of the floor, but when it is advanced to a certain distance, the damage depth of the floor will no longer continue to increase and maintain a stable value.





4. Numerical Simulation


To verify the accuracy of the theoretical analysis in this paper, FLAC3D5.0 is used to construct a numerical simulation for calculation. FLAC3D 5.0 is a three-dimensional numerical simulation software developed based on the finite difference method, which has been widely used in the field of rock and soil mechanics. In this paper, combined with the actual situation of the 11,607 working face, a simplified model is established, as shown in Figure 5. Based on the field measurement, laboratory test, and GSI method, the rock mass properties are given in Table 2 and a numerical model is shown in Figure 6. Horizontal displacement constraints are imposed on the left and right boundaries of the model, and the bottom boundary of the model is fixed in the vertical direction. The top rock layer of the model is about 500 m away from the ground. Therefore, a vertical downward 12.5 MPa uniform pressure is applied to the top to simulate the overburden pressure. To consider the impact of confined water, the software built-in fluid–solid coupling model is used to give a confined water pressure of 3.2 MPa in the 13th ash aquifer and 3.5 MPa in the Ordovician aquifer according to the test results. To eliminate the influence of the boundary of the model, 76 m boundary coal pillars are left on both sides of the working face along the advancing direction, and the size of the model is 200 m × 100 m × 115 m. The rectangular grid elements are introduced in analysis models, and the accuracy and efficiency of such elements have been verified by many studies. The time step is reached when the maximal unbalanced force is lower than 1 × 10−5. We set key rock mass layers (e.g., coal layer) with the mesh of 1 m, and far away that, we used the mesh of 2 m and 4 m. The rock mass parameters are set in Table 2. The Mohr–Coulomb strength criterion is used for rock mass. Although the Mohr–Coulomb criterion is not very appropriate for rock mass, it is a widely used model in which the parameters are easy to obtain and use considering the previous studies. Thus, in this study, we used the MC criterion to investigate the basic laws.



The setting of the strength parameters of the filling body is shown in Table 2. The filling rate is taken as 98%, and the mined-out area is filled continuously as the working face advances. The floor stress, displacement, and plastic zone under filling steps of 1, 2, 3, and 4 m and advancing distances of 12, 24, 36, and 48 m are simulated correspondingly.



4.1. Floor Stress Influenced by Filling Step and Advancing Distance


The filling steps of the paste-filling working face are 1, 2, 3, and 4 m, and the advancing distances are 12, 24, 36, and 48 m. Figure 7 shows the vertical stress of the floor under different filling steps and advancing distances.



The stress of the floor of the paste-filling working face is shown in Figure 7. It can be seen that the stress on the floor above the work surface presents a general law that first increases suddenly and then gradually decreases to the original rock stress. The stress concentration of the floor in front of the coal body is often caused by the excavation of the coal mass, which is also the location where the floor failure begins to occur. The peak stress of the floor shows a regular change with the change of the filling step and the advancing distance. Figure 8 and Figure 9 are obtained by fitting the maximum stress of the floor under different advancing distances and different filling steps.



As shown in Figure 8, when the filling step is fixed, the working surface will advance from 12 to 48 m as the paste is filled. The maximum stress of the floor keeps increasing, and the increasing amplitude keeps decreasing, showing a quadratic function relationship. When it is advanced to 36 m, it tends to a constant value. It shows that at 36 m, the “filling body–empty roof area–coal wall” forms a stable support system. As the advancing distance continues to increase, the maximum stress of the floor will not increase, and the floor will be damaged.



When the advancing distance is constant, the maximum stress of the floor changes significantly with the change of the filling step. As shown in Figure 9, the filling step and the maximum stress of the floor show a linear relationship. As the step length increases, the maximum stress of the floor will continue to increase, and the increase will gradually increase, indicating that the change of the filling step length has a greater impact on the damage degree of the floor. The main reason is that the increase in the filling step will increase the range of the empty roof area of each round of filling. For the “filling body–empty roof area–coal wall” support system, it is necessary to achieve stability. The concentrated stress on the front will inevitably increase and be transmitted to the floor, resulting in deformation and damage of the floor. Therefore, the size of the filling step will be more important for the destruction of the floor during the continuous advancement of the working face.




4.2. Floor Displacement Influenced by Filling Step and Advancing Distance


The filling steps of the paste filling working face are 1, 2, 3, and 4 m, and the advancing distances are 12, 24, 36, and 48 m. Under different filling steps, the displacement diagram is shown in Figure 10. Under different advancing distances of the working face, the relationship between the filling step and the maximum displacement of the floor is shown in Figure 11.



It can be seen from Figure 10 and Figure 11 that the maximum positive displacement of the floor of the working face filled with paste often occurs in front of the coal wall of the working face. However, the maximum negative displacement occurs behind the coal wall of the working face, which is also the position where the floor is most likely to be damaged. The main reason is that the “filling body–empty roof area (filling step)–coal wall” support system has been formed. Under the action of concentrated stress, the floor is often prone to damage at this position. In the empty roof area, due to the release of the floor stress, the floor heave is likely to occur.



By fitting numerical simulation results in Figure 12, Figure 13 and Figure 14 (filling step, maximum displacement of the floor, and advancing distances), it is found that the fitting curves are close to the previous theoretical calculation. It is similar to the maximum deflection curve of the floor. When verifying the previous theoretical calculations, it also shows that the influence of the filling step on the deformation and failure of the floor gradually increases with the increase in the filling step. The influence of the advancing distance on the deformation and failure of the floor increases gradually.



Therefore, there is a “concave” quadratic function relationship between the maximum displacement of the floor and the filling step, and a “convex” quadratic function relationship between the maximum displacement and the advancing distance. The deformation and failure of the floor in the initial stage of the working face will be affected by the filling step and the advancing distance at the same time. When it is advanced to a certain distance, the deformation and failure of the floor will be mainly controlled by the filling step.




4.3. Destruction Depth Influenced by Filling Step and the Advancing Distance


The filling step distances of the paste-filling working face are 1, 2, 3, and 4 m, and the advancing distances are 12, 24, 36, and 48 m. When the working face is advanced to 48 m, the plastic zone of the floor under different filling steps is shown in Figure 15. When the filling step is 4 m, the plastic zone of the floor under different advancing distances is shown in Figure 16.



The damage to the floor often begins to develop from the front end of the coal wall. Since the paste-filling body has the function of supporting the roof and transferring the pressure, the supporting pressure is greatly reduced, and the damage degree of the floor is extremely controlled. The damage to the floor does not cause the water barrier layer failure, which meets the requirements for safe mining on confined water. It can be seen from Figure 15 and Figure 16 that the floor damage depth gradually increases from 2 to 7 m, the degree of penetration gradually increases, and the confined aquifer plastic failure has not progressed upward. After setting the filling step of the working face to 4 m, and changing the advancing distance to 12 m, 24 m, 36 m, and 48 m, the floor failure depth is maintained at 4 m. Therefore, under certain conditions of filling parameters, the increase in the filling step will cause the vertical damage depth of the floor, and the increase in the advancing distance mainly causes the increase in the horizontal damage range of the floor.





5. Conclusions


	(1)

	
Combined with the geological conditions of the 11,607 areas of the working face of Daizhuang Mine, a differential equation for the deflection curve of the floor is established. The maximum deflection of the floor and the advancing distance present a “convex” quadratic function relationship, and as the advancing distance increases, the increase in the displacement of the floor will continue to decrease.




	(2)

	
It is verified by numerical simulation that the filling step and the maximum stress of the floor show a linear relationship. During the continuous advancement of the working face, the setting of the filling step has a significant influence on the damage degree of the floor.




	(3)

	
With the increase in the advancing distance, the maximum stress of the floor gradually stabilizes. The maximum deflection of the floor and the advancing distance also show a “convex” quadratic function relationship. Therefore, when the working face advances more than a certain distance (36 m in this mine), the longitudinal damage of the floor will not increase with the increase in the advance distance.
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Figure 1. The distribution of the particles of filling materials. 
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Figure 2. Analysis model of overburden state and floor stress of paste-filling face. 
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Figure 3. (a) Floor deflection under different filling steps; (b) Floor bending moment under different filling steps; (c) The relationship between the filling step and the maximum positive deflection of the floor; (d) The relationship between the filling step and the maximum negative deflection of the floor. 
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Figure 4. (a) Floor deflection at different advancing distances of paste-filling working face; (b) Bending moment of the floor under different advancing distances of paste-filling working face; (c) The relationship between the different advancing distances of the paste-filling working face and the maximum negative deflection of the floor. 
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Figure 5. Geometric model diagram. 
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Figure 6. Numerical simulation model. 
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Figure 7. Abutment pressure in front of coal wall of the paste-filling face under different filling steps. (a) Filling step distance 1 m, (b) Filling step distance 2 m, (c) Filling step distance 3 m, (d) Filling step distance 4 m. 
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Figure 8. The relationship between the maximum stress of paste-filling face floor and the advancing distance of working face under different filling steps. 






Figure 8. The relationship between the maximum stress of paste-filling face floor and the advancing distance of working face under different filling steps.



[image: Processes 10 00274 g008]







[image: Processes 10 00274 g009 550] 





Figure 9. The relationship between the maximum stress of the paste-filling working face floor and the filling step under different advancing distances. 
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Figure 10. Floor displacement under different filling steps of paste-filling working face. (a) Filling step distance 1 m, (b) Filling step distance 2 m, (c) Filling step distance 3 m, (d) Filling step distance 4 m. 
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Figure 11. Floor displacement under different filling steps of paste-filling working face. 
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Figure 12. The relationship between different filling steps and the maximum positive displacement of the floor. 
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Figure 13. The relationship curve between different filling steps and the maximum negative displacement of the floor. 
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Figure 14. The relationship between different advancing distances and the maximum negative displacement of the floor. 
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Figure 15. Plastic zone in the paste-filling working face under different filling steps of (a) 1 m, (b) 2 m, (c) 3 m, and (d) 4 m. 
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Figure 16. Plastic zone in paste-filling face under different advancing distances: (a) 12 m, (b) 24 m, (c) 36 m. and (d) 48 m. 
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Table 1. Characteristics of rock strata around No. 16 coal seam.
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	Roof and Floor Name
	Rock Properties
	Platts Hardness Coefficient
	Thickness/m
	Lithological Characteristics





	Basic roof
	Fine-grained sandstone–siltstone
	4.4–8.2
	10
	Gray, thin-medium-thick layered, mainly sandstone, containing mica fragments, small cross bedding, and parallel bedding.



	Direct roof
	Limestone
	14.0–15.9
	5.3
	Gray, gray–brown, partially muddy, with gentle bedding, well-developed fissures, broken core in the upper part, and more crinoid stems and fossils in the lower part.



	Direct floor
	Mudstone
	3.8–4.0
	0.4
	Gray, clumpy, jagged fracture, with plant root fossils.



	Basic floor
	Limestone
	6.0–7.8
	0.5
	Gray–brown, containing fossils of the family sidaidae, with cracks developed, filled with calcite, and argillaceous.



	Thirteen ash
	Distance from coal seam floor 24 m
	0.32–0.48
	4.03 m
	There is a mudstone interlayer locally, unit water flow q = 0.0001–0.180 L/s·m, Permeability coefficient K = 0.29–0.35 m/d, water quality type is SO4-Ca(Mg) type, salinity 0.760–2.496 g/L.



	Ordovician limestone
	Distance from coal seam floor 53 m
	0.13
	46.1 m
	The unit water flow q = 0.0161–3.098 L/s·m, the permeability coefficient K = 0.289–2.476 m/d, the water quality type is SO4·HCO3–Ca(Mg) type, and the salinity is 1.18–2.97 g/L.
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Table 2. Mechanical parameters of rock mass of the model.
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	Lithology
	Density kg/m3
	Tensile Strength/MPa
	Internal Friction Angle (°)
	Cohesion/MPa
	Bulk Modulus/GPa
	Shear Modulus/GPa
	GSI





	Fine-grained sandstone
	2740
	0.64
	38
	7.41
	1.2
	0.87
	82



	Mudstone
	2600
	0.20
	35
	4.53
	0.35
	0.21
	74



	Siltstone
	2740
	0.79
	38
	7.41
	1.31
	0.94
	82



	Coal seam
	1600
	0.09
	37
	2.34
	0.07
	0.03
	62



	Thirteen ash
	2780
	0.57
	40
	8.69
	1.68
	1.31
	89



	Austrian gray
	2780
	0.57
	40
	8.69
	1.68
	1.31
	89



	Filling body
	1990
	0.10
	24.3
	0.79
	0.39
	0.23
	/
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