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The Jinchuan Nickel Mine is the largest large-scale copper–nickel sulfide deposit in China and the third largest in the world. Due to the deep burial of the ore body, high geostress, and broken ore rock, the downward layered cementing and filling mining method with high cost and low production capacity is adopted. The Jinchuan Nickel Mine uses bar milling sand as the filling aggregate and cement as the cementing material and adopts pipeline autoclave conveying filling mining technology with a high cement-to-sand ratio and high concentration of filling slurry, which results in the high cost of filling mining and poor mining economic benefits. In order to reduce the cost of filling mining, the Jinchuan Nickel Mine has carried out a series of research on low-cost filling mining technology by utilizing solid waste, such as using metallurgical slag instead of cement to develop low-cost filling cementitious material, using waste rock and bar mill sand as the mixed aggregate, using waste rock and tailing sand as the mixed aggregate, mixing fly ash with the mixed aggregate, and mixing copper processing tailing with the mixed aggregate. The strength of the 3d, 7d, and 28d cemented filling body of waste rock and bar mill sand reached 1.5 MPa, 2.6 MPa, and 4.8 MPa, respectively; the strength of the 3d, 7d, and 28d cemented filling body of waste rock tailings reached 4.7 MPa, 6.1 MPa, and 9.0 MPa, respectively; the strength of the 3d, 7d, and 28d cemented filling body of mixed fly ash reached 2.0 MPa, 2.0 MPa, 6.1 MPa, and 9.0 MPa, respectively; the strength of 3d, 7d, and 28d doped fly ash cemented filling body reached 2.0 MPa, 2.7 MPa, and 5.9 MPa, respectively; the strength of the 3d, 7d, and 28d doped copper-selecting tailings cemented filling body reached 1.55 MPa, 3.11 MPa, and 5.10 MPa respectively; and the strength of 3d early-strength type green filling cementitious material increased to 1.73 MPa. The application of cemented filling with solid waste resources in the Jinchuan Nickel Mine has been successful and popularized and applied in the Longshou Mine and the second mine area. Early-strength green filling cementitious materials and mixed aggregate paste filling technology are the research and development direction for utilization in Jinchuan Nickel Mine filling and mining.
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1 INTRODUCTION
The Jinchuan Nickel Mine is the largest copper–nickel sulfide deposit in China and the third largest in the world. It is located at the foot of Longshou Mountain in Jinchang City, Gansu Province, with a length of 6.5 km and a width of 500 m (Wu et al., 2003). The deposit is divided into four mining areas from east to west: IV, II, I, and III. The proved resource reserves have reached 564 million tons, including nickel–metal reserves of 5.5 million tons. Jinchuan copper–nickel deposit is deeply buried, has high in situ stress, a thick ore body, and broken ore rock, so the stope ground pressure activity is intense. For the sake of safety production, research on stope ground pressure control and safety production management is carried out. Through technical breakthroughs and engineering practice, the downward layered drift cemented filling mining method is explored (Zhao et al., 2006). The mining technology of the high cement–sand ratio and high-concentration slurry pipeline gravity transportation of rod ground aggregate and cement cementitious material is implemented, and the cost of the filling material is as high as 158 yuan/m3. At present, the mining depth of the mine has entered kilometers (Langyan et al., 2023). The “three-high” mining environments of high temperature, high pressure, and high permeability lead to the violent appearance of stope ground pressure, which further improves the cost of controlling the stope. With the gradual reduction in ore grade year by year, the Jinchuan Nickel Mine faces severe economic benefit pressure (Lu et al., 2021). Safe, efficient, and low-cost filling mining technology is an important problem faced by the Jinchuan Nickel Mine.
Jinchuan Group Co., Ltd. is the largest nickel–cobalt production base, platinum group metal refining center, and non-ferrous metallurgical and chemical complex supporting mining, beneficiation, and metallurgy in China. A large number of solid wastes such as waste rock, tailings, waste residue, fly ash, and gypsum are discharged every year. Due to the influence of technology and economy and the underdeveloped economy in the West, a large number of low-quality solid wastes are stacked on the surface. It not only occupies a large amount of land but also worsens the regional environment, safety, and environmental protection problems.
