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Abstract

:

In order to explore the relationship between the filling surface angle and the dynamic characteristics of the filling body under impact load, this paper uses the Hopkinson pressure bar (SHPB) test system to study the influence of different filling surface angles, different cement–sand ratios and different strain rates on the dynamic peak strength, dynamic strength growth factor and failure mode of the filling body. The results show that with the increase in the average strain rate, the dynamic peak strength and dynamic strength growth factor of the layered filling body increase gradually. With the increase in the filling surface angle, the static and dynamic peak strength of the layered filling body decreases gradually, but there is no obvious change law linking the dynamic strength growth factor and filling surface angle. According to the failure mode analysis and the LS-DYNA numerical simulation results for the layered filling body, with the increase in the filling surface angle, the failure mode of the layered filling body changes from splitting failure under tension to shear failure. The research results in this paper can provide theoretical support for the stability of underground layered filling bodies.
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1. Introduction


With the depletion of shallow mineral resources, resource exploitation gradually develops toward deeper ones [1,2,3]. In order to satisfy the development trend of the mining industry in this new situation, major mining enterprises are committed to seeking new ideas, concepts and technologies for the coordinated development of the economy, the environment and resources. Therefore, ensuring the green and coordinated sustainable development of metal mines has become a research hotspot for scholars both nationally and internationally [4,5,6]. However, with the increase in mining depth, high ground stress and high temperature have become especially serious [7,8], and the large amount of solid waste, such as tailings and waste rock, accompanying the ore output also affects the green development concepts of mining enterprises. Therefore, the backfill mining method has become an important method for safe and green mining of deep resources [9,10,11].



As an important part of the efficient application of the backfill mining method, the strength value of the backfill has been studied by scholars nationally and internationally. Zhou et al. [12] used a combination of physical experiments and mathematical models to obtain the effects of different curing ages on the compressive strength of the backfill and deduced three time-dependent mathematical models to characterize the effects of the cement–sand ratio and concentration value on the peak strength of the backfill. Zhang et al. [13] used a low-field NMR system to test the hydration time of the slurry in order to investigate the effect of different water-reducing agent additions on the peak strength and slurry consistency of backfill, and the results showed that the addition of water-reducing agents improved the fluidity of the slurry and increased the strength value of backfill. Xv et al. [14] used indoor experiments to study the different effects of fiber doping on the peak strength and deformation modulus of the backfill. The results showed that with the increase in fiber content, the peak strength of backfill showed a trend the changed from increasing to decreasing. Cao et al. [15] investigated the effect of fiber type and fiber admixture on the early strength of backfill and prepared backfill specimens with different cement-tailing ratios, different curing ages and different fiber admixtures, then measured their uniaxial compressive strength. The results showed that the addition of fibers improves the uniaxial compressive strength of backfill and enhances its crack resistance. Kesimal et al. [16], in order to investigate the influence of different types of sulfur-containing tailings on the peak strength of the backfill, tested the strength values of backfill containing different tailings, and the results showed that the physical and chemical properties of tailings have some influence on the peak strength of backfill. However, during the underground mining process, the backfill is affected by the impact load brought by the blasting of underground ore in addition to the quasi-static load generated by the rock shift of the overlying rock layer. Xue et al. [17] applied the Hopkinson pressure bar test system and a high-speed camera to perform kinetic tests on backfill containing polypropylene fibers, and the results showed that the addition of fibers could cause a double-peak phenomenon in the dynamic stress–strain curve of the backfill. Song et al. [18] applied the SHPB test system to perform uniaxial impact experiments on backfill with different straw contents in order to improve the kinetic properties of the backfill, investigating the relationship between the straw content and the dynamic peak intensity of the backfill. The results showed that the addition of straw could improve the dynamic peak strength of the backfill.



Due to the limitations of current filling capacities, it is difficult to complete the backfill of large-scale goafs with a single filling, as this would lead to an obvious layered structure in the solidified backfill [19]. Wang et al. [20] investigated backfill containing different layered structures by means of uniaxial compression experiments and an acoustic emission monitoring system to explore the relationship between the strength values of layered backfill and the number of layers. The results showed that the presence of layers resulted in a certain weakening effect on the uniaxial compressive strength of the backfill. Liu et al. [21] investigated the kinetic properties and static parameters of double-layered backfill with various concentrations and cement-tailing ratios by means of Hopkinson pressure bar and uniaxial compression experiments, and the results showed that the failure mode of double-layered backfill mainly depends on the layer with the lower strength. Wang et al. [22] investigated the strength value properties of layered backfill by means of triaxial cyclic loading and unloading equipment. The results showed that the peak strength of backfill gradually increases with increases in surrounding pressure.



