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Abstract

:

To eliminate the massive accumulation of tailings and promote the recycling of mine solid waste to develop green mining, a two-layered cemented paste backfill (CPB) with layering angles of 5°, 10°, 15°, 20° and 25° and complete CPB were prepared to conduct direct shear experiments; thus, the effect of the layering angle on their shear mechanical properties can be investigated. Meanwhile, the particle flow analysis program PFC 2D was used to simulate the micro-crack propagation law and reveal the damage mechanism. The results showed that the layered structure weakens the integrity of CPB and significantly reduces its shear strength, cohesion and internal friction angle. When the layered angle increased from 20° to 25°, the shear strength under normal stress of 100 kPa was decreased by 35.13% and cohesion by 43.43%. As the layered angle increased from 5° to 25°, the internal friction angle decreased first and then increased and reached the minimum when the layered angle was 15°. With the increase in the layered angle, the layered CPB gradually generated tension cracks along the layered surface, and the number of cracks gradually increased. The failure mode of each specimen is mainly a shear crack through the shear surface failure, crack expansion in the middle of shear surface on the upper and lower sides of the spindle-shaped failure and an inverted Z-shaped conjugate shear failure. This research can provide a substantial reference in the design and application of layered CPB in underground mines.
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1. Introduction


The filling mining method means mixing solid wastes, such as surface-stockpiled tailings, with cement and water to make a paste to fill the mining area [1,2], which can reduce surface-stockpiled tailings [3,4] and surface settlement to protect the environment [5]. Moreover, this method is beneficial in controlling the stability of surrounding rocks and improving the utilization rate of mineral resources [6]; therefore, it has become the preferred mining method for the green mining of metal mineral resources in various countries [7,8]. However, the influence of filling capacity and slurry flow characteristics in the actual filling process in mines inevitably causes a nonhorizontal layering phenomenon inside the CPB, which has a great deterioration effect on its strength characteristics and overall stability [9,10].



As an artificial composite matrix, the strength characteristics of the CPB will directly affect mining efficiency. Therefore, much research has been conducted to study the bending behavior [11,12,13,14], uniaxial [15,16,17] and triaxial [18,19] compression properties and shear characteristics [20,21,22] of complete CPB and CPB–rock composite (adding reinforcement materials such as waste rock, fiber and 3D-printing polymer). Xue et al. [23] found that incorporating the appropriate amount of fiber could significantly improve the bending strength of the CPB and the optimal fiber content was 0.6%. With uniaxial compression tests and CT scans, Sun et al. [24] found that the fine structure inside the reinforced CPB with 30% waste rock content was more uniform and denser than the normal CPB and had better mechanical properties. Xiu et al. [25] discovered that under triaxial compression, the failure mode of CPB gradually transformed from tensile failure to tensile-shear failure and compression-shear failure with the gradual increase in the lateral constraint ratio. Besides, Wu et al. [26] clarified that under triaxial compression, the damage modes of CPB–rock assemblies were mainly composite damage and sliding damage along the cohesive interface, and when the confining pressure was lower, the assemblies mainly incurred sliding damage. Fang et al. [27] conducted a shear test study on the adhesive interface of CPB–rock assemblage and found that the high curing temperature could promote the hydration reaction of cement to improve the early shear strength of the assemblage, but the shear strength was reduced in the latter because of the temperature inversion effect.



For the layered CPB, Gao et al. [28] discovered that the number and angle of delamination had a deteriorating effect on the flexural strength of layered CPB, and the flexural strength decreased significantly when the layered angle exceeded 5°. Chen et al. [29] proved that the presence of layered contact surfaces significantly reduced the uniaxial compressive strength and elastic modulus of the layered CPB but enhanced its deformation capacity. Cao et al. [30] reported that the uniaxial compressive strength of the layered CPB was negatively correlated with the interval time of the filling and showed an inverted U-shaped distribution with the increase in the layered angle. Wang et al. [31,32] found that in uniaxial compression, the acoustic emission signal of the layered CPB was characterized by first increasing and then decreasing, and the cracks mainly expanded from the middle layer to both ends during damage, and the failure mode gradually transformed from tensile failure to shear failure as the cement content decreased. Zhang et al. [33] illustrated that the increase in the number of layers weakened the triaxial compressive strength and elastic modulus of the layered CPB but had a promoting effect on the peak strain. Wang et al. [34,35] conducted cyclic loading and unloading tests on layered CPB, and the results showed that when the surrounding pressure was lower, cyclic loading and unloading had an improving effect on the compressive strength of the layered CPB but showed decreasing effect when the surrounding pressure was higher. In addition, through the Hopkins compression bar impact test and numerical simulation, Li et al. [36] and Zhang et al. [37] found that the dynamic compressive strength of the layered CPB increased by 11% to 163% compared with the static compressive strength, and the damage mode of the layered CPB gradually changed from tension damage to shear damage with the increase in the layered angle.



According to the review above, it can be known that the strength properties of CPB have been thoroughly studied and have contributed greatly to the successful application of the filling mining method. However, according to the results of many literature searches, the shear properties of incline-layered CPB have not been reported so far; therefore, in this paper, layered CPB with layering angles of 5°, 10°, 15°, 20° and 25° was prepared for direct shear physical experiments to analyze the influence of layering angle on its shear properties. The numerical model of incline-layered CPB is also established using the discrete element numerical simulation software PFC 2D to visually analyze the evolution of the number and location of cracks inside the CPB under shear with different layering angles, which provides a theoretical basis for the selection of layering angles in the mine filling process.




2. Materials and Method


2.1. Raw Materials


The experimental materials include tailings, cement and water; among them, the tailings were taken from a copper mine in China and had a density of 3.08 t/m3, and their gradation was measured using a Malvern Mastersizer 2000 laser particle-size analyzer; the results are shown in Figure 1. It can be seen that Cu (Cu = d60/d10) and Cc (Cc = d302/(d60 × d10)) are 9.53 and 1.26, respectively, which means that the tailings have good gradation [38]. The chemical composition of tailings is shown in Table 1. P.C42.5 composite Portland cement was used for cementation to mix with tap water to make filling slurry.




2.2. Layered CPB Specimens Preparation


The filler slurry with a mass concentration of 68% and 1:20 ratio of cement to tailings was prepared. The nonlayered and two-layered CPBs with layering angles of 5°, 10°, 15°, 20° and 25° were made and subjected to six working conditions. Each group of working conditions was subjected to four different normal stresses for direct shear tests, and for each normal stress, three parallel tests were conducted separately to reduce the experimental error. The detailed experimental scheme is shown in Table 2.



First, the electronic scale was used to weigh the tailings, cement and water, and then the weighed materials were poured into the barrel for mixing. To ensure the filling slurry was mixed evenly, the mixing time was controlled to be more than 3 min [39]. Finally, the uniformly mixed slurry was poured into a mold with a diameter of 61.8 mm and a height of 45 mm for consolidation, in which the complete CPB was poured at one time, and the layered CPB was poured twice at a predesigned layered angle with a fixed interval of 24 h. After 24 h of solidification, the layered CPB was demolded and placed in a curing chamber at a temperature of 20 ± 1 °C and a humidity of 90% ± 5%. After curing for 3 days, a direct shear test was performed. The specific preparation process of the layered CPB specimens is shown in Figure 2.




2.3. Direct Shear Test


The ZJ-4A strain-controlled direct shear apparatus was adopted, and the shear box size is 61.8 mm (diameter) × 45 mm (height), where the upper and lower height of the shear box is 25 mm and 20 mm, respectively. The direct shear test was conducted on the layered CPB under the normal stress of 100 kPa, 200 kPa, 300 kPa and 400 kPa, respectively, and the shear rate was controlled as 0.8 mm/min, as shown in Figure 3.




2.4. Establishment of Numerical Model


The numerical models of the N-L, 2-L-5, 2-L-15 and 2-L-25 specimens were established using the particle flow numerical analysis software, and the internal micro-crack propagation law and damage mode during shearing were simulated and analyzed. The particle size distribution in the model was consistent with the actual tailings gradation but was simplified, and the data at the end of the actual tailings particle size distribution curve where the percentage was greater than 80% and less than 20% were ignored and replaced by the corresponding maximum and minimum particles. To reduce the calculation time, the particle radius is enlarged by 15 times, and the simulated particle gradation curve is shown in Figure 4.



In this paper, the bonding of cement to tailings was simulated by the linear parallel bond model, which adds the bonding function to the linear contact model and is widely used in dense materials such as rocks, backfills and coal–rock assemblages. The layering phenomenon of layered CPB was simulated by the smooth-joint contact model, and the final numerical model is shown in Figure 5.





3. Result and Discussion


3.1. Shear Stress(τ) and Shear Displacement(δ)


The experimental shear rate was set to 0.8 mm/min, and the data were recorded every 30 s, and then the relationship curves between τ-δ of the CPB was obtained, as shown in Figure 6.



The representative N-L, 2-L-10, 2-L-15 and 2-L-20 CPB were selected to analyze the influence law of normal stress on the τ-δ curves; as shown in Figure 6, it can be seen that the normal stress has an important influence on the changing trend of the τ-δ curve of the CPB. Under the same layered angle, the greater the normal stress, the greater the shear stress, and the slower it reaches shear strength, which also conforms to the Mohr–Coulomb strength criterion.



Under different normal stresses, the trends of the τ-δ curves of each CPB were found to be approximately the same, and they all can be divided into three stages: (1) the linear elastic deformation stage (OA), during which the shear stress increases rapidly and grows approximately linearly; (2) the yield stage (AB), during which the shear stress grows slowly, the slope of the τ-δ curve decreases significantly, and the lower normal stress, the faster the CPB yields; and (3) the plastic shear damage stage (after point B), during which under the action of normal stress the CPB does not fail immediately after reaching the shear strength. Under the lower normal stress (100 kPa, 200 kPa), the tailing particles on the shear plane of the CPB were staggered and tumbled, making the CPB show strain-softening characteristics. In comparison, the higher normal stress (300 kPa and 400 kPa) enhanced the bite contact between the particles of the CPB, further increasing its ability to resist failure, thus showing the plastic failure characteristics of the constant shear stress as the shear displacement increases.



As shown in Figure 7, each CPB was affected by the normal stress in the shearing process, and the stress concentration phenomenon appeared on its shearing plane in different degrees. Taking the 2-L-15 CPB as an example, its stress concentration became more obvious with the gradual increase in the normal stress. When the normal stress was 200 kPa, it initially produced macroscopic cracks, and the number of cracks increased as the normal stress increased to 300 kPa; when the normal stress further increased to 400 kPa, the CPB cracks penetrated and showed the characteristics of local block spalling.



The effect of the layered angle on the τ-δ curve of the CPB is shown in Figure 8; it was analyzed that the layering phenomenon weakened the integrity of the CPB, making the shear stress of the complete CPB greater than the layered CPB. Under the same normal stress, the larger the layered angle, the lower the shear stress; especially when the normal stress was low (100 kPa), the decreasing range of shear stress increased gradually with the increase in the layered angle. With the increase in the normal stress, the decreasing range of shear stress of the layered CPB gradually decreased.




3.2. Shear Strength


The shear strength of the CPB directly influences its stability. In this study, when the shear stress remains unchanged or decreases, the CPB is considered to have sheared off and reached its peak shear strength. Otherwise, the shear stress corresponding to the maximum shear displacement (9.6 mm) is regarded as the shear strength of the CPB, and the results of the tests are shown in Table 3.



Figure 9 shows the relationship curves between normal stress and layered angle on the shear strength of the CPB. The analysis shows that the shear strength of the CPB was positively correlated with normal stress. When the normal stress decreased from 400 kPa to 100 kPa, the shear strength of the N-L, 2-L-5, 2-L-10, 2-L-15, 2-L-20 and 2-L-25 decreased from 349.4 kPa, 312.17 kPa, 305.28 kPa, 289.67 kPa, 284.72 kPa and 257.72 kPa to 160.28 kPa, 139.53 kPa, 136.42 kPa, 126.25 kPa, 115.25 kPa and 126.25 kPa, respectively; the corresponding decreasing ratios are 54.13%, 55.30%, 55.31%, 56.42%, 59.43% and 64.88%, indicating that the decreasing range of shear strength increases gradually with the increase in the layered angle.



The layering phenomenon weakens the integrity of the CPB and has a large impact on its shear strength. For example, from N-L to 2-L-5, the shear strength of the CPB decreased significantly, and the decreasing ratios were 12.95%, 9.01%, 6.85% and 10.66%, respectively; especially, this ratio reached 12.95% when the normal stress was 100 kPa. The shear strength of the layered CPB was negatively correlated with the layered angle; when the layered angle increased from 5° to 25°, the shear strength corresponding to the normal stresses of 100 kPa, 200 kPa, 300 kPa and 400 kPa decreased from 139.53 kPa, 197.18 kPa, 261.44 kPa and 312.17 kPa to 90.52 kPa, 144.47 kPa, 210.32 kPa and 257.72 kPa, respectively, with the corresponding decreasing ratios of 35.13%, 26.73%, 19.55% and 17.44%, indicating that the decreasing range increases gradually with the decrease in the normal stress.



To analyze the internal relationship between the layered angle and the shear strength of the layered CPB, linear function, polynomial function and exponential function were selected to fit this relationship, as shown in Figure 10. The fitting results are shown in Table 4, and it can be known that both the polynomial function and the exponential function can better reflect this relationship, especially the average Raj2 using the exponential function reaching 0.975.




3.3. Cohesion and Internal Friction Angle


The cohesion (C) and internal friction angle (φ) of the CPB are important indicators of its shear mechanical properties. The shear strength of each group of CPB under different normal stresses was linearly fitted using the Mohr–Coulomb strength criterion (  τ = C + σ tan φ  ); the relationship between the C, φ of the CPB and the layered angle was obtained and is shown in Figure 11.



From Figure 11a, it can be seen that the layering phenomenon reduced the C of the CPB, and for the CPB from N-L to 2-L-5 the C decreased from 93.94 kPa to 82.03 kPa, with a decreasing ratio of 12.68%. The C of the layered CPB was negatively correlated with the layered angle, and when the layered angle increased from 5° to 25°, the C decreased continuously with an increasing decrease rate; especially when the layered angle increased from 20° to 25° the C decreased significantly, and the decrease rate reached 43.43%, indicating that the larger the layered angle was, the greater the effect on the C of the layered CPB. The exponential function was used to fit the relationship between the C and the layered angle, and the fitted complex correlation coefficient Raj2 reached 0.999, suggesting that the C of the layered CPB has a good correlation with the layered angle, and the fitted expressions are as follows.


C = 82.37 − 6.71E − 4α3.48



(1)




where C is the cohesion of the layered CPB, kPa; α is the layered angle, °.



Figure 11b shows the relationship between the φ and the layered angle of the CPB, and it is analyzed that the layering phenomenon has a great influence on the φ, and the φ of the layered CPB is smaller than the complete CPB. With the continuous increase in the layered angle, the φ showed a trend of first decreasing and then increasing. As the layered angle increased from 5° to 15°, the φ continued to decrease with an increasing ratio; As the layered angle continued to increase from 15° to 25°, the φ began to increase with a decreasing ratio. Their relationship was fitted using the same exponential function, and the fitted complex correlation coefficient Raj2 was only 0.065, which means that the correlation between the φ and the layered angle is low and the regularity is poor.




3.4. Analysis of Shear Strength Mechanism


According to the Mohr–Coulomb strength criterion, it is known that the friction force (σtanφ) and the C together determine the shear strength of the CPB. Before the shear stress of the CPB reaches the peak value, the shear strength is determined by the cohesion and friction force; when the cohesion force reaches a critical value, the CPB reaches its peak shear strength; subsequently, as the continues shearing, the cohesion of the CPB breaks down and the shear strength is controlled by the friction force.



The shear strength control relationship of the six groups of CPB in this experiment is shown in Figure 12. It was analyzed that when the normal stress was low (100 kPa), the frictional strength of the N-L, 2-L-5, 2-L-10, 2-L-15 and 2-L-20 CPB was lower than the cohesive strength, and it is considered that the shear strength of these five groups of CPB is controlled by the cohesive force and frictional force together. Under the normal stress of 100 kPa, the cohesive strength of the 2-L-25 CPB was much lower than its frictional strength, which means that the shear strength of the 2-L-25 is mainly controlled by the frictional force. When the normal stress was greater than 200 kPa, the frictional strength of each group of CPB was much greater than its cohesive strength, which means that the cohesion of the CPB reaches the critical value, and the shear strength is mainly controlled by the frictional force.





4. Crack Propagation Law and Damage Mode Analysis


4.1. Numerical Simulation Reliability Verification


The reasonability of the model’s micro-mechanical parameters directly determines the reliability of the model. In this paper, the macro-mechanical parameters of the CPB were obtained experimentally, and the micro-parameters of the numerical model were calibrated using the trial-and-error method to adjust the parameters and compare with the laboratory experimental τ-δ curve. The model will be considered reliable when the simulated τ-δ curve is in good agreement with the experimental curve. As shown in Figure 13, it can be seen that the simulated curves were in high agreement with the experimental curves, indicating that the model has high accuracy. The specific microscopic parameters of the model are shown in Table 5.




4.2. Analysis of Crack Evolution Law


The cause of macroscopic damage of the layered CPB is essentially the gradual generation, expansion and penetration of internal cracks under the action of external loads. Therefore, it is important to visualize the crack evolution inside the CPB. In this paper, the simulation results of N-L and 2-L-5 CPB under normal stress of 200 kPa are analyzed in detail, as shown in Figure 14.



From Figure 14, it can be seen that for the N-L and 2-L-5 CPB, the crack evolution process of the internal cracks was approximately the same, which can be divided into no crack or tiny crack generation stage (O1A1), rapid crack growth stage (A1B1) and slow crack growth stage (B1C1); these three stages respectively correspond to the linear elastic deformation stage (OA), yield stage (AB) and plastic damage stage (BC) of the τ-δ curve in the laboratory test.



	
No crack or minimal crack generation stage (O1A1): at the beginning of loading, the CPB was in the linear elastic deformation stage, and the shear stress was lower than the inter-particle bond strength; at this time, although the CPB shear stress increased, there were no cracks generated or the CPB just began to break along the weaker bond at both ends of the shear plane to produce a very small number of micro-cracks with low growth rate.



	
Rapid crack growth stage (A1B1): in the middle period of loading, the CPB entered the yielding stage; as the shear stress gradually increased and became greater than the bond strength between the particles, a large number of bonding bonds began to break, resulting in a large number of cracks along the shear surface of the CPB.



	
Crack slow growth stage (B1C1): late loading, the CPB into the plastic damage stage, the internal cracks have basically extended and penetrated along the shear surface, and the CPB was substantially destroyed. Due to the action of normal stress, the CPB shear strength was mainly controlled by the inter-particle friction strength, with only a very small number of secondary cracks near the shear surface; therefore, the number of cracks continued to increase in this stage, but the growth rate gradually decreased. Taking the CPB under 2-L-25 and 100 kPa normal stress as an example, the effect of normal stress and layered angle on the crack evolution law is analyzed, as shown in Figure 15.






Figure 15a shows that the effect of normal stress on the total number of cracks was greater when the CPB was damaged. When the CPB was damaged, the total number of cracks was the least under the normal stress of 100 kPa and continued to increase with the normal stress and reached the maximum when the normal stress increased to 400 kPa. Second, when the normal stress was low (100 kPa), the inflection point of the CPB entered the stage of rapid crack growth in the middle stage of loading, and in the late stage of loading, the inflection point in the slow growth stage of cracks appeared earlier; when the normal stress was higher (200 kPa, 300 kPa and 400 kPa), the inflection points had no significant difference.



Figure 15b shows the evolution curve of the total number of cracks for each CPB under the normal stress of 100 kPa, which shows that when the layered CPB was damaged, the total number of cracks was less than complete CPB under the same normal stress; this is because the layering phenomenon significantly destroyed the completeness of the CPB and significantly reduced its shear strength. Under the same normal stress, the crack evolution curve of each layered CPB starts with a crack or very little crack generation stage, followed by a rapid crack growth stage, and finally reaches a slow crack growth stage.




4.3. Analysis of Failure Mode


Table 6 shows the distribution of cracks and blocks when each group of layered CPB was damaged under different normal stresses; it is found that when the normal stress was low (100 kPa), the crack expansion patterns were approximately the same, and it mainly expanded along the shear surface from the two ends to the middle. The complete CPB mainly generated compression shear and tension shear cracks, while the layered CPB gradually produced a certain number of tension cracks along the layered surface, and the number of tension cracks increased with the increase in the layer angle. When the normal stress increased to 200 kPa, the crack expansion area of each group of layered CPB increased and gradually expanded along the middle of the shear surface to the upper and lower sides, forming a spindle-shaped distribution. When the normal stress increased to 300 kPa and 400 kPa, the cracks not only expanded along the upper and lower sides of the shear surface but also caused secondary cracks at both ends of the shear surface, without going through the layered CPB. The secondary cracks produced by the upper-layered CPB mainly extended along the left end of the shear surface to the upper right, and the lower-layered CPB-inducing secondary cracks extended along the right end of the shear surface to the lower left, forming the distribution in an inverted Z-shape.



From the distribution of blocks in Table 6, it can be seen that under the lower normal stress (100 kPa), the crack expansion area of the complete CPB was small and denser, and the blocks were mainly produced on the left side of the lower CPB and the right side of the upper CPB. With the increase of the normal stress, the crack expansion area increased and became looser, and the number of blocks gradually decreased while becoming mainly concentrated near the shear surface. For the layered CPB under low normal stress (100 kPa and 200 kPa), the blocks were mainly generated along the shear surface, and when the normal stress increased to 300 kPa and 400 kPa, the upper and the lower CPB were damaged at the left end and right end of the shear surface produced blocks, respectively. Under the same normal stress, when the layered angle was low, the blocks were mainly generated near the shear surface, and as the layered angle continued to increase, a large number of blocks were also generated at the layering surface.



In general, the normal stress has an important influence on the failure mode of the CPB. When the normal stress is 100 kPa, the failure of the CPB is mainly caused by the shear crack penetration along the shear surface. When the normal stress increases to 200 kPa, the shear crack of the CPB not only penetrates along the shear surface but also expands in the middle of the shear surface on both sides, which leads to the spindle-shaped failure. When the normal stress continues to increase to 300 kPa and 400 kPa, as the crack penetrates along the shear plane, secondary cracks extending to the upper right and lower left are generated at the left and right ends, respectively, resulting in the inverted Z-shaped conjugate shear failure.





5. Conclusions


In this paper, direct shear physical experiments were carried out for layered CPB under different layered angles, and their shear mechanical properties were studied in depth; furthermore, their micro-crack propagation law and damage modes were visualized and simulated through the particle flow numerical analysis software PFC 2D, and the following conclusions can be drawn:




	
The τ-δ curves of each group of CPB can be divided into three stages: linear elastic deformation stage, yielding stage and plastic shear failure stage. The normal stress has an important influence on the shear strength of the CPB; the higher the normal stress, the higher the shear strength, and the slower to reach the shear strength. When the normal stress is 100 kPa, the shear strength of CPB is controlled by cohesion and friction, but when the normal stress is greater than 100 kPa, the shear strength is mainly controlled by friction.



	
The layering phenomenon weakens the integrity of the CPB; the shear strength and C of layered CPB are negatively correlated with the layer angle. Especially when the layered angle increases from 20° to 25°, the normal bearing structure of layered CPB changes greatly; its shear strength decreases by 35.13% (100 kPa normal stress), and cohesion decreases by 43.43%. With the increase of layer angle, the internal friction angle decreases first and then increases slightly and reaches the lowest when the layered angle is 15°.



	
The numerical simulation results of PFC show that the crack evolution law inside the CPB is approximately the same, which can be divided into no crack or tiny crack generation stage, rapid crack growth stage and slow crack growth stage. The total number of cracks during the damage of the CPB is positively correlated with the normal stress, which means the higher the normal stress, the more the total number of cracks. Under the same normal stress, the total number of cracks when the layered CPB is damaged is lower than the complete CPB. With the increase of layer angle, a certain number of tensile cracks were gradually generated along the layered CPB near the layered surface, and the number gradually increased.



	
The failure mode of CPB under the normal stress of 100 kPa is caused by shear cracks penetrating along the shear surface. When the normal stress increases to 200 kPa, the CPB shows a spindle-shaped failure. When the normal stress continues to increase to 300 kPa and 400 kPa, the CPB shows inverted Z-shaped conjugate shear failure.
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Figure 1. Particle size distribution of tested tailings. 
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Figure 2. Specimen preparation flow chart. 
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Figure 3. Direct shear apparatus in this study. 
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Figure 4. Simulated particle size distribution curve. 
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Figure 5. Numerical model of 2-L-15. 
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Figure 6. τ-δ curve of partial CPB: (a) N-L; (b) 2-L-10; (c) 2-L-15; (d) 2-L-20. 
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Figure 7. Stress concentration of the CPB. 
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Figure 8. Effect of layered angle on the τ-δ curve: (a) 100 kPa; (b) 200 kPa; (c) 300 kPa; (d) 400 kPa. 
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Figure 9. Analysis of shear strength. (a) Influence of layered angle on shear strength (b) Linear fitting of shear strength and normal stress. 
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Figure 10. Relationship between layered angle and shear strength of layered CPB: (a) linear fitting; (b) polynomial fitting; (c) exponential fitting. 
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Figure 11. Analysis of cohesion and internal friction angle: (a) cohesion; (b) internal friction angle. 
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Figure 12. Analysis of shear strength mechanism. 
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Figure 13. τ-δ curves: (a) N-L; (b) 2-L-5. 
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Figure 14. τ-δ, crack accumulation and crack increment curves: (a) N-L; (b) 2-L-5. 
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Figure 15. Total number of micro-cracks: (a) 2-L-25; (b) 100 kPa normal stress. 
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Table 1. Chemical composition of tailings.
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	Compound
	SiO2
	Al2O3
	TFe
	CaO
	MgO
	S
	Zn
	Cu
	Others





	Tailings/wt%
	45.9
	12.3
	11.1
	6.0
	2.1
	0.5
	0.07
	0.04
	22.1
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Table 2. Summary of the test plan.
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	Serial Number
	Cement/Tailing
	Mass Concentration/%
	Number of Layers
	Angle of Layers/°





	N-L
	1:20
	68
	1
	-



	2-L-5
	1:20
	68
	2
	5



	2-L-10
	1:20
	68
	2
	10



	2-L-15
	1:20
	68
	2
	15



	2-L-20
	1:20
	68
	2
	20



	2-L-25
	1:20
	68
	2
	25







Note: N-L in the table represents the complete cemented paste backfill, 2-L-5 represents two-layered cemented paste backfill and the layering angle is 5°.
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Table 3. The results of shear strength test.
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Specimen ID

	
Shear Strength /kPa

	
C/kPa

	
φ/°




	
100

	
200

	
300

	
400






	
N-L

	
160.28

	
216.71

	
280.67

	
349.4

	
93.94

	
32.27




	
2-L-5

	
139.53

	
197.18

	
261.44

	
312.17

	
82.03

	
30.21




	
2-L-10

	
136.42

	
193.54

	
249.16

	
305.28

	
80.54

	
29.35




	
2-L-15

	
126.25

	
185.62

	
237.38

	
289.67

	
74.22

	
28.46




	
2-L-20

	
115.52

	
173.53

	
229.05

	
284.72

	
59.93

	
29.38




	
2-L-25

	
90.52

	
144.47

	
210.32

	
257.72

	
33.90

	
29.57








Note: The values of C and φ are the cohesion and internal friction angle of the CPB, respectively.
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Table 4. Fitting results.
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Function Type

	
Normal Stress/kPa

	
Raj2 Average




	
100

	
200

	
300

	
400






	
Linear

	
y = 157.32 − 2.38x

	
y = 216.50 − 2.51x

	
y = 274.18 − 2.45x

	
y = 328.75 − 2.59x

	
0.898




	
Polynomial

	
y = 135.15 + 1.42x − 0.13x2

	
y = 188.99 + 2.21x − 0.16x2

	
y = 269.45 − 1.64x − 0.03x2

	
y = 313.97 − 0.06x − 0.08x2

	
0.970




	
Exponential

	
y = 139.70 − 0.005x2.83

	
y = 196.44 − 0.001x3.36

	
y = 267.66 − 0.89x1.29

	
y = 313.18 − 0.07x2.06

	
0.975
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Table 5. Micro-mechanical parameters of numerical model.
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Type

	
Parameter

	
Value






	
Particles

	
density/(kg·m−3)

	
2.7e3




	
porosity

	
0.12




	
fric

	
0.5




	
radius of particles/m

	
9.885e−5~7.853e−4




	
damp

	
0.7




	
Linear Model

	
emod/Pa

	
5e6




	
kratio

	
2.0




	
fric

	
0.1




	
Linear Parallel Bond Model

	
pb_emod/Pa

	
1e5




	
kratio

	
2.0




	
pb_coh/Pa

	
3e4




	
pb_ten/Pa

	
3e4




	
pb_fa/°

	
30




	
pb_radius/m

	
1.0




	
Smooth-Joint Contact Model

	
sj_kn/(N·m−1)

	
1e7




	
sj_ks/(N·m−1)

	
1e7




	
sj_fric

	
0.1




	
sj_large

	
1.0
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Table 6. Failure modes analysis of the CPB.
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Specimen ID

	
Picture Type

	
Normal Stress /kPa




	
100

	
200

	
300

	
400






	
N-L

	
Cracks

	
 [image: Minerals 12 01540 i001]

	
 [image: Minerals 12 01540 i002]

	
 [image: Minerals 12 01540 i003]

	
 [image: Minerals 12 01540 i004]




	
blocks




	
2-L-5

	
Cracks

	
 [image: Minerals 12 01540 i005]

	
 [image: Minerals 12 01540 i006]

	
 [image: Minerals 12 01540 i007]

	
 [image: Minerals 12 01540 i008]




	
blocks




	
2-L-15

	
Cracks

	
 [image: Minerals 12 01540 i009]

	
 [image: Minerals 12 01540 i010]

	
 [image: Minerals 12 01540 i011]

	
 [image: Minerals 12 01540 i012]




	
blocks




	
2-L-25

	
Cracks

	
 [image: Minerals 12 01540 i013]

	
 [image: Minerals 12 01540 i014]

	
 [image: Minerals 12 01540 i015]

	
 [image: Minerals 12 01540 i016]




	
blocks








Note: crack distribution chart in red for compression shear cracks, yellow for tension shear cracks and blue for tensile cracks. In the block distribution diagram, particles of the same color together form one block resulting from the destruction of CPB.
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