Given the poor mining technical conditions and environmental protection problems in the mining area, Jinchuan Enterprises invests a huge amount of money every year to carry out a series of research on the comprehensive utilization of nickel and cobalt resources and practice the concept of circular economy development (Wang et al., 2023a). During the 12th Five-Year Plan period, aiming at the development and utilization of kilometer-deep wells and low-grade refractory lean ores, we carried out deep mining of large deposits and technical research on the utilization of copper–nickel smelting slag and built JINCHUAN COPPER–NICKEL polymetallic ore resources, a comprehensive utilization demonstration base. In terms of the development and utilization of low-grade lean ore resources, safe and low-consumption mining of refractory deposits, and comprehensive utilization of waste, in-depth and extensive research has been carried out, and some research has made breakthrough progress, which not only reduces the discharge of solid waste but also significantly improves the economic, environmental, and social benefits of enterprises and promotes the sustainable development of Jinchuan Enterprises (Wang et al., 2023b). In recent years, with the increasing development of lean ore resources year by year, low cost mining methods and low-cost filling mining technology have been carried out, and some achievements have been industrialized (Figure 1). This paper comprehensively analyzes and summarizes the research progress of solid-waste resources in filling mining, the factors affecting the utilization of solid-waste resources in the Jinchuan Nickel Mine, and the problems faced at present and puts forward the research and development direction of the utilization of solid waste resources in the Jinchuan Nickel Mine and the direction of the development of the solid-waste filling material paste filling technology.
[image: Figure 1]FIGURE 1 | Mixed-aggregate filling material paste-filling technology.
2 RESEARCH PROGRESS OF SOLID-WASTE RESOURCES IN FILLING MINING
The Jinchuan Nickel Mine is a rare hard-to-mind deposit in the world. Through technical research and engineering practice, a suitable downward layered cemented filling mining method is explored. For safe and efficient filling mining, rod grinding sand is used as the aggregate and cement as the cementitious material, and a high cement–sand ratio and high-concentration cemented filling mining are implemented, resulting in high filling mining costs and poor mining economic benefits. Therefore, the filling mining technology of using slag and fly ash to partially or completely replace cement and waste rock and tailings to replace some bar grinding sand is studied. Its research includes the following aspects.
2.1 Research on mixed-aggregate filling mining technology
The cost of rod grinding is high. Using the waste rock to partially replace rod grinding is one of the ways to reduce the cost of filling mining. Therefore, the original particle size of -3-mm rod grinding sand is increased to -5 mm, the waste rock is used to replace the rod grinding sand, and the cement strength test of the mixed aggregate of waste rock and rod grinding sand is carried out. Given the problem of layered segregation of mixed-aggregate filling slurry, further use of fly ash and copper tailings as a fine aggregate to optimize the particle size gradation of the mixed aggregate and carry out research on the pipeline transportation characteristics and proportion optimization of various mixed-aggregate filling slurry not only improves the fluidity and stability of mixed filling slurry and solves the problem of layered segregation of mixed filling slurry but also for fly ash. We aim to find a way for the resource utilization of solid wastes such as tailings and copper tailings.
