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Abstract

:

The presence of loose medium backfill above the horizontal pillar will technically hinder the efficient recovery of the pillar since the improper design and preserved roof protection layer height will potentially lead to casualties and equipment damage caused by large area collapse of filled tailings as well as roof fall accidents. In this study, a safe and efficient technique for the recovery of isolated pillars under loose tailings backfill was carried out via field investigation, theoretical analysis, numerical simulation, and analytic hierarchy process using the isolated pillars in the 855 middle sublevel of Hongling Zinc-Lead Mine, Chifeng, Inner Mongolia, as a practical engineering background. Current studies have revealed that the optimal scheme for an isolated horizontal pillar recovered via the cut-and-fill stoping of a drift vertical to ore body strike involves preserving a 1.0-m roof protection layer above the crown pillar combined with a spaced mining extraction sequence. This design minimizes ore dilution and losses during the pillar extraction process under safe operation. Our research results provide theoretical and technical support for the safe and efficient recovery of isolated pillars under loose tailings backfill in similar mines.
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1. Introduction


The vast majority of metal mine workings feature preserved pillars, the ore volumes of which account for approximately 20 to 40% of their workable reserves [1,2,3]. Recovering remnant pillars can improve the utilization rate of mineral resources, extend mine life while shortening the underground operation line, aid in coordinating the sequence of operations, and improve mine management capacity. For example, Rybak [4] discusses the possibility of reducing the loss of minerals left in the pillars due to the use of a system with backfill; simulates in sufficient detail the impact of mining operations on the undermined rock mass, the possibility of developing subvertical disturbance, violation of the water-protective strata and the formation of subsidence on the Earth’s surface. The technical conditions for mining remnant crowns and sill pillars are particularly complex, leading to more stringent safety and cost requirements [5,6].



There are two main upper load forms for horizontal isolated pillars: (1) in cases where the upper part of the pillar has been subjected to cut-and-fill stoping, the overlying uniform load is jointly produced by the gravitational loading of the overlying backfill and the ground pressure of the pit [7]; (2) when the ore body above the isolated horizontal pillar is extracted using either open stoping or caving, the overlying uniform load is primarily induced by the weight of the collapsed surrounding rock or residual ore body in the goaf [8]. Under the first condition, the presence of loose medium backfill above the horizontal pillar will technically hinder the efficient recovery of the pillar. The high permeability of filled tailings results in the deposition of significant quantities of water at the bottom of the pit. A resulting column collapse will result in tailing leakage and loss, potentially leading to blockage of the operational space and roadway and, in serious cases, surface subsidence. Thus, a sufficiently thick roof protection layer must be preserved in advance to prevent casualties and equipment damage caused by large area collapse and roof fall accidents involving loose tailings backfill. It is worth noting that preserving a roof protection layer that is too thick will not ensure the safety of the roof and will further waste mineral resources, increasing ore damage and dilution. It follows that determining a reasonable roof protection layer thickness and stability in the recovery of pit crown pillars is an important and complex scientific research task [8,9,10]. The analysis and study of the mining stability of crown pillars under backfill in metal mines have significant theoretical and practical significance in improving the recovery rate of resources while achieving safe asnd efficient extraction.



It is clear from the relevant national and international literature that the size of the preserved roof protection layer of the isolated pillar is related to the technical conditions of mining (the reserve conditions; the size, occurrence, and stability of the crown and sill pillars; the grade and value of the ore; the dip of the ore body and the stability of the surrounding rock; the surface conditions; and the characteristics of the overlying uniform load distribution) and is inseparable from the main technical factors of crown pillar mining (the selected mining method and process parameters) [11,12]. For example, Liu [11] analyzed the stope span on the roof stability in the Sanshandao gold mine and proposed the rational stope structure parameters when recovering the horizontal pillar under backfill. The technical conditions of mining vary significantly by mine and, therefore, so do the recovery schemes. This variety has led to gaps in the literature; for example, there is not much research on the appropriate recovery technology for cases in which both the upper and lower parts of an isolated pillar comprise loose tailings backfill. In addition, the empirical formulas used in past studies to calculate the thickness of the roof protection layer of isolated pillars are potentially inaccurate and of limited general applicability [13]. Zhao et al. [13] calculated the size of the insulating pillar by using methods of limit span mechanism, the empirical equation method, and the limit equilibrium method. The results indicate the discreteness of the calculated pillar size is very large. With the rapid development of rock mechanics and computer science, numerical simulation methods have been increasingly used to analyze geotechnical engineering problems [14,15,16]. The authors conducted several studies to investigate the failure behavior of surrounding rocks in the underground mine by using the FLAC3D (Finite Difference Method) and ELFEN (Finite/Discrete Element Method) software [17,18]. In addition, optimized fuzzy mathematics can be applied to transform various fuzzy or subjective factors involved in the preservation of the roof protection layer of an isolated pillar into a mathematical form to enable the quantification via evaluation indexing of individual schemes, allowing for more scientific, reasonable, and reliable scheme selection [19,20,21]. Thus, using classical theory, numerical simulation and optimized fuzzy mathematics to study the safe and efficient recovery technology of isolated pillars under loose tailings filling body will greatly improve the rationality and accuracy of the calculation results. To date, however, only a few relevant studies have applied such a combined approach.



Analyzing the above, it can be noted that the safe and efficient recovery technique of isolated horizontal pillars under loose tailings backfill is a topical issue. To achieve this, it is necessary to solve the following tasks: (1) the proposal of a compatible middle sublevel crown pillar recovery scheme; (2) the determination of rational mining sequence when recovering a crown pillar; and (3) the calculation of preserved roof protection layer height. The present study demonstrates that the optimal design for an isolated horizontal pillar recovered via the cut-and-fill stoping of a drift vertical to the ore body strike involves preserving a 1.0-m roof protection layer above the crown pillar combined with a spaced mining extraction sequence. The research results are intended to provide theoretical support and scientific decision-making for the safe and efficient recovery of isolated pillars under loose tailings backfill in similar mines.




2. Engineering Background and Existing Problems


2.1. Basic Overview of the Mining Area


The Hongling Zinc-Lead Mine, Chifeng, is located at Haobugao Village, Wulandaba Township, Lindong Town, Bairin Left Banner, Chifeng City, Inner Mongolia Autonomous Region. The mining area has a total length of 5700 m. The ore body is reserved at an elevation range of 630–1110 m and has a maximum deepening of 480 m and an overall orientation of 59° N.E., with a tendency toward the northwest. The ore body has a dip of 60–80°, with an average dip of 75°, and a strike length of 1350 m. The ore zone is divided into five sublevels from east to west, with the main industrial ore body in the mining area located in Sublevel III. Sublevel III has a total length of 1350 m and a width of 100 m, tends toward the northwest, and has a dip of 80°. It circles three zinc ore bodies, namely 1, 1-1, and 2 and one iron ore body.




2.2. Existing Problems


In the mine, zinc and iron ores are recovered in the middle sublevel at 905 and 855 m from the south and west flanks using the shallow-hole shrinkage and sublevel open-stope methods. The surrounding rock of the hanging and footwall is marble and slate, respectively. The average thickness and dip of the ore body are 15 m and 75°, respectively. The pit has the following structural parameters: rib pillar of 18 m, stope room of 32 m, crown pillar of 10 m, and the width of the ore body between 10 and 40 m. The schematic of the mining method used in the 855 middle sublevel of the pit is shown in Figure 1.



At present, the 855 m middle sublevel 1# ore body goaf has been governed, and part of the goaf in the 905 m middle sublevel is backfilled with 1:10 graded tailings (height of approximately 20 m), as shown in Figure 2. To reduce ore loss and extract additional ore resources, the crown pillars of the 855 m middle sublevel (with a height of approximately 10 m, length along the strike direction of approximately 100 m, and containing approximately 30,000 tons of ore) are scheduled to be recovered; however, the rib pillars and the crown pillars corresponding to them will not be extracted for the time being, and the necessary support pillars will be preserved to maintain the stability of the pit in conjunction with the strength of the ore rock body itself. Full recovery of the crown pillars of the middle sublevel would cause a significant collapse of overlying loose tailings backfill and ore mixture, block the ore removal channel, and threaten the safety of downhole operators. To preserve the top protection ore, a solution to the technical problem of executing an economic and reasonable recovery scheme based on selecting a suitable roof protection layer thickness is urgently needed.




2.3. Methods


Based on the engineering background and existing problems, this study presents a crown pillar recovery scheme applicable to the actual technical conditions in the Hongling Zinc-Lead Mine, Chifeng, Inner Mongolia, using the isolated horizontal pillar of the mine’s 855 middle sublevel as the engineering background. Using the structure and size of the pit obtained through on-site research and the theoretical analysis, the uniform load value of the overlying backfill and the reasonable thickness range of the preserved roof protection layer of the crown pillar in the 855 middle sublevel were obtained. Numerical simulation and inversion analysis of different roof protection layer preservation and recovery schemes were then carried out using Fast Lagrangian Analysis of Continua (FLAC3D) numerical simulation technology to obtain the displacement of the roof protection layer and the distribution pattern of the plastic zone within the test pit. Finally, the evaluation indices of the respective extraction scheme were quantified and analyzed using an analytic hierarchy process.





3. Proposed Middle Sublevel Crown Pillar Recovery Schemes


Based on the existing mining technology conditions and the stress environment around the crown pillars of the 855 middle sublevel of Hongling Zinc-Lead Mine, Chifeng, three crown pillar recovery schemes were proposed. The advantages, disadvantages, and applicable conditions for each scheme are listed in Table 1. It is worth noting that the isolated pillar of the 855 middle sublevel has a total thickness of 10 m and that the 5-m-thick ore body under it remains in a relatively stable state during extraction; accordingly, we limited our recovery scheme comparison to the isolated pillars of the upper (close to the loose tailings backfill) 5-m-thick ore body. In all three schemes, the cut and fill stoping are used to recover the pillars, but the pit structure, stope preparation, cut, and extraction operation differ significantly by proposal.



In Scheme I, the pit features a simpler structure but longer drifts, resulting in a large, exposed area of extraction drifts; as a result, a thicker roof protection layer is required, and the ore loss rate is higher. Thus, Scheme I was excluded because of its poor performance in terms of residual deposit resource recovery. Under Scheme III, the pit has the smallest exposed area of drifts; however, the difference in this regard relative to Scheme II is minimal. In contrast, the pit under Scheme III has the disadvantages of a complex structure, a large workload for stope preparation and cutting, and a high strength required for transport roadway support, etc. Moreover, this scheme adopts non-spaced extraction, reducing extraction progress and work efficiency within the mining site. Scheme II features some of the advantages of Schemes I and III with a simple pit structure, small exposed area of drifts, and enhanced extraction efficiency. Therefore, following comprehensive comparison and analysis Scheme II was selected as the recovery scheme for the crown pillars of the 855 middle sublevel.




4. Theoretical Calculation of a Reasonable Size for the Preserved Roof Protection Layer of the Crown Pillars of the 855 Middle Sublevel


4.1. Calculation of the Overlying Uniform Load on the Roof Protection Layer


A site survey revealed that the surrounding rocks in the upper goaf would undergo failure and collapse under the double effects of mining-induced stress and excavation unloading, resulting in the deposition of waste rock at the bottom. Accordingly, the load on the upper part of the crown pillars in the 855 middle sublevel was determined to comprise two components: the loads from the loose tailings backfill and the waste rock falling from the surrounding rock caving from a height of 2–3 m, respectively. The load of the latter on the horizontal pillars is equivalent to the self-weight of the waste rock, that is, approximately 0.059 MPa. In calculating the overlying uniform load, the upper part of the roof protection layer was considered as the loose backfill, and according to Janssen’s loose mass pressure theory [22,23], the uniform load of the loose tailings acting on the roof protection layer was determined to be 0.221 MPa. Thus, the total overlying uniform load on the roof protection layer was approximately 0.28 MPa.




4.2. Theoretical Analysis of the Reasonable Size of Preserved Roof Protection Layer


We calculated and analyzed the thickness of the roof protection layer using limit span theory, K.B. Rubeneita’s method, B.H. Bogorlyubov’s method, the length-to-width ratio plate-girder method, the load intersection line method, Protodyakonov’s arch method, and limit equilibrium theory [13,24,25]. Given the limited space in this paper, the parameter definitions and the calculated top protection layer results obtained under each theory are summarized in Table 2.



Note: The physical and mechanical parameters of the ore rock are listed in Table 3. The calculations assume a drift width of 5 m, a drift length (thickness of the ore body) of 15 m, and a waste rock unit weight of γ1 = 26 KN/m3.



It was clear from the analysis results that the purely theoretical calculations produced highly discrete horizontal pillar thicknesses and, therefore, that subsequent numerical simulation was required to obtain a clearer roof protection layer thickness value. To this end, the theoretical results were categorized and summarized. For the convenience of grid division in the numerical simulation and to ensure operable field construction, the theoretical values in Table 1 were revised and summarized to obtain three schemes with different roof thicknesses for the preservation of the roof protection layer: Scheme I (0.5 m), Scheme II (1 m), and Scheme III (1.5 m). (It is noteworthy that the theoretical value derived from the load intersection line method had a large discrepancy from that derived from other theoretical calculations; therefore, its results were not considered for the time being).





5. Numerical Simulation and Inversion of Crown Pillar Extraction and Roof Protection Layer Schemes of the 855 Middle Sublevel


5.1. Numerical Modelling


The FLAC3D-based numerical simulation involved the static analysis of a model with a total length of 100 m, a width of 75 m, a height of 75 m, and bottom and top elevations of +880 and +955 m, respectively, in the Z- direction. To simplify the model, we set the dip of the ore body at 90°. We fixed the X- and Y-axis displacements on the planes at both ends of the X- and Y-axis directions, respectively, of the model and the X-, Y-, and Z-direction displacements at the bottom boundary of the model. Our preliminary measurement of in-situ stress revealed that the maximum horizontal principal stress increased with the buried depth and that the orientation of the maximum horizontal principal stress remained consistent at different buried depths, and the fitting equations of the three principal stresses are presented, respectively, as follows:


       σ v  = 0.0279 h ,      σ  h max   = 0.0256 h + 10.202 ,      σ  h min   = 0.0233 h + 1.4743 .      



(1)







(1) According to the calculations, the vertical stress at +955 elevation was 4.19 MPa, the maximum horizontal principal stress was 14 MPa, and the minimum horizontal principal stress was 4.97 MPa. The models were divided into 25 groups, each featuring isolated pillars, roof protection layers, upper 20 m backfill of roof protection layer and lower 20 m backfill of isolated pillars, and surrounding rocks at the hanging and foot walls according to material characteristics, as shown in Figure 3.




5.2. Selection of Model Material Parameters


Based on the basic mechanical parameters of the rock masses obtained from a large number of indoor rock mechanics tests in the early stage, the rock solidity can be graded in combination with the structural surface reserve in the field, and the mechanical parameters of the rocks can be discounted using the Hoek-Brown strength criterion [26,27]. The discounted material parameters more accurately reflect the mechanical properties of the rock mass in the field. The material parameters of the ore body and surrounding rock obtained from the relevant literature [8,28] are listed in Table 3. A backfill scheme with an ash-sand ratio of 1:10 was used in backfilling the isolated ore based on the backfill material parameters listed in Table 4.




5.3. Numerical Simulation Schemes and Steps


A total of six extraction schemes involving different combinations of roof protection layer preservation and extraction sequence were considered (during extraction, the crown pillar had a total height of 10 m; considering that the lower 5 m has been mined, numerical simulation was confined to extraction schemes involving crown pillars within the upper 5 m), as listed in Table 5. To reflect an actual mining situation, two extraction sequences were considered: mining at an interval of one strip and strip-by-strip mining. In both cases, three drifts were simultaneously extracted following an overall extraction sequence proceeding from the west to the east wing.




5.4. Analysis and Discussions of Numerical Calculation Results


5.4.1. Analysis of Displacement Field


Figure 4 shows Z-direction displacement cloud pictures (plan views) of the roof protection layer for different periods under two extraction sequences (Schemes A and B) when the thickness of the roof protection layer is 0.5 m. Given the space limitations of this paper, only some of the extraction and backfilling stages are shown. The analysis found that, under both Schemes A and B, the displacement value at the hanging wall near the ore body was generally larger than that at the footwall during the overall extraction process (the displacement value of the roof protection layer near the hanging wall was approximately 1.14 cm; that near the footwall was approximately 0.76 cm). Because the strength of the surrounding rock at the hanging wall was lower, it was less able to support the roof protection layer, resulting in a larger sedimentation value. Analysis of the evolution rule of the displacement field of the roof protection layer at different stages revealed that the extraction sequence has a significant influence on the sedimentation development trend in the roof protection layer. When Step 2 was completed (for Drifts 1, 8, and 15 of Scheme A and Drifts 1, 3, and 5 of Scheme B), only a small increase in the displacement of the roof protection layer occurred at the corresponding drifts; when Step 11 was completed (for Drifts 6, 13, and 20 of Scheme A and Drifts 8, 10, and 12 of Scheme B), more obvious sedimentation occurred on the left side, middle, and right side of the roof protection layer in Scheme A. In contrast, a larger range of sedimentation occurred on the right side of Scheme B. When the last step was completed (for Drifts 7 and 14 of Scheme A and Drift 20 of Scheme B), the basic area of the displacement field of the roof protection layer was the same in both schemes: the maximum displacements under Schemes A and B were approximately 1.62 and 1.6 cm, respectively, and the sedimentation value under Scheme B was slightly smaller than that under Scheme A.



Figure 5 shows displacement clouds after all extraction and backfill for models with spaced extraction under different roof protection layer thicknesses (as Figure 4 includes Scheme B, only Schemes D and F are shown). An analysis of Figure 4f and Figure 5a,b reveals that the maximum displacement sedimentation value generally occurs at the side of the roof protection layer near the footwall, regardless of the thickness of the roof protection layer. The maximum displacement sedimentation values under Schemes B, D, and F are 1.6, 1.38, and approximately 1.26 cm, respectively. It is seen that the maximum displacement sedimentation value monotonically decreases as the thickness of the roof protection layer increases, which indicates that increasing the thickness of this layer improves its stability. In addition, the displacement sedimentation value decreases by 0.22 cm when the thickness of the roof protection layer increases from 0.5 to 1 m, whereas increasing the thickness from 1 to 1.5 m decreases the displacement sedimentation value by only 0.12 cm, indicating that the decrease in amplitude of the displacement sedimentation value begins to decline when the thickness of the roof protection layer is increased to 1 m.




5.4.2. Analysis of Plastic Zone


(1) Distribution characteristics of the plastic zones in the roof protection layer under different extraction sequences



Table 6, Table 7, Table 8 and Table 9 list the evolution rules of the plastic zones in the roof protection layer during different periods under Schemes C and D with a roof protection layer thickness of 1 m. Note that the green, red and light blue colors indicate the plastic zones in each figure.



① Analysis of the plastic zones in the roof protection layer at each stage of Scheme C revealed the following: because one side of the drift was an isolated pillar and the other side was loose tailings backfill during mining, there was a plastic zone at the beginning stage; as the excavation and backfill continued, the plastic zones accumulated, with the plastic zones of the roof protection layer following an overall trend of steady growth as the excavation and backfill proceeded. Eventually, the failure range of the plastic zones of the roof protection layer accounted for 9.8% of the overall roof protection layer.



② The changes in the plastic zones of the roof protection layer during each stage under Scheme D revealed that the roof protection layer did not undergo failure during the mining of the odd-numbered drifts; at the same time, the plastic zones of the roof protection layer began to increase during the extraction of the even-numbered drifts. Ultimately, the plastic zones of the roof protection layer under Scheme D accounted for 4.7% of the overall roof protection layer. These results can be explained as follows. The odd-numbered drifts were bordered on each side by harder isolated pillars featuring ore bodies that could effectively support the roof protection layer during mining through a reasonable choice of drift size. The even-numbered drifts, by contrast, were bordered by loose tailings backfill, leading to the growth of roof protection layer plastic zones during mining.



③ Comprehensive analysis of Schemes C and D revealed significant differences between the two in terms of the percentage of plastic zones, with the former producing a higher final percentage than the latter. Although both sides of the pillar comprised relatively loose tailings backfills during drifts extraction in the later period under Scheme D, the plastic zones in the roof protection layer could be effectively controlled in the early stage of extraction, enhancing the overall stability of the layer in the later stage. By contrast, even when the strip-by-strip extraction process was applied under Scheme A, some plastic zones still appeared in the early stage of mining, resulting in the accumulation of plastic zones in the later extraction process and reducing the overall protection of the roof protection layer.



(2) Distribution characteristics of roof protection layer plastic zones with different roof protection layer thicknesses



Figure 6, Figure 7 and Figure 8 show the distribution characteristics of the plastic zones produced at different roof protection layer thicknesses (Schemes B, D, and F) using the spaced extraction sequence following full completion of pit backfill and extraction. It is seen from the figures that plastic zones account for 60, 4.7, and 0.6% of the final overall layers under Schemes B, D, and F, respectively. The percentage of plastic zones showed a monotonically decreasing trend with increasing roof protection layer thickness. Under Scheme B, plastic zones appeared in most of the areas in the roof protection layer. They penetrated each other, indicating that complete failure had occurred in the roof protection layer. Under Schemes D and F, plastic zones appeared only within small ranges of the roof protection layer and failed to penetrate the upper and bottom parts of the layer (this was particularly true under Scheme F), indicating that the roof protection layers were relatively stable. These results indicate that thickening the roof protection layer reduces the likeliness of plastic zone appearance and is more conducive to the stability of the pit. Furthermore, increasing the thickness of the roof protection zone from 0.5 to 1 m decreased the plastic zone coverage by 55.2%, whereas an increase from 1 to 1.5 m resulted in a plastic zone decrease of only 4.3%, indicating that increasing the protection layer thickness beyond 1 m results in diminishing returns in terms of plastic zone coverage reduction.



The roof protection layer plastic zone volumes and percentages obtained under different extraction schemes are listed in Table 10. As the numerically simulated plastic zones under Schemes A and B reach 82 and 60%, respectively, indicating that complete failure occurred in the roof protection layers, these two schemes can be excluded first. Although the differences among Schemes C, D, E, and F in terms of the percentage of plastic zones are not significant, Schemes C and D and E and F differ by 750 m3 in terms of ore production. To fully evaluate the safety and economics (ore recovery rate) of pillar extraction under the four remaining schemes, we further optimized them using the analytic hierarchy process.






6. Optimization of the Schemes for the Preservation of Roof Protection Layer and Extraction Sequence Based on Analytic Hierarchy Process


The optimized fuzzy mathematics method was used to transform various fuzzy or subjective factors in the mining process into mathematical form as evaluation indices, which were then quantified and analyzed for each scheme, to produce a scheme selection approach that was scientific, reasonable, and reliable. The analytic hierarchy process was used to quantify and analyze the evaluation index achieved by each scheme [29,30], synthesize the safety and economy of the scheme, and use the results to determine an optimal preserved roof protection layer thickness and extraction sequence.



6.1. Establishment of Optimized Fuzzy Mathematics Model


In general, modeling using the application of the analytic hierarchy process to solve practical problems can be implemented through the following four steps:



Step 1: Hierarchical modelling



In applying the analytical hierarchy process to analyzing a decision-making problem, the problem should be organized so a hierarchical structure model can be built. Such hierarchies can be divided into three categories: top hierarchies (target hierarchies), middle hierarchies (criterion hierarchies), and bottom hierarchies (scheme hierarchies). The number of hierarchies used in a hierarchical structure will reflect the complexity of the problem and the level of detail required for analysis. In general, an unlimited number of hierarchies can be used, but the number of elements dominated by each element in a hierarchy should not exceed nine.



Step 2: Construction of judgment matrices for each hierarchy



The individual criteria within a criterion hierarchy will not necessarily have the same proportions of importance for target measurement; however, each will have a proportion of importance in the mind of the decision maker. Here, the integers from 1–9 and their reciprocals are used as scales to define judgment matrices (see Table 11).



Step 3: Single ranking of hierarchies and consistency checking



(1) A consistency index (CI) is calculated for matrices of dimension n.



(2) A consistency index RI corresponding to n is then obtained from Table 12.



(3) Calculation of consistency ratio (CR)



The consistency of a judgment matrix is considered acceptable when CR < 0.1; otherwise, the judgment matrix should be corrected as appropriate.



Step 4: After a reasonable judgment matrix is derived, its weight vector ω is obtained using the geometric mean method (square root method). All weights in each row of the judgment matrix are multiplied to obtain the row product of all elements; this extraction is repeated four times for each row product to obtain ω for each judgment matrix.



Step 5: Equations 5 are applied to normalize the judgment matrices, and their weight vectors are multiplied to obtain the scheme membership of each scheme.



Step 6: To obtain a total ranking of hierarchies, the scheme membership of each scheme is ranked to obtain the ranking weight of each element—particularly for the elements of the schemes within a bottom hierarchy—to produce a target for the selection of schemes.




6.2. Determination of the Optimal Scheme for the Preservation of Roof Protection Layer and the Extraction Sequence


A membership matrix of roof protection layer preservation methods was developed based on the preservation method selection principle. Four indices were used to select the optimal scheme from Schemes C, D, E, and F. The selected indices were the maximum mean stress value along the Z direction in the roof protection layer, the maximum mean sedimentation value along the Z direction in the roof protection layer, the degree of plastic failure in the roof protection layer, and the lost ore tonnage following extraction, as shown in Table 13.



The weight matrix R of the four indices was obtained using the analytic hierarchy process:


  R =      1    1 / 2     1 / 4     1 / 8      2   1    1 / 3     1 / 8      4   3   1    1 / 5      8   8   5   1       



(2)







Using the obtained maximum eigenvalue, λmax = 4.1189, the consistency index was derived as


  C I =    λ  max   − n   n − 1   = 0.0396 ,  



(3)




where n = 4, i.e., CR = CI/RI = 0 < 0.1 (RI = 0.89 was selected from Table 11), satisfying the consistency test. The weight vector affecting the selection of the roof protection layer preservation scheme, ω = [0.06, 0.08, 0.20, 0.66], was then obtained using the root method.



Using Table 12, the eigenvector matrix was obtained as


   y  1 − 4   =       4.27     4.28     4.39     4.40       1.31     1.26     1.22     1.21       9.8     4.8     0.8     0.5       20     20     30     30       .  



(4)







This matrix for smaller and better indices (all four of the indices used here are smaller and better indices) was normalized using the following equation:


   r  i j   =   min  y  i j      y  i j     ,  



(5)




where rij is the index normalized, minyij is the minimum-valued index in each row, and the yij correspond to the indices in each row. Applying this normalization produced the following matrix:


   R  1 − 4   =      1    0.998     0.973     0.970       0.924     0.960     0.992    1      0.051     0.104     0.625    1     1   1    0.667     0.667        



(6)







From this matrix, the scheme membership S = ω×R1–4 = (0.8041, 0.8175, 0.7030, 0.7784) was obtained, corresponding to the following priority ranking: Scheme D > Scheme C > Scheme F > Scheme E.



Based on this ranking, Scheme D—preservation of a 1.0-m-thick roof protection layer combined with mining at an interval of one strip—was selected as the optimal roof protection layer preservation scheme for the 855 middle sublevel.





7. Conclusions


	(1)

	
Based on the existing technical conditions of mining and ore body reserve characteristics of the crown pillar in the 855 middle sublevel, the cut-and-fill stoping of drift vertical to ore body strike was proposed to be the optimal recovery scheme for the crown pillar in the 855 middle sublevel.




	(2)

	
Based on the results of a site survey and information query, a preliminary reasonable isolated layer preserved thickness was obtained using seven classical theories. In conformance with the existing technical conditions of mining, three potential roof protection layer thicknesses were proposed: 0.5 m, 1 m, and 1.5 m.




	(3)

	
Based on the numerical simulation results, it was found that for each scheme, the displacement field of the roof protection layer and the change rule of the plastic zones were analyzed, the results revealing that the extraction sequence and the thickness of the roof protection layer both have a significant influence on the stability of the pit. By mining at intervals of one strip, the range of the plastic zones in the roof protection layer can be effectively controlled in the early stage of mining, which enhances the overall stability of the roof protection layer in the later stages. It was further shown that the proportion of plastic zones in the roof protection layer monotonically decreases as the thickness of the protection layer increases. However, there are significant reductions in the changes in sedimentation value and proportion of plastic zones once the roof protection layer thickness exceeds 1 m.




	(4)

	
Based on the scheme-ranking membership vector produced in the analytic hierarchy process, the optimal extraction scheme for the preservation of the roof protection layer in the 855 middle sublevel was determined to be cut-and-fill stoping of the drift vertical to ore body strike combined with a preserved roof protection layer thickness of 1 m and a spaced mining sequence.
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Figure 1. Schematic of mining method used in the 855 middle sublevel of the pit. (Done by the authors). 
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Figure 2. Plan of Lines 1–3 of 890 horizontal in 855 m middle sublevel. 
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Figure 3. 3D numerical model of mine based on FLAC3D. 
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Figure 4. Z-direction displacement cloud pictures (plan views) for different periods under Schemes A and B with a roof protection layer thickness of 0.5 m. (a) After extraction and backfill of Drifts 1, 8, and 15 (Step 2). (b) After extraction of Drifts 6, 13, and 20 (Step 11). (c) After extraction and backfilling of Drifts 7 and 14 (last step). (d) After extraction and backfill of Drifts 1, 3, and 5 (Step 2). (e) After extraction of Drifts 8, 10, and 12 (Step 11). (f) After extraction and backfilling of Drift 20 (last step). 
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Figure 5. Z-direction displacement cloud pictures (plan views) of the roof protection layer after the completion of extraction and backfilling under Schemes D and F. (a) Scheme D. (b) Scheme F. 
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Figure 6. Distribution of plastic zones in the roof protection layer under Scheme B. (a) 3D drawing. (b) plan of roof protection layer. 
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Figure 7. Distribution of plastic zones in the roof protection layer under Scheme D. Note that the heigt of each slice is 0.5m. (a) 3D drawing. (b) plan of roof protection layer (the first slice). (c) plan of roof protection layer (the second slice). 
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Figure 8. Distribution of plastic zones in the roof protection layer under Scheme F. Note that the heigt of each slice is 0.5m. (a) 3D drawing. (b) plan of roof protection layer (the first slice). (c) plan of roof protection layer (the second slice). (d) plan of roof protection layer (the thirdslice). 
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Table 1. Basic Characteristics and Advantages and Disadvantages of Three Crown Pillar Recovery Schemes.
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	Schemes
	Scheme I
	Scheme II
	Scheme III





	Name
	Cut and fill stoping of drift along the ore body strike
	Cut and fill stoping of drift vertical to the ore body strike
	Cut and fill stoping of small drift along the ore body strike



	Basic characteristics
	Crown pillars are divided into two ore blocks along the ore body strike direction, and each block is further divided into stope rooms and pillars. The stope room has a length of 40 m, and the pillar has a width of 10 m. In the stope room, the drifts are arranged along the same direction of the ore body, and 3–5 drifts can be arranged at the same time.
	Drifts are arranged for the crown pillars along the ore body tendency body without division of stope rooms and pillars. The width of the drifts can be 3–5 m, the length of the drift is the thickness of the crown pillar. If the length of the crown pillar is 100 m, more than 20 drifts need to be arranged.
	The small blocks are arranged along the crown pillars, with a width of 20 m and a length of the thickness of the ore body, and 5 small blocks need to be arranged. Each small block is subdivided into stope rooms with a width of 15 m and point pillars with a width of 5 m. In the stope room, the drifts are arranged along the same direction of the ore body, and 3 drifts can be arranged at the same time.



	Advantages
	The pit structure is relatively simple, while the number of drifts is small, and the extraction and backfill operation does not need to be changed frequently, so there is less mutual interference; the stope preparation and cutting work are relatively simple.
	The pit features a simpler structure, smaller exposed area of drifts, shorter maintenance time of drifts and higher ore recovery rate, in which the thickness of the roof protection layer required to be preserved can be reduced appropriately; the spaced extraction has a low impact on the ore recovery progress; multiple drifts can be extracted simultaneously, which improves mining efficiency.
	Compared to both Schemes I and II, the pit drift features a smaller exposed area, better stability, shorter maintenance time, less thickness of roof protection layer required to be preserved, and a higher ore recovery rate.



	Disadvantages
	The length of each drift is larger, the exposed area of the roof is larger, and the thicker roof protection layer needs to be preserved, resulting in a higher ore loss rate; the non-spaced extraction method was adopted while the number of drifts extracted is only one, affecting the extraction progress inside the pit, thus leading to the extraction period delay; blind heading causes poor ventilation effect in the pit.
	The length of the drift is the thickness of the ore body, more drifts need to be arranged in the pit, and the extraction work and the filling work need to be changed frequently, affecting the extraction progress to a certain extent; blind heading causes poor ventilation effect in the pit.
	The pit structure is more complex, and the quantities of stope preparation and cutting works are larger; the non-spaced extraction method is adopted, while the number of drifts simultaneously extracted is only one, affecting the extraction progress and work efficiency in the pit, leading to the extraction period delay; blind heading causes poor ventilation effect in the pit.
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Table 2. Theoretical calculation methods and results.
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	Theoretical Method
	Calculation Formula
	Definition of Parameters
	Thickness of Roof Protection Layer (m)





	Limit span theory
	 [image: Minerals 12 01066 i001]
	hp—thickness of the roof protection layer, m; W—drift width, m; σt, σc—the tensile strength and compressive strength of the ore in the roof protection layer, respectively, MPa; γs—waste rock unit weight, kN/m3; hs—the height of caved rock or backfill waste pile, m; n—the safety factor, by using the open stoping, taken as 1.2.
	1.6



	K.B. Rubeneita method
	 [image: Minerals 12 01066 i002]
	H-thickness of the roof protection layer, m; K—safety factor, taken as 1.2; γ2—the rock unit weight of the roof protection layer, t/m3; B—drift width, m; σS =σn5/K0K3 is the rock strength limit under bending conditions, K0 = 2–3, K3 = 7–10, σn5 = 0.1σc, σc—the uniaxial compressive strength of rock, MPa; g—the uniform load above the roof protection layer, MPa.
	0.6



	B.H. Bogorlyubov method
	 [image: Minerals 12 01066 i003]
	H—thickness of the roof protection layer, m; P—dynamic load formed due to blasting rock, P = rHYKn(Kc + Knep)/Kp; HY—the gradient height, taken as 5 m; r—crater index, taken as 1.5; Kc, Knep, Kn and Kp—the bench height decreasing coefficient, over-drilling coefficient, dynamic load factor and ore rock loose coefficient, respectively, when blasting is carried out, with Kc as 0.1, Knep as 1.2, Kn as 2 and Kp as 1.3 according to previous studies;
	1.5



	Length-to-width ratio plate-girder method
	 [image: Minerals 12 01066 i004]
	Hn—thickness of the roof protection layer, m; Ln—pit span (thickness of the ore body), m; γ—unit weight of the isolated pillar rock, kN/m3; σ—permitted tensile stress of the isolated pillar rock, kN/m2; P1—unit pressure of the waste rock and other additional loads on the isolated pillar, kN/m2; P—dynamic load generated by blasting, P = rHYKn(Kc + Knep)/Kp. Where: HY—the gradient height, taken as 5 m; r—crater index, taken as 1.5; Kc, Knep, Kn and Kp—the bench height decreasing coefficient, over-drilling coefficient, dynamic load factor and ore rock loose coefficient, respectively, when blasting is carried out, with Kc as 0.1, Knep as 1.2, Kn as 2 and Kp as 1.3 according to previous studies.
	0.5



	Load intersection line method
	 [image: Minerals 12 01066 i005]
	h—thickness of roof protection layer, m; L—drift width, m; β—included angle between the load transfer line and the vertical center line of the goaf roof, taken as 30°, 32° and 35°; K—safety factor, taken as 1.2.
	4.32–5.23



	Protodyakonov arch method
	 [image: Minerals 12 01066 i006]
	Hy—thickness of the roof protection layer, m; b—half the width of the drift, m; h—maximum height of the pit, m; φ—angle of internal friction of the rock, °; f—Protodyakonov coefficient of the rock;
	1.0



	Limit equilibrium theory
	 [image: Minerals 12 01066 i007]
	h—thickness of the roof protection layer, m; σt—tensile strength of the ore body, MPa; a—length of the drift, m; b—width of the drift, m.
	0.8
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Table 3. List of material parameters selected for the numerical simulation.






Table 3. List of material parameters selected for the numerical simulation.





	Lithology
	Elastic

Modulus (GPa)
	Bulk

Modulus (GPa)
	Poisson’s Ratio
	Internal Friction

Angle

(°)
	Density (g/cm3)
	Compressive

Strength (MPa)
	Tensile

Strength (MPa)
	Cohesive Force (MPa)





	Marble

(Surrounding rock of hanging wall)
	11.64
	8.43
	0.27
	47
	2.663
	7.86
	0.7
	1.2



	Slate

(Surrounding rock of foot wall)
	18.81
	10.81
	0.21
	49
	2.77
	17.02
	0.9
	1.5



	Ore body
	21.26
	11.43
	0.19
	50
	3.565
	25.33
	2
	1.8
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Table 4. Material parameters of backfills.
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	Proportioning
	Bulk Modulus

/MPa
	Shear Modulus/MPa
	Poisson’s Ratio
	Internal Friction Angle

/°
	Density/g/cm3
	Compressive Strength

/MPa
	Tensile Strength/MPa
	Cohesive Force/KPa





	1:10
	80.9
	58.2
	0.21
	36.9
	1.82
	1.07
	0.1
	143
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Table 5. Selection of numerical simulation schemes.






Table 5. Selection of numerical simulation schemes.





	
Scheme A

	
The thickness of roof protection layer is 0.5 m and strip-by-strip extraction is adopted
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Scheme B

	
The thickness of roof protection layer is 0.5 m and spaced extraction is adopted




	
Scheme C

	
The thickness of roof protection layer is 1.0 m and strip-by-strip extraction is adopted
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Scheme D

	
The thickness of roof protection layer is 1.0 m and spaced extraction is adopted




	
Scheme E

	
The thickness of roof protection layer is 1.5 m and strip-by-strip extraction is adopted
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Scheme F

	
The thickness of roof protection layer is 1.5 m and spaced extraction is adopted








Note: Blue indicates the preserved roof protection layer; green indicates the crown pillars to be extracted. Each grid has a width of 0.5 m.
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Table 6. Distributions of roof protection layer plastic zones under Schemes C and D (excavation stages 1 and 2).
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Excavation Stage 1 (Drifts 1, 8 and 15 of Scheme C; and Drifts 1, 3 and 5 of Scheme D)

	
Backfill Stage 1 (Drifts 1, 8 and 15 of Scheme C; and Drifts 1, 3 and 5 of Scheme D)

	
Excavation Stage 2 (Drifts 2, 9 and 16 of Scheme C; and Drifts 7, 9 and 11 of Scheme D)

	
Backfill Stage 2 (Drifts 2, 9 and 16 of Scheme C; and Drifts 7, 9 and 11 of Scheme D)






	
Scheme C

	
Distribution diagram of plastic zones in the roof protection layer observed from top to bottom
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Distribution diagram of plastic zones in the roof protection layer observed from bottom to top
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Scheme D

	
Distribution diagram of plastic zones in the roof protection layer observed from top to bottom
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Distribution diagram of plastic zones in the roof protection layer observed from bottom to top
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Table 7. Distributions of roof protection layer plastic zones under Schemes C and D (excavation stages 3 and 4).
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Excavation Stage 3 (Drifts 3, 10 and 17 of Scheme C; and Drifts 13, 15 and 17 of Scheme D)

	
Backfill Stage 3 (Drifts 3, 10 and 17 of Scheme C; and Drifts 13, 15 and 17 of Scheme D)

	
Excavation Stage 4 (Drifts 4, 11 and 18 of Scheme C; and Drift 19 of Scheme D)

	
Backfill Stage 4 (Drifts 4, 11 and 18 of Scheme C;and Drift 19 of Scheme D)






	
Scheme C

	
Distribution diagram of plastic zones in the roof protection layer observed from top to bottom
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Distribution diagram of plastic zones in the roof protection layer observed from bottom to top
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Scheme D

	
Distribution diagram of plastic zones in the roof protection layer observed from top to bottom
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Distribution diagram of plastic zones in the roof protection layer observed from bottom to top
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Table 8. Distributions of roof protection layer plastic zones under Schemes C and D (excavation stages 5 and 6).
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Excavation Stage 5 (Drifts 5, 12 and 19 of Scheme C; and Drifts 2, 4 and 6 of Scheme D)

	
Backfill Stage 5 (Drifts 5, 12 and 19 of Scheme C; and Drifts 2, 4 and 6 of Scheme D)

	
Excavation Stage 6 (Drifts 6, 13 and 20 of Scheme C; and Drifts 8, 10 and 12 of Scheme D)

	
Backfill Stage 6 (Drifts 6, 13 and 20 of Scheme C; and Drifts 8, 10 and 12 of Scheme D)






	
Scheme C

	
Distribution diagram of plastic zones in the roof protection layer observed from top to bottom
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Distribution diagram of plastic zones in the roof protection layer observed from bottom to top
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Scheme D

	
Distribution diagram of plastic zones in the roof protection layer observed from top to bottom
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Distribution diagram of plastic zones in the roof protection layer observed from bottom to top
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Table 9. Distributions of roof protection layer plastic zones under Schemes C and D (excavation stages 7 and 8).
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Excavation Stage 7 (Drifts 7 and 14 of Scheme C; and Drifts 14, 16 and 18 of Scheme D)

	
Backfill Stage 7 (Drifts 7 and 14 of Scheme C; and Drifts 14, 16 and 18 of Scheme D)

	
Excavation Stage 8 (mining completion in Scheme C; and Drift 20 of Scheme D)

	
Backfill Stage 8 (mining completion in Scheme C;and Drift 20 of Scheme D)






	
Scheme C

	
Distribution diagram of plastic zones in the roof protection layer observed from top to bottom
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Distribution diagram of plastic zones in the roof protection layer observed from bottom to top
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Scheme D

	
Distribution diagram of plastic zones in the roof protection layer observed from top to bottom
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Distribution diagram of plastic zones in the roof protection layer observed from bottom to top
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Table 10. Volumes and percentages of plastic zones under different extraction schemes.
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	Scheme A
	Scheme B
	Scheme C
	Scheme D
	Scheme E
	Scheme F





	Volume of the plastic zones of the roof protection layer

(m3)
	615.63
	456.25
	146.88
	71.875
	18.75
	12.5



	Total volume of pillars

(m3)
	750
	750
	1500
	1500
	2250
	2250



	Percentage of plastic zones

(%)
	82
	60
	9.8
	4.8
	0.8
	0.5
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Table 11. Definition of judgment matrix scales.
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	Scale
	Meaning





	1
	Indicates that two factors are of equal importance



	3
	Indicates that the former factor is slightly more important than the latter



	5
	Indicates that the former is significantly more important than the latter



	7
	Indicates that the former is strongly more important than the latter



	9
	Indicates that the former is more extremely important than the latter



	2,4,6 and 8
	Indicate the middle value of the above adjacent judgments



	Reciprocals
	The importance ratio of the latter factor to the former factor is the reciprocal of the importance ratio of the former factor to the latter factor
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Table 12. Average random consistency index.






Table 12. Average random consistency index.





	n
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14





	RI
	0
	0
	0.52
	0.89
	1.12
	1.24
	1.36
	1.41
	1.46
	1.49
	1.52
	1.54
	1.56
	1.58
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Table 13. Quantitative indicators of each top protection layer retention scheme.
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	Index Factor
	Scheme C
	Scheme D
	Scheme E
	Scheme F





	Maximum stress mean value in the Z direction of the roof protection layer (MPa)
	4.27
	4.28
	4.39
	4.40



	Maximum sedimentation mean value in the Z direction of the roof protection layer (cm)
	1.31
	1.26
	1.22
	1.21



	Percentage of plastic failure in the roof protection layer

(%)
	9.8
	4.8
	0.8
	0.5



	Lost ore tonnage after extraction

(%)
	20
	20
	30
	30
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