The reasons for filling-surface formation are mainly related to the following two factors. The first is the bleeding segregation of slurry. When filling slurry is filled into a goaf through a pipeline, the coarse aggregates in the slurry first sink at the pipe mouth while the fine aggregates continue to flow forward and sink far from the pipe mouth, resulting in the formation of a filling surface with a certain angle after solidification [23]. Second, the filling times of slurry—which mean that, with many open stopes, the filling stope area can reach hundreds of thousands of m3, depending on the filling slurry ability—inevitably cause the phenomenon of solidified filling body stratification. Therefore, in this paper, the influences of the filling surface angle, the cement–sand ratio and different strain rates on the dynamic characteristics and failure mode of layered backfill were studied using an SHPB test system and LS-DYNA simulation software.




2. Experiment


2.1. Specimen Preparation


2.1.1. Experimental Materials


The tailings used in the experiment were taken from the unclassified tailings of a gold mine in Yunnan Province. The size composition curve of the tailings is shown in Figure 1, and the chemical constituents of the tailings are shown in Table 1. It can be seen from Figure 1 that the content of −200 mesh in the tailings was 70.13%, the content of −20 μm fine particles was 30.15% and the average particle size d was 40.93 μm. The cement used in the test was PC32.5R slag–Portland cement, and the test water was ordinary tap water.




2.1.2. Experimental Protocol


This experiment used mold-pouring specimens with a diameter of 50 mm × 25 mm, with two pouring times and a pouring interval of 24 h. In laboratory conditions, the mold was placed, after one-layer casting, on a wood board with a calculated angle (0°, 5° and 13°). After one-layer curing, the wood board was removed and the second layer was poured. After two-layer curing, a filling surface with a certain angle was obtained. The mass concentration of the slurry was 68% and the ratios of cement to sand were 1:4, 1:6 and 1:8, as shown in Figure 2. Since the SHPB test system has a certain discreteness, 33 specimens (including three 50 mm × 100 mm specimens; the static peak strength was tested by uniaxial pressing) were poured with each ratio, as shown in Figure 3. The concrete pouring scheme used in the experiment is described in Table 2.




2.1.3. Experimental Method


Following the scheme described in Table 2, the prepared slurry was poured into the mold interior and then the slurry pouring amount was determined according to the internal calibration value of the mold. After the first layer of pouring was completed, the second layer was continuously poured at an interval of 24 h. The pouring amount of the second layer was greater than the height of the mold. After the initial setting of the slurry, the slurry with more holes in the upper part of the mold was scraped with a scraper. After 24 h, the mold was removed. The specimen removed was put into a humidity curing box at a constant temperature for 28 d. After reaching the curing age, the lower surface of the specimen was polished with sandpaper so that the specimen had high flatness. The specifics of the experimental method are shown in Figure 4.





2.2. SHPB Device


The uniaxial impact test of the layered filling body was carried out using an SHPB test system with a diameter of 50 mm, and the effects of the strain rate, cement–sand ratio and filling surface angle on the dynamic characteristics of the filling body were studied. The length of the entry and transmission rod was 2.5 m with a diameter of 50 mm. The length of the impact rod was 0.4 m and the shape was a spindle. The rod material was alloy steel with a density of 7800 kg/m3, elastic modulus of 210 GPa and Poisson’s ratio of 0.25~0.3. The strain signal was collected and recorded by the foil strain gauge. The sensitivity coefficient of the strain gauge was 2.08 and its resistance was 120 Ω; the model was BFH120-5AA-D-D150 and the accuracy grade was A. The impact pressure was set to 0.20, 0.21, 0.23, 0.25 and 0.27 MPa. Before the beginning of the experiment, the normal connection of each circuit was checked, and an air-impact experiment was used to determine whether the system was in a normal working state. The experimental device is shown in Figure 5.





3. Outcome and Discussion


3.1. Voltage Signal Curve of Layered Filling Body


According to the principle of the SHPB experiment, a three-wave method is generally used to test whether the internal stress of the specimen is uniform [24]. As shown in Figure 6a, when the mass concentration of the layered filling body is 68%, the average strain rate is 24.74 s−1, the cement–sand ratio is 1:4, the number of layers is two and the angle of the layers is 5°. The incident wave and the reflected wave of the filling body are basically equal to the transmitted wave. Therefore, the stresses on both ends of the specimen before impact crushing are basically the same, thus meeting the macroscopic equilibrium conditions.



Figure 6b shows the typical signal curve of a layered filling body. It can be seen that the incident and reflected wave peaks of the filling body are basically the same and the opposite amplitudes of the two directions are consistent, while the amplitude of the transmitted wave is relatively small. Since the filling body belongs to a heterogeneous body with a large number of pore structures, its wave impedance is much smaller than that of the steel rod. When the stress wave acts on the filling body interface, most of the stress wave returns to the incident rod and only a small number of stress waves are transmitted to the transmission rod, so the amplitude of the transmission wave is small. Therefore, the filling body has a strong damping effect on the propagation of the stress wave [25].




3.2. Dynamic Stress–Strain Curves of Layered Filling Body


As shown in Figure 7, when the stratification angle was 5° and the cement–sand ratio was 1:4, the dynamic peak strength of the layered filling body gradually increased with the increase in the impact rate. However, there was a certain oscillation in the dynamic stress–strain curve obtained from the experiment, which was mainly related to the internal pore structure and the strength value of the filling body [26]. When the average strain rate was 24.74 s−1, the AB section in Figure 7 indicates the linear elastic deformation stage. There were no micro-pores or micro-cracks in the filling body, and the specimen had high integrity. The value range of σ in this stage was 0 < σ < σt; σt is the crack initiation value, which can also be regarded as the starting point of the plastic deformation stage of the filling body. The value is generally about 70% of the dynamic peak strength of the filling body. The BC section indicates the plastic deformation stage, when the micro-pores and micro-cracks in the filling body develop rapidly and it is penetrated with new cracks. With the extension of the action time, the degree of damage to the filling body gradually intensified, with a value range of σ between σt < σ < σp; σp is the dynamic peak strength of the filling body. The section CD indicates that when σp < σ, the specimen entered the post-peak failure stage and the primary cracks and new cracks rapidly intersected and penetrated to form a macro-failure surface, while the specimen basically lost its bearing capacity [27].




3.3. Influence of Average Strain Rate on Dynamic Characteristics of Layered Filling Body


Figure 8 shows the variation curve of the dynamic peak strength of layered backfill with the average strain rate when the layered angle was 5°. It can be seen that with the increase in the average strain rate, the dynamic peak strength of the layered backfill with a cement–sand ratio of 1:8 increased from 1.17 MPa to 1.83 MPa. The dynamic peak strength of the layered backfill with a cement–sand ratio of 1:6 increased from 1.74 MPa to 3.82 MPa, and the dynamic peak strength of the layered filling body with a cement–sand ratio of 1:4 increased from 3.64 MPa to 6.35 MPa. Therefore, with the increase in the average strain rate, the dynamic peak strength of the layered filling body increased gradually. When the incident wave acts on the interface of the filling body, the stress wave transmitted into the filling body generates an energy concentration in the delamination and the pore structure of the filling body. Due to the low energy dissipation rate of the filling body, it is impossible to achieve energy dissipation by only increasing its own stress to resist the energy generated in the pore structure of the specimen. With the increase in the cement–sand ratio, the dynamic peak strength of the filling body increased gradually, mainly because the internal structure of the filling body with more cement content was more dense and more energy was needed to cause the failure and instability of the filling body.



As shown in Figure 9, the static peak strength of the layered filling body decreased with the decrease of the cement–sand ratio. As shown in Figure 10, the dynamic strength growth factor of the filling body was calculated using the static peak strength to determine the dynamic compression characteristics of the filling body. When the cement–sand ratio was 1:4, the dynamic strength growth factor of the backfill increased from 2.00 to 3.95 with the increase in the average strain rate; when the cement–sand ratio was 1:6, the dynamic strength growth factor of the filling body increased from 2.38 to 5.23; when the cement–sand ratio was 1:8, the dynamic strength growth factor of the filling body increased from 2.09 to 3.27. Therefore, with the increase in the average strain rate, the dynamic strength growth factor of the filling body increased gradually, and the dynamic strength growth factor of the filling body with the cement–sand ratio of 1:6 was greater than those of the filling bodies with the cement–sand ratios of 1:4 and 1:8.




3.4. Influence of Angle of Filling Surface on Dynamic Characteristics of Filling Body


As shown in Figure 11, when the approximate strain rate was 41 s−1 (as the accurate strain rate of the filling body was uncontrollable, the approximate strain rate was adopted), the dynamic peak strength of the layered filling body with the cement–sand ratio of 1:4 decreased from 7.39 MPa to 4.96 MPa with the increase in the filling surface angle. The dynamic peak strength of the layered filling body with the cement–sand ratio of 1:6 decreased from 3.95 MPa to 3.17 MPa, and the dynamic peak strength of the layered filling body with the cement–sand ratio of 1:8 decreased from 1.86 MPa to 1.54 MPa. Therefore, with the increase in the stratification angle, the dynamic peak strength of the filling body gradually decreased. The main reason was that the micro-cracks in the filling surface were greater than the micro-cracks in the complete filling body because the bonding of the filling surface of the layered filling body was far lower than that of the complete filling body. When the angle of the filling surface increases to a certain extent, it is easy for the micro-cracks in the filling body to expand along the tip, which may produce stress concentration resulting in the failure of the layered filling body along the filling surface. Therefore, the dynamic peak strength of the layered filling body decreased gradually with the increase in the angle of the filling surface.



As shown in Figure 12, the static peak strengths of layered fillings with different cement–sand ratios decreased with the increase in the filling surface angle. As shown in Figure 13, the dynamic strength growth factor of the filling body was calculated using the static peak strength. With the increase in the angle of the filling surface, the dynamic strength growth factor of the layered filling body with the cement–sand ratio of 1:4 increased from 3.99 to 4.10. The dynamic strength growth factor of the layered filling body with the cement–sand ratio of 1:6 decreased from 5.20 to 4.66. The dynamic strength growth factor of the layered filling body with the cement–sand ratio of 1:8 increased from 3.26 to 4.16. Therefore, according to the above analysis, with the increase in the filling surface angle, the dynamic strength growth factor of the layered filling body showed no obvious change.





4. Failure Mode Analysis of Layered Filling Body


As shown in Figure 14a, when the approximate strain rate was 16 s−1, the cement-tailing ratio was 1:4 and the angle of the filling surface was 0°, there was no obvious damage in the upper and lower layers of the filling body but fractures occurred along the middle of the specimen. Due to the existence of the filling body’s filling surface, the stress wave transmitted into the filling body continued to reflect and transmit in the stratification of the specimen, which intensified the dynamic process in the stratification. This resulted in the splitting failure of the specimen under the action of tension along the filling surface. When the angle of the filling was 5°, the layered filling body was slightly damaged along the middle filling surface and many through cracks were produced along the axial direction, but the specimen still had a high bearing capacity. When the angle of the filling surface was 13°, the failure mode of the layered filling body was quite different from the filling bodies with 0° and 5°. The failures of 0° and 5° filling bodies were mainly related to splitting failures along the filling surface of the specimen, while the failure of the 13° filling body mainly concerned shear failure along the filling surface of the specimen. Therefore, under the impact load, with the increase in the angle of the filling surface, it was easy for the layered filling body to slip along the filling surface, resulting in the loss of the bearing capacity of the filling body.



As shown in Figure 14b, when the approximate strain rate was 27 s−1 and the cement-tailing ratio was 1:4, the degree of damage to the filling body gradually intensified when the angle of the filling surface was 0°, and the upper and lower layers were seriously damaged along the axial direction. The main reason was that when the stress wave acts on the interface of a filling body, the Poisson effect leads to a large tensile stress along the transverse direction of the impacted specimen. Therefore, the filling body specimen was seriously damaged along the axial direction. When the angle of filling surface was 5°, the layered filling body was seriously damaged along the circumferential direction, but the specimen still had a certain bearing capacity. When the angle of the filling surface was 13°, the layered filling body was fractured along the axial direction, and more filling body blocks were produced.



As shown in Figure 14c, with an approximate strain rate of 40 s−1 and a cement-tailing ratio of 1:4, the 0°, 5° and 13° filling bodies were completely broken and lost their bearing capacities.




5. Numerical Simulation of Dynamic Mechanical Properties of Filling Body


5.1. Finite Element Model


ANSYS/LS-DYNA software was used to simulate the dynamic response mechanism of a layered filling body under impact load. The length of the transmission rod was 2.5 m, the diameter was 50 mm, the shape of the punch was spindle-shaped and the angles of the test piece were 0°, 5 ° and 13°. Since the specimen and the rod were both cylinders, the grid division was carried out using *hex and the spindle-shaped punch was divided with a free grid. The resulting finite element model is shown in Figure 15.




5.2. Contact Definition and Boundary Conditions


Free surface contact was used between the spindle-shaped punch head and the incident rod. Erosion surface contact was adopted between the transmission rod and the test piece. Since there was a certain cohesive force between the two layers of the specimen, the force and the displacement between the layers of the filling body were transmitted through the cohesive force unit. The main method used was the binding contact method, and the failure parameters were set using the CONTACT_TIEBREAK_NODES_TO_SURFACE (8) contact type.




5.3. Material Model


According to previous research results, the cemented filling body is in principle a kind of low-grade concrete [28]. Holmquist, Johnson and Cook proposed a model called the HJC model [29] to deal with the problems of a high strain rate, large strain and high hydrostatic pressure in concrete. The model can be divided into three stages, as shown in Figure 16.



First stage: this is the elastic stage (AB section), with P ≤ Pcrush and elastic modulus    k e  =  P c  /  μ c   , where P is the hydrostatic pressure, Pcrush is the actual pressure and  μ  is the volume strain of the specimen, and there is no obvious change in the micro-cracks and micro-pores in the concrete at this stage.



The second stage: this is the transition stage (BC section). At this time, Pcrush ≤ P ≤ Plock, and the internal micro-cracks and micro-pores of the concrete are gradually compacted, resulting in irreversible plastic deformation.



The third stage: this is the complete compaction stage (CD stage) when P reaches Plock, and the micro-cracks and micro-pores in the concrete are completely compacted.




5.4. Selection of Material Parameters


According to the LS-DYNA Keyword Handbook, the HJC model contains 21 parameters, mainly basic mechanical parameters, damage parameters, pressure parameters and so on. However, it is difficult to obtain all of these parameters using experiments, such as the damage parameters D1 and D2 and the pressure constants K1, K2 and K3. Therefore, in this paper, individual adjustment calculations were carried out on the basis of the parameters determined in a previous study [30], as shown in Table 3.




5.5. Simulation Analysis


5.5.1. Failure Mode Analysis of Layered Filling Body


Figure 17 shows the failure mode of a layered filling body with a cement–sand ratio of 1:4. The impact failure mode of a 0° layered filling body was studied when the impact velocity was 3.74 m/s (since the strain rate cannot be set by LS-DYNA, the failure mode of the layered filling body was studied using the impact velocity), with the extension of the impact time. Figure 17a shows that when t = 0.4 ms, the stress wave acting on the interface of the filling body continued to reflect through the specimen, leading to the first stress concentration in the filling layer near the end of the incident rod. It can be seen from Figure 17b that when t = 2.1 ms, the layered filling body was destroyed at the filling surface, resulting in the fracture of the specimen. Figure 17c shows that when t = 10 ms, the upper layer of the layered filling body was seriously damaged and the lower layer was mainly damaged at the filling surface.



As shown in Figure 18a, the angle of the filling surface was set to be 13° and the cement–sand ratio was set to be 1:4. With the extension of the impact time, when t = 0.6 ms, the stress concentration of the layered filling body was first detected at the filling surface. As shown in Figure 18b, when t = 1.1 ms, the upper- and lower-layered filling body fractured along the filling surface, and the failure mode changed from splitting failure to shear failure. As shown in Figure 18c, when t = 9.4 ms, the lower layer of the filling body showed slight damage at the filling surface and the upper layer basically had no obvious damage, which was basically consistent with the failure process of Figure 14.




5.5.2. Analysis of Simulated Stress–Strain Curve of Layered Filling Body


As shown in Figure 19, the simulated stress–strain curve had stronger regularity than the experimental stress–strain curve. When the impact rate was 4.97 m/s and the filling surface angle was 0°, the dynamic peak strength of the layered filling body was 7.00 MPa. When the filling surface angle was 5°, the dynamic peak strength of the layered filling body was about 5.98 MPa. When the filling surface angle was 13°, the dynamic peak strength of the layered filling body was about 4.92 MPa, which was similar to the experimental peak strength. This indicates that the dynamic peak strength of layered backfill decreases gradually with the increase in the filling surface angle.






6. Conclusions


In order to explore the dynamic characteristics of a layered filling body, this paper studied the influence of the filling surface angle, cement–sand ratio and strain rate on the dynamic peak strength, dynamic strength growth factor and failure mode of a filling body using the SHPB test system and LS-DYNA simulation software. The conclusions are summarized as follows:




	(1)

	
With the increase of the average strain rate, the dynamic peak strength and dynamic strength growth factor of the layered filling body increased gradually, and the dynamic strength growth factor of the layered filling body with the cement–sand ratio of 1:6 was greater than that of the filling bodies with the cement–sand ratios of 1:4 and 1:8.




	(2)

	
With the increase of the stratification angle, the static and dynamic peak strength of the layered filling body decreased gradually, and the higher the cement–sand ratio, the higher the peak strength of the filling body was. There was no obvious change relating to the dynamic strength growth factor and the angle of the filling surface.




	(3)

	
According to the failure mode analysis and the LS-DYNA numerical simulation results for the layered filling body, with the increase in the stratification angle the failure mode of the layered filling body changed from splitting failure under tension to shear failure, and the dynamic peak strength of the filling body obtained in the experiment was similar to the dynamic peak strength of the filling body obtained in the simulation.









Due to the large difference in the wave impedance between the filling body and the steel rod, the amplitude of the transmitted wave of the filling body was much smaller than that of the incoming and reflected waves. Therefore, in subsequent research, the wave impedance between the filling body and the input and transmission rods (such as hollow rods or aluminum rods) could be reduced by replacing the rods and the amplitude of the transmission wave of the filling body could be improved.
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Figure 1. Composition curve of total tailings. 
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Figure 2. Schematic diagram of layered backfill specimens. 
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Figure 3. Partial test specimens. 
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Figure 4. Preparation of stratified backfill specimen. 
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Figure 5. Structure of the SHPB test system. 
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Figure 6. Voltage signal curve and stress balance test of a layered filling body: (a) stress balance test; (b) voltage signal curve. 
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Figure 7. Dynamic stress−strain curve of layered filling body. 
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Figure 8. Relationship between average strain rate and dynamic peak stress. 
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Figure 9. Relationship between cement−sand ratio and static peak strength. 
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Figure 10. Relationship between dynamic strength growth factor and average strain rate. 
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Figure 11. Relationship between angle of the filling surface and the dynamic peak strength. 
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Figure 12. Relationship between the angle of the filling surface and the static peak strength. 
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Figure 13. Relationship between the angle of the filling face and the dynamic strength growth factor. 
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Figure 14. Influence of different filling surface angles on the failure mode of a layered filling body: (a) failure mode of layered filling body with approximate strain rate of 16 s−1; (b) failure mode of layered filling body with approximate strain rate of 27 s−1; (c) failure mode of layered filling body with approximate strain rate of 40 s−1. 
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Figure 15. Establishment of a finite element model for a layered filling body. 
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Figure 16. Equation of state curve of HJC. 
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Figure 17. Stress distribution nephogram of 0° layered filling body: (a) failure time of 0.4 ms; (b) failure time of 2.1 ms; (c) failure time of 10 ms. 
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Figure 18. Stress distribution nephogram of 13° layered filling body: (a) failure time of 0.6 ms; (b) failure time of 1.1 ms; (c) failure time of 9.4 ms. 
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Figure 19. Stress–strain curves from the numerical simulation of the filling body at different angles. 
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Table 1. Chemical constituents of tailings.
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	Component
	CaO
	MgO
	SiO2
	Al2O3
	S
	Cu
	Zn
	TFe





	Content/%
	5.96
	2.08
	45.89
	12.32
	0.5
	0.035
	0.067
	11.06
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Table 2. Specimen pouring scheme.
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Layer Number

	
Mass Concentration/%

	
Cement–Sand Ratio

	
Angle/°

	
Impact Pressure/MPa






	
2

	
68

	
1:4/1:4

	
0

	
0.20; 0.21; 0.23; 0.25; 0.27




	
1:4/1:4

	
5




	
1:4/1:4

	
13




	
1:6/1:6

	
0




	
1:6/1:6

	
5




	
1:6/1:6

	
13




	
1:8/1:8

	
0




	
1:8/1:8

	
5




	
1:8/1:8

	
13
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Table 3. HJC model parameters.
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	ρ (kg·m−3)
	G/Pa
	A/Pa
	B/Pa
	fc/Pa
	C/Pa
	N/Pa
	Smax



	2000
	5.57 × 107
	0.35
	0.85
	3.00 × 106
	0.01
	0.61
	7



	T/pa
	D1
	D2
	Ɛf, min
	Pc/pa
	μc
	Pl/pa
	μl



	1.07 × 103
	0.04
	1
	0.01
	1.00 × 106
	1.40 × 102
	1.00 × 108
	0.14



	ε0
	FS
	K1/Pa
	K2/Pa
	K3/Pa
	
	
	



	1 × 10−6
	0.004
	8.50 × 109
	−1.7 × 1010
	2.08 × 1010
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