2.1.1 Study on the mixed aggregate of waste rock and bar grinding sand
The Jinchuan Nickel Mine first researched the filling technology of waste rock rod frosted mixed aggregate. Wang et al. (2019a) and Yuan et al. (2016a) carried out experimental research on the pipeline transportation characteristics of filling slurry for the mixed aggregate of -5-mm rod frosted sand and waste rock and carried out the strength test of the cemented filling body for the waste rock aggregate with the particle size of -10 mm and -12 mm, respectively. The results show that when the filling slurry concentration of -10-mm waste rock mixed aggregate is 82% and the cement addition is 280 kg/m3, the strength of the cemented backfill can reach 1.5 MPa, 2.6 MPa, and 4.8 MPa, respectively, in 3d, 7d, and 28d, which meets the requirements of cemented backfill mining in the Jinchuan Nickel Mine (Figure 2). Then, through the stacking compactness test of waste rock and sand mixed aggregate with different ratios, it is determined that the reasonable ratio of mixed-aggregate rod grinding sand and waste rock is 5:5∼6:4. The filling technology has been applied in the Longshou Mine. The filling amount of waste rock has reached 6.073 million tons, and the filling cost has been saved by 14.28 million yuan. Yang Z et al. (2017) and Wen et al. (2019) studied the pipeline transportation characteristics of mixed-aggregate filling slurry for the mixed aggregate of waste rock, Gobi sand, and bar grinding sand, revealed the rheological and pipeline transportation characteristics of filling slurry, and proposed the optimization method of the mixed filling slurry ratio based on RSM-BBD theory (Qian et al., 2019).
[image: Figure 2]FIGURE 2 | 3d, 7d, and 28d compressive strength of waste–stone–rod–sand-cemented filling.
2.1.2 Study on the mixed aggregate of waste rock and tailings
The large particle size of waste rock aggregate leads to the layered segregation of slurry, so there is a potential risk of pipe blockage and explosion. Therefore, the filling technology of mixed-bone high-concentration slurry was studied. The results show that the aggregate contains no less than 20% fine aggregate, which is a sufficient and necessary condition for preparing a high-concentration slurry. Therefore, tailings are selected as the fine aggregate to conduct research on filling mining technology of the waste rock tailing mixed aggregate. Yang Zhiqiang, Yang Xiao, He Jianyuan, etc. researched the strength and ratio of the mixed aggregate backfill. The results show that (Yang et al., 2015) when the cement–sand ratio is 1:4, the average particle size of mixed aggregate is ≤1.69 mm, the non-uniformity coefficient is ≥38.4, the slurry concentration is >80.8%, and the density of the 3d test block of the cemented filling body is ≥2.24 g/cm3. When the bar grinding sand:Gobi sand:tailings ratio is 4.5:4.5:1, the strength of the filling body reaches maximum (Wang et al., 2022a; Cao et al., 2022; Yang Xiao et al., 2016). When the tailings:bar grinding sand ratio is 3.95:6.05, the additional amount of cement is 302.8 kg/m3, the additional amount of fly ash is 93.2 kg/m3, and the slurry concentration is 74.9%, it meets the safety filling requirements of the Jinchuan Nickel Mine (Wang et al., 2022b; He et al., 2016). When the waste rock: tailings = 6:4 and 7:3, the particle size distribution curve of the mixed aggregate is close to the fuller ideal grading curve, its stacking compactness reaches the maximum, and the ratio is close to optimal. Therefore, tests on rheological properties and pipeline transportation characteristics of filling slurry (Yang et al., 2014a; Yang et al., 2017b; Wang Aiai et al., 2023; Yang et al., 2017c) and industrial filling tests (Yang et al., 2016b; Yang et al., 2014b) have been carried out to verify the feasibility and reliability of the application of the mixed aggregate in filling mining of the Jinchuan Nickel Mine.
