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The nature of fine particulate matter is caused by the deterioration of the lean ore loss index and the important influence factors of a mine disaster accident. In this paper, fine moraine particles and coarse-grained ore from the Pulang Copper Mine are studied. The flow of fine particles in mixed particles under the condition of uniform ore drawing was studied by using the laboratory 3D physical model test method. This experiment explored the flow of hybrid particles in the system and characteristics of the particle size of fine particles passing through, and suggested a transit index to quantify the draining effect of fine particles. The experimental results show the following: ①Hybrid particles in the flow system of fine particulate matter under their own gravity use mixed ore particles flow in the process of formation of the pore to implement down through sports. ②The fine particles with the particle sizes of 2.5–1.25 mm, 1.25–0.63 mm, 0.63–0.315 mm, and 0.315–0.16 mm all have the flow-through characteristics, and the smaller the particle size, the more significant the flow-through degree. ③The cumulative ore drawing height of fine particles with different particle sizes increases, while the permeability index of the appropriate discharge decreases. ④The relative motion of coarse and fine particles is the internal control factor that leads to the flow of fine particles. The more significant the relative motion of coarse and finely mixed particles is, the more pores are randomly generated in the particle flow system and the larger the pores are, resulting in the more obvious fine particle flow effect. This study provides some theoretical reference value for revealing the flow-through characteristics of the fine particulate matter in the mixed particle flow system. At the same time, it has practical engineering significance for ore lean loss index control and mine disaster accident prevention and control in caving mining.
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1 INTRODUCTION
Mixed particles refer to particle aggregates composed of two-phase or multi-phase particles, and are randomly and disorderly arranged in the particle flow system (Li et al., 2021; Rong et al., 2021; Xing et al., 2022; Xu et al., 2022). The phenomenon of flow-through of mixed particles widely exists in nature and industries. It not only occupies an important position in metallurgy, ceramics, powder, and other industries (Ma et al., 2020; Ma et al., 2022; Ma et al., 2023) but also has extremely important significance in the study of mine disaster accidents and ore loss control. In the caving method, mines in some special areas have the surface covering layer composed of fine granular material. During the mine production process, the fine particles of the surface covering layer are continuously mixed into the caving ore layer to form a two-phase or multi-phase mixed particle flow system (Huang et al., 2020; Niu et al., 2020; Zhang et al., 2023). In mines that switch from open-pit to underground mining, a particulate material covering layer is often formed on the isolation pillar to form a buffer cushion. During the production process, the covering layer particulate material will also be mixed into the ore at the ore–rock interface to form a mixed particle flow system (Zhang and Cheng, 2017; Lu et al., 2021; Zhang and Gao, 2021; Li et al., 2023). The flow characteristics of the fine particles of the overburden layer in the caving ore directly affect the ore loss and dilution index, and even cause the underground debris flow disaster, which belong to the research category of mixed particles.
At present, scholars at home and abroad have paid attention to the related research on the mixed particle flow. Scholars in different research fields have carried out related research on this issue using indoor physical experiments and numerical simulation methods. Pierce et al. (1994) and Pierce et al. (2019) studied the phenomenon of small particle permeation in the ore-drawing process by the numerical simulation method. When the ore drawing is disturbed, the small particles will flow through the pores between the large particles. Hashim (2011) used Kvapil A’s physical model to study the effects of particle shape, particle size, density of states, and other factors on the particle flow. Ketterhagen et al. (2008) studied the flow-through behavior of coarse and fine particles under the action of gravity, and carried out quasi-3D model simulation-related research from factors such as particle material parameters, particle contact coefficients, and particle construction methods in the model. Based on the non-Newtonian fluid theory, Christopher (2009) studied the relationship between displacement and velocity of a fine-grained medium flowing through the ore drawing process from the perspective of theoretical mechanics. Li et al. (2016) used discrete element software to discuss the seepage law of fine particles during the overburden of waste rock during the ore-drawing process. The results show that the seepage rate of fine particles is higher than that of coarse particles. Hou et al. (2016) used indoor ore-drawing experiments to explore the flow rule of fine particles and found that the flow phenomenon of fine particles was obvious during the ore-drawing process. Jin et al. (2020) studied the flow characteristics of particles with uneven particle size distribution, and the results showed that particle inhomogeneity has a significant effect on the flow-through of fine particles. Ren et al. (2020) used high-speed camera technology to study the flow characteristics of tailings in the collapse area under the condition of ore drawing. By constructing the spatial distribution model of the particle size of overburden, the influence of rock mixing is studied by You and Zhang (2016). The downward motion of the particle is faster than that of the larger particles. Li (2020) simulated the “Cross-flow” phenomenon of fine particles in the ore-drawing process by numerical simulation software. The simulation results show that the larger the overburden block, the more obvious the fine particle migration. The application of 60 cm–80 cm waste rock overburden can effectively slow down the flow of fine particles in the ore-drawing process. Wang et al. (2019) used PFC3D discrete element software to investigate fine particle migration in the backfill. The results show that fine particle migration is more likely to occur in the 30 cm–70 cm block backfill during ore drawing. The fragmentation of overburden and backfill has a significant effect on fine particle migration, and the effect of the overburden bulk is highly significant.
Although scholars at home and abroad have achieved certain research results on the flow-through characteristics of mixed particles, most of them use numerical simulation methods, and most of the physical models are limited to the two-dimensional single-bucket ore-drawing model, which cannot fully reflect the flow-through of real particles. In addition, although scholars at home and abroad have studied the flow-through of fine particles, but also a consistent conclusion, that is, fine particles in the ore-drawing process, there are certain cross-flow phenomena. However, what is the extent of fine particles flowing through the ore during ore drawing? What is the amount of fine particles passing through? What indicators are used to measure the degree of penetration of fine particles? The problems raised by the aforementioned authors have not been studied in-depth. Therefore, in view of the deficiency of the research methods on the fine particle flow-through characteristics and the unstudied problems on the fine particle flow-through characteristics at present, this paper conducts a deep research on the fine particle flow-through characteristics. In this paper, using the indoor three-dimensional physical model test method, taking the fine-grained moraine and coarse-grained ores of various particle sizes in the surface overburden of the Pulang Copper Mine as the research object, the experimental study on the flow-through characteristics of mixed particles under the condition of multi-bucket uniform ore drawing was carried out. The characteristics and laws of the flow of fine particles of each size in the coarse and finely mixed particle flow systems were explored.
2 INDOOR PHYSICAL EXPERIMENT MODEL
2.1 Engineering background introduction
The Plan Copper Mine, which belongs to Yunnan Diqing Non-ferrous Metal Co., Ltd., is a thick, large and low-grade porphyry copper deposit. The mine uses natural caving and has an annual production capacity of 12.5 million tons. Figure 1 shows that the height of the bottom structure is 16 m, the spacing of the ore-drawing and vein-crossing roadways is 30 m, the spacing of the ore-drawing route is 15 m, and the size of the ore-drawing exit (width × height) is 4.2 m × 4.2 m. In order to avoid the moraine particles from the Quaternary system mixing into the caving ore bed prematurely, a uniform ore-drawing management model is adopted in the production process. The average thickness of the ore bed overlying the bottom structure of the mine is about 80 m, and the average thickness of quaternary moraine is about 15 m. The indoor 3D physical model was designed and fabricated using a 1:100 similarity ratio.
[image: Figure 1]FIGURE 1 | Mining method map of the Plan Copper Mine (unit: m).
2.2 Overview of the experimental model
In order to facilitate the observation of the flow characteristics of fine moraine particles in the mixed particle flow system during the test, the test device uses a transparent acrylic sheet material. The indoor 3D physical model test device mainly includes an acrylic plate frame, a bottom structure, and camera system, as shown in Figure 2. The size of the ore-drawing test model is 75 cm × 45 cm × 150 cm (length x width x height). The bottom structure of the model is arranged with three ore-drawing ports (1#, 2#, and 3#), and the size of the ore-drawing port is 4.2 cm × 4.2 cm.
[image: Figure 2]FIGURE 2 | Design of the indoor 3D physical model test device.
2.3 Test granular media
The Pulang Copper Mine is mined by the natural caving method, and the caving ore is drawn under the Quaternary moraine particle covering layer on the surface. During the mine production process, the fine moraine particles in the surface covering layer are continuously mixed into the caving ore layer, and a two-phase or multi-phase mixed particle flow system has been formed. Therefore, the coarse- and fine-grained media (fine-grained moraine and coarse-grained ores) used in this experiment are all obtained from the sampling material at the Pulang Copper Mine site. Photographs of field sampling are shown in Figure 3.
[image: Figure 3]FIGURE 3 | Site sampling photographs of the Pulang Copper Mine.
The particulate medium used in the test was obtained by sieving the sampled particulate matter with a standard sieve (implementation standard JGJ52-2006). Table 1; Figure 4 show the gradation of the experimental coarse and finely mixed particle media. The characteristic particle size parameters of the coarse and fine granular media are shown in Table 2. From the analysis of Table 2, it can be seen that the coefficient Cu=18.75 > 5 of the coarse and fine particles is uneven, and the curvature coefficient Cc=6.16 ∉(1,3) is discontinuous. It shows that the particles after highly discrete particles mixing belong to coarse and fine. In addition, fine moraine is easy to fill in the pores formed by the coarse ore. The mixture particles selected in the experiment can realize the cross-flow behavior.
TABLE 1 | Statistical table of particle size and the mass ratio of experimentally mixed granular media.
[image: Table 1][image: Figure 4]FIGURE 4 | Test coarse and finely mixed particle gradation curve.
TABLE 2 | Parameter table of characteristic particle size of coarse and fine granular media.
[image: Table 2]In addition, the natural angle of repose and the Water Content Index of the mixed particles used in the experiment have an important effect on the cross-flow of fine particles. The natural resting angle is the maximum angle at which the bulk can keep the natural stable state when stacked. The average natural resting angle of the mixture particles was 36°. The average moisture content of the mixture particles was 5%.
2.4 Experiment process
The ore-drawing process of the test is carried out in sequence according to the 1#→2#→3# ore-drawing openings. Until the mixed granular medium in the model device is completely discharged, the discharge amount of each ore-drawing port remains basically the same so as to achieve a simulated uniform ore-drawing environment. The specific test process is as follows:
①A standard sieve is used to screen the sampled particulate matter. Figure 5A shows fine moraine and coarse ore with different particle sizes after screening.
[image: Figure 5]FIGURE 5 | Fine-grained moraine and coarse-grained ore test media. (A) Test particle media with different particle sizes after sieving. (B) Homogeneous mixing of test particles.
②Proportion in accordance with the mass ratio of particles with different particle sizes is shown in Table 1. Moreover, fully and uniformly proportioned particles are mixed. The uniformly mixed particles are shown in Figure 5B.
③The coarse and finely mixed particles were loaded into the physical test model by the central quadrant method (Penfound, 1963; Raj and Thakur, 2016). In the filling process of mixed particles, in order to ensure the uniformity of mixed particles in each filling, a multiple-loading method is adopted. In the model test, the loading height of the mixed particles was 80 cm. The test model of the mixed particles after loading is shown in Figure 6.
[image: Figure 6]FIGURE 6 | Packed mixed particle test model.
④After the aforementioned test steps are completed, the ore-drawing stage begins. Then, 2# and 3# ore-drawing ports are closed, and 1# ore-drawing port and drawing ore are opened. When ore drawing at No.1 ore-drawing hole is finished, the discharged particulate matter shall be screened immediately, the screened particulate matter with different particle sizes shall be weighed, and the quality of each particle size discharged at this time shall be recorded.
⑤Then, 1# and 3# ore-drawing ports are closed, and 2# ore drawing port and draw ore are opened. When ore drawing at No.1 ore-drawing hole is finished, the discharged particulate matter shall be screened immediately, the screened particulate matter with different particle sizes shall be weighed, and the quality of each particle size discharged at this time shall be recorded.
⑥Thereafter, 1# and 2# ore-drawing ports are closed, and 3# ore-drawing port and draw ore are opened. When ore drawing at No.1 ore-drawing hole is finished, the discharged particulate matter shall be screened immediately, the screened particulate matter with different particle sizes shall be weighed, and the quality of each particle size discharged at this time shall be recorded.
⑦Then, 1#→2#→3# ore-drawing hole is called an ore-drawing cycle when all ore-drawing holes are finished once. Steps ④ [image: image] ⑥ are repeated until all the particles in the physical test model are released. Four cycles of ore drawing were carried out in the whole experiment.
2.5 Physical test hypothesis
During the uniform ore-drawing test, the movement of the moraine and ore particles is extremely complicated. In order to avoid the influence of other factors on the test results during the model test ore drawing, this experiment explains some possible influencing factors and makes the following assumptions: ①In order to ensure that the test particle medium has good fluidity, the moraine and ore particles used in the test have been air-dried and there is no cohesion between the particles. ②Due to the high strength of ore particles, the effect of secondary crushing is ignored in the process of uniform ore drawing. ③The cent quartering method is adopted to load the test particles in different times, and the flow of fine particles did not occur during the filling process, ignoring the influence of artificial filling.
3 ANALYSIS OF TEST RESULTS
3.1 Method for quantifying the effect of cross-flow
After each release of the coarse and finely mixed particles, immediately a standard sieve is used to sieve the released mixed particles, and weigh them, respectively, to obtain the mass of the coarse and fine particles released at that time. There is a slight difference in the amount released each time. The “Normalization Method” of formula (1) is used to process the test data to obtain the mass ratio of the coarse and fine particles released in the current time (Xu and Li, 2020; Wang et al., 2023).
[image: image]
Formula: [image: image]—mass ratio of the coarse particles or fine particles released each time;
[image: image]—mass of coarse particles or fine particles released each time;
[image: image]—sum of the mass of coarse particles and fine particles released each time.
In order to compare the flow-through effect of fine particles with different sizes more intuitively, a preliminary quantification method for the flow-through characteristics of fine particles with different sizes in the process of ore drawing is proposed. To quantify the significant degree of permeation of fine particles of each particle size by the permeation flow, the permeation degree is expressed as follows:
[image: image]
Formula: [image: image]—permeability of fine particles of a certain size;
[image: image]—percentage of fine particles with this particle size in the current discharge;
[image: image]—percentage of particles with this particle size in the mixed particles before ore drawing.
The degree of flow through can quantify the significant degree of flow through of the fine particles of each size in the mixed particles. The larger the value of flow-through, the more obvious the flow of fine particles. When the permeation degree [image: image], it means that the fine particles have permeated in the pores of the mixed particles during the ore-drawing process. The fine particles migrate downward in preference to other particles, and as the ore-drawing time continues, the concentration of the fine particles becomes greater.
3.2 Characteristics and laws of cross-flow
The cycle of ore-drawing ore in sequence according to the 1#→2#→3# ore-drawing opening is called an ore-drawing cycle. A total of four ore-drawing cycles were carried out in the whole test process, as shown in Figure 7. Table 3 shows the current release flow-through of the fine particles of each particle size in the mixed particles. Figure 8 shows the relationship between the current discharge flow rate of fine particles of each particle size and the number of times of ore drawing.
[image: Figure 7]FIGURE 7 | Whole test process of four ore-drawing cycles.
TABLE 3 | Current discharge flow-through of the fine particles of each particle size in the mixed particles.
[image: Table 3][image: Figure 8]FIGURE 8 | Relationship between the current penetration of fine particles of each particle size and the number of ore drawings.
Analysis of Figure 8 shows that the current penetration of fine particles of 5.0–2.5 mm in the first to the third ore-drawing cycles fluctuates around the boundary line 1 of the penetration. It is basically below the flow boundary 1, and its flow degree is less than 1. It shows that 5.0–2.5 mm fine particles do not have flow-through characteristics in the pores of 5–20 mm coarse-grained medium. For fine particles of 2.5–1.25 mm, 1.25–0.63 mm, 0.63–0.315 mm, and 0.315–0.16 mm, the current penetration values of the first ore-drawing cycle to the third ore-drawing cycle are basically at the penetrating boundary line 1 above. It shows that it has the characteristics of flow-through, and the smaller the particle size of fine particles, the larger the index of flow-through and the more obvious is the degree of flow-through.
Figure 8 also shows that 2.5–1.25 mm, 1.25–0.63 mm, 0.63–0.315 mm, and 0.315–0.16 mm are fine particles with flow-through characteristics. During the flow process of each particle size, fine particles from the first ore-drawing cycle to the third ore-drawing cycle; with the increase of the times of ore-drawing cycles, the value of cross-flow increases first and then decreases. In the fourth ore- drawing cycle, with the continuous release of the medium and fine particles in the coarse particles, the fine particles are continuously reduced and there is no continuous replenishment, resulting in a continuous increase in the amount of released coarse particles. Therefore, there is a phenomenon that when the medium with coarse particles is released, the permeability value is larger than that of fine particles.
According to the characteristics and rules of the flow of fine-grained media with different particle sizes in Figure 8, the four ore-drawing cycle test processes for uniform ore drawing are divided into the following four stages: the first ore-drawing cycle is the downward flow stage of fine particles, the second ore-drawing cycle is the fine particle flow and convergence stage, the third ore-drawing cycle is the continuous flow stage of fine particles, and the fourth ore-drawing cycle is the coarse particles’ late release stage.
3.3 Effect of ore-drawing height on fine particle cross-flow
Figure 9 shows the relationship between the current penetration value and the cumulative drawing height of fine particles of 2.5–1.25 mm, 1.25–0.63 mm, 0.63–0.315 mm, and 0.315–0.16 mm. It can be seen that during the flow of fine particles from the first ore-drawing cycle to the third-ore drawing cycle, the current discharge flow rate of each particle size and fine particle increases first and then decreases with the cumulative ore-drawing height changing trend. Among them, in the second ore-drawing cycle, the value of permeation is the largest and the phenomenon of permeation is the most obvious.
[image: Figure 9]FIGURE 9 | Relationship between the current penetration value of the fine particles of each particle size and the cumulative drawing height.
Before ore drawing, the coarse and fine particles in the test model are distributed uniformly in theory. With the continuous ore drawing, the cumulative height of ore drawing increases gradually. The test model of the mixture of coarse and fine particles was continuously released during the process. At first, the fine particles flew down the pores of the coarse particles, which makes the fine particles move before the bottom of the coarse particles model and converge continuously, and finally release from the ore-drawing mouth. As a result, during the first and second ore-drawing cycles, the permeability of fine particles increases with the ore-drawing height. When the third and fourth ore-drawing cycles were reached, the fine particles in the upper part of the test model were gradually reduced and no fine particles in the upper part of the test model were continuously replenished. The permeability of fine particles decreases with the increase in the ore-drawing height. The process of the aforementioned analysis is the explanation of the mechanism that the penetrability of fine particles first increases and then decreases with the cumulative ore-drawing height.
4 CROSS-FLOW MECHANISM OF FINE PARTICLES
Figure 10 shows the schematic diagram of the fine particle flow mechanism in different draw cycles in the coarse and finely mixed particles. Figure 10A shows the original arrangement state of the coarse and finely mixed particles in the physical model before ore drawing. Figure 10B shows the process of the downward flow of fine particles in the first draw cycle. Figure 10C shows the process of the fine particle flow and the convergence stage of the second ore-drawing cycle. Figure 10D shows the process of the continuous flow of fine particles in the third ore-drawing cycle. Figure 10E shows the process of the later stage of coarse particles in the fourth ore-drawing cycle.
[image: Figure 10]FIGURE 10 | Schematic diagram of the flow mechanism of fine particles in mixed particles. (A) Original arrangement of coarse and finely mixed particles. (B) Downward flow of fine particles. (C) Fine particles flow through the convergence stage. (D) Fine particles continue to the flow stage. (E) Coarse particles in the late release stage.
Figures 10, 10A show the uniform arrangement of coarse and fine particles in the mixed particles before ore drawing. With the progress of uniform ore drawing, in the process of the first ore-drawing cycle, fine particles take precedence over coarse particles to flow downward, showing that there are more and more fine particles at the bottom of the model, as shown in Figure 10B. In the second ore-drawing cycle, a large number of fine-grained media in the upper part of the test model flowed downward and converged, and the most fine-grained medium accumulated at the bottom of the model. Moreover, in this ore-drawing stage, the current discharge amount of fine particles has the largest permeability value, as shown in Figure 10C. In the third ore-drawing cycle, most of the fine particles in the test model have flowed to the bottom to be continuously released, and only a small amount of fine particles in the pores of the coarse particles continued to flow downward. During the ore-drawing process, the upper coarse particles also moved downward, and the coarse particles at the bottom of the test model began to gradually increase, as shown in Figure 10D. In the fourth ore-drawing cycle, as the medium of coarse particles and fine particles is further discharged through the flow, and there is no replenishment of fine particles, the material released in this later stage is mainly coarse particles, as shown in Figure 10E.
In the process of uniform ore drawing, the flow of fine particles in the mixed particles of coarse and fine particles is a process in which the fine particles preferentially move downward in the flow pores of the mixed particles under certain gravity conditions. According to the results of “ore-drawing theory,” if the particle size of fine particles is 1/3–1/2 of the particle pore, the piercing behavior will occur (Penfound, 1963; Xu and Li, 2020; Wang et al., 2023). At the same time, according to the movement track of fine moraine in particle pores during the ore-drawing test, the law and characteristics of cross-flow movement of fine moraine during uniform ore drawing are revealed. The relative motion of coarse and fine particles is the intrinsic controlling factor leading to the flow of fine particles. The more significant the relative motion of coarse and fine particles is, the greater the number of randomly generated pores in the particle flow system and the larger the pores, and the more obvious the flow of fine particles.
5 CONCLUSION
In this paper, the indoor 3D physical model test method is used to study the fine-grained moraine and coarse-grained ores of various particle sizes in the surface overburden of the Pulang Copper Mine. The experimental study on the flow characteristics of mixed particles under the condition of uniform ore drawing was carried out, the characteristics and laws of the flow of fine particles in the mixed particle flow system were obtained, the mechanism of the flow of fine particles was briefly discussed, and the following main conclusions were obtained:
(1) The cross-flow characteristics of fine particles in mixed particles are studied. In this paper, the authors propose to quantify the cross-flow effect of fine particles by using the index of the cross-flow degree. The index can be used to measure the cross-flow degree of fine particles quantitatively.
(2) Under the action of its own gravity, the fine particle medium in the mixed particle flow uses the pores formed in the process of the mixed particle ore-drawing flow to achieve the downward flow. The fine particles of 2.5–1.25 mm, 1.25–0.63 mm, 0.63–0.315 mm, and 0.315–0.16 mm have significant permeation characteristics, and the smaller the particle size of the finer particles, the more significant the degree of permeation. The relative motion of coarse and fine particles is the intrinsic controlling factor leading to the flow of fine particles. The more significant the relative motion of coarse and fine particles is, the greater the number of randomly generated pores in the particle flow system and the larger the pores, and the more obvious the flow of fine particles.
(3) The current penetration value of fine particles of each particle size shows a variation law of first increasing and then decreasing with the number of ore-drawing times and the cumulative ore-drawing height. Among them, in the second ore-drawing cycle, the value of permeation is the largest, and the phenomenon of permeation is the most obvious. In addition, the variation regularity of fine particle penetration with a cumulative ore-drawing height is explained from the mechanism.
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