2.1.3 Study on the mixed aggregate mixed with fly ash
Fly ash is a kind of potentially active pozzolanic solid waste, but its hydration reaction occurs only when it is excited in an alkaline environment due to its low activity. Fly ash is used as a fine aggregate to prepare the filling slurry. Fly ash mainly plays the role of filling pores and compacting in the early stage of hydration. Therefore, with the increase in fly ash content, the early strength decreases. However, under the action of alkali excitation, the potential activity of fly ash is stimulated, and a hydration reaction occurs to improve the later strength of cemented backfill. Therefore, the strength of cemented backfill increases with the increase in fly ash content, and its later strength increases. It can be seen that the fly ash in the mixed aggregate of waste rock and rod frosting plays a dual role in physics and chemistry. At the initial stage of hydration, fly ash is used as a fine aggregate to optimize the particle size gradation of the mixed aggregate and provide the fine aggregate necessary for the mixed aggregate to form a high-concentration slurry. At the later stage, it is excited in the alkali environment to produce a hydration reaction and improve the later strength of the filling body. According to the strength requirements of the filling body in the downward layered filling method of the Jinchuan Nickel Mine, the early strength of the mixed-filling aggregate mixed with fly ash is studied. Yang et al. (2014c) and Qu et al. (2018a) carried out a cement strength test and proportion optimization test with fly ash. The test results show that when the ratio of waste rock to bar-grinding sand is 2:8 and the addition of fly ash is 30% of the weight of cement, the strength of the filling body is equivalent to that of bar-grinding sand. However, the fluidity of the filling slurry is improved, and the bleeding rate and shrinkage rate of the filling slurry are also reduced. The test results further prove that fly ash reduces the early strength of the backfill but can promote the later strength. The optimum ratio of mixed-aggregate filling slurry is determined as follows: the amount of cement is 290 kg/m3, the amount of fly ash is 200 kg/m3, and the mass fraction of filling slurry is 82%.
2.1.4 Study on the mixed aggregate mixed with copper tailings
Copper separation tailings are solid wastes discharged from copper–nickel smelting slag after copper separation. They also belong to pozzolanic solid wastes, but their potential activity is very low; hence, they are low-quality solid wastes. To use waste resources of copper tailings in Sichuan, the mining technology of mixed aggregate of waste rock and tailings is studied (Wang et al., 2015; Chen et al., 2015; Dang et al., 2019; Ba et al., 2020). Wang Youtuan et al. researched the influence of adding copper slag tailings on the strength of cemented backfill. The results show that the copper tailings belong to inert solid waste. The fine aggregate as a mixed aggregate has a significant effect on the early strength but has little effect on the later strength. The filling cost of 11.6 yuan/m3 can be saved by using copper tailings to replace the mixed aggregate of 20% rod grinding sand. Chen Jie, Dang Zhiming, Ba Lei, etc. carried out the strength test and proportioning research on the cemented backfill of waste rock mixed aggregate mixed with copper tailings. The results show that with the addition of an early-strength agent and copper slag tailings ≤ L5%, the 3d and 7d strength of cemented backfill can reach more than 1.5 MPa and 2.5 MPa, respectively, which can meet the early-strength requirements of filling mining in the Jinchuan Nickel Mine. Thus, the optimal ratio of filling slurry is obtained as follows: the additional amount of cement, waste rock, and rod grinding sand is 290 kg/m3, 361.6 kg/m3, and 813.8 kg/m3, respectively, the additional amount of water is 384.8 kg/m3, and the additional amount of copper tailings is 257.6 kg/m3. The filling slurry with 82% concentration is prepared. The strength of the filling body on 3d, 7d, and 28d reaches 1.55 Mpa, 3.11 MPa, and 5.10 MPa, respectively, while the cost of filling slurry is only 112.6 yuan/m3, i.e., 30% lower than the cost of rod frosted filling slurry (156 yuan/m3) (Figure 3).
[image: Figure 3]FIGURE 3 | 3d, 7d, and 28d compressive strength of cemented filling with copper selecting tailing slag.
2.2 Research progress of low-cost filling cementitious materials
To reduce the filling mining cost of the Jinchuan Nickel Mine, the development and application of low-cost filling cementitious materials were carried out by using solid wastes such as blast furnace slag, copper–nickel slag, fly ash, and industrial by-product gypsum.
2.2.1 Research on cementitious material filled with rod-frosted sand
Aiming at the rod ground sand filling aggregate of the Jinchuan Nickel Mine, using iron ore slag and desulfurization ash as active materials and NaOH, lime, and mirabilite as alkali activators, Wang et al. (2014), Yang et al. (2014d), and Li et al. (2018) carried out experimental research and showed that the optimal proportion of rod-ground sand aggregate filling cementitious material is slag 4%, desulfurization ash 20%, lime 5%, mirabilite 10%, and NaOH 1%. However, the 3d strength of the filling body is less than 1.5 MPa, which does not meet the early-strength requirements of filling mining in the Jinchuan Nickel Mine. Yang Zhi-qiang et al. (2014) researched rod-grinding cementitious material with nickel slag and showed that the early strength of the filling body of cementitious material is low and does not meet the early-strength requirements. Further research shows that due to the low activity of desulfurized ash, the early hydration reaction of composite cementitious materials prepared as sulfate activators is very slow and almost anhydrous within 3 days. To solve the problem of early strength of cementitious materials, Xiao et al. (2014) and Yang et al. (2019a) carried out experimental research on new filling cementitious materials by adding fly ash and improving the ratio of the composite activator. The results show that when quick lime is 5%, Glauber’s salt is 3%, sodium sulfite is 1.5%, desulfurization ash is 17.5%, fly ash is 20%, and slag micro-powder is 53%, the 3d, 7d, and 28d strength of the cemented filling body of the rod-grinding aggregate increases to 1.50 MPa, 3.15 MPa, and 5.12 MPa, respectively, which meets the strength requirements of the filling body for downward layered filling mining. When the content of fly ash is increased to 37.5%, the cost of cementitious material is 121 yuan/T. Li et al. (2020a), Li et al. (2016), and Yang et al. (2019b) used gypsum and clinker to prepare composite activators and carried out experimental research on slag-based cementitious materials. The optimal ratio of cementitious materials was obtained as follows: 12% for cement clinker, 3% for desulfurization gypsum, and 85% for slag. The 3d, 7d, and 28d strength of the rod-ground sand cemented backfill can reach 2.7 MPa, 5.1 MPa, and 10.6 MPa, respectively, which meets the strength requirements of cemented backfill in the Jinchuan Nickel Mine.
2.2.2 Study on the cementitious material filled with the mixed aggregate
The Jinchuan Nickel Mine increased the development of waste rock, tailing coarse aggregate, and the application of mixed aggregate with copper tailings and fly ash as fine aggregates. Therefore, new filling cementitious materials suitable for mixed aggregate were researched. To obtain a filling aggregate mixed with tailings and Gobi aggregate at a ratio of 1:1, Wen Z-j. et al. (2020) carried out experimental research on the new filling cementitious material of the mixed aggregate; determined that the optimal ratio of the new cementitious material is 10% of fly ash, 8% of cement clinker, 14% of desulfurized gypsum, and 68% of slag micro powder; and carried out the cement strength test for the tailings-mixed aggregate. The results show that when the cement–sand ratio is 1:6 and the mass fraction of mixed aggregate filling slurry is 78%, the strength of the cemented filling body can reach 1.76 MPa and 4.82 MPa, respectively, in 7 and 28 days (Figure 4). The bleeding rate and slump of the filling slurry are 5.98% and 23.2 cm, respectively. The cost of filling slurry is only 103 yuan/m3, which is 47% lower than that of rod-frosted aggregate filling slurry.
[image: Figure 4]FIGURE 4 | 7d and 28d compressive strength of waste rock and tailing sand mixed cemented filling.
2.2.3 Study on the utilization of low active slag and cementitious material of the consolidated powder
Jinchuan Nickel Mine filling cementitious material development is a new type of filling cementitious material prepared by using slag from Jiuquan Iron and Steel Company and fly ash of a power plant as active materials and activators prepared by lime, cement clinker, and desulfurization gypsum. However, due to the low activity of slag from Jiuquan Iron and Steel Company, the early strength of cemented backfill does not meet the mine strength requirements. Therefore, Yuan et al. (2016b) and Wang Y-d et al. (2019) researched the optimization of the activator ratio and the fineness of slag powder. The results show that the strength of cemented backfill increases with the increase in the fineness of slag powder. When the average particle size of slag powder decreased from 24.3 μm to 12.3 μm, the 3d, 7d, and 28d strength of cemented backfill increased by 33.3%, 30%, and 9.3%, respectively. Through optimization, the optimized proportion of filling cementitious material is as follows: the additional amount of quicklime, desulfurization ash, fly ash, mirabilite, sodium sulfite, and Jiugang slag powder is 3%, 5%, 5%, l%, 2%, and 84%, respectively. The 3d and 7d strength of the backfill reached 1.73 MPa and 2.88 MPa, respectively, meeting the strength requirements of the cemented backfill of the Jinchuan Nickel Mine (Figure 5). Aiming at different filling aggregates of the Jinchuan Nickel Mine, a cementitious material filled with consolidation powder has been developed and industrialized in the Longshou Mine (Yang et al., 2016c; Yang et al., 2017d; Wang et al., 2019c; Xiao BL. et al., 2019; Yang et al., 2019c).
[image: Figure 5]FIGURE 5 | Compressive strength of different formulations of cementing materials at 3d, 7d, and 28d.
2.3 Study on the slurry transportation characteristics of the mixed-aggregate filler
The key way to reduce the filling cost of the Jinchuan Nickel Mine is to use beneficiation tailings, copper tailings, and fly ash as the fine aggregate; mix with waste rock and rod-grinding coarse aggregate; and implement the mixed aggregate filling technology. However, the optimal design of mixed-aggregate filling slurry, pipeline transportation characteristics, and mixing technology and equipment of large capacity and high-concentration slurry are the key technologies for the application of mixed aggregate in filling mining.
2.3.1 Study on characteristics of the mixed aggregate filling slurry
Wu et al. (2020a) researched the segregation characteristics and mathematical model of mixed-aggregate high-concentration filling slurry. According to the stress analysis of coarse aggregate under the initial and critical concentration of filler slurry, the determination coefficient of the segregation characteristics of mixed-aggregate filler slurry is proposed. Selecting the ratio of waste rock to rod grinding sand (waste–rod ratio), the ratio of aggregate to cement (sand–cement ratio), and the concentration of filling slurry as the main factors, using the bleeding rate and rheological properties of filling slurry as the evaluation indexes, a mathematical model of anti-segregation of mixed-aggregate filling slurry is constructed, and the prediction results of the model are tested by the image method. The results show that there is a linear relationship between the determination coefficient and the bleeding rate of the slurry. The determination coefficient of the separation dividing point of the filling slurry is 1, and the bleeding rate is 10%. When the determination coefficient is more than 1 or the bleeding rate is less than 10%, the filling slurry of mixed aggregate has good segregation resistance. Li et al. (2020b) studied the characteristics of mixed-aggregate filling slurry based on the vertical distribution law of mass fraction. Based on the diffusion theory, through the stress analysis of solid particles in the filling slurry, combined with the probability distribution of vertical pulsating velocity in the two-phase flow, the mass fraction distribution formula of the mixed-aggregate filling slurry is deduced, and the distribution law effects of the filling slurry concentration are revealed through the experimental study of the working and rheological properties of the mixed-aggregate filling slurry. The results show that the main factors affecting the vertical distribution of the mass fraction of filling slurry are solid particle size and density, slurry density, initial yield stress, and solid particle shape. When the mass concentration of the filling slurry is less than 80% and the ratio of waste rock:rod frosting is 3:7, the mass fraction distribution of the filling slurry reaches the maximum, and the bleeding rate of the corresponding filling slurry is close to the minimum.
2.3.2 Study on the pipeline transportation characteristics of the mixed aggregate slurry
The rheological characteristics and pipeline transportation resistance of mixed-aggregate filling slurry determine the safety, reliability, and economy of pipeline transportation of filling slurry. Wu et al. (2020b) evaluated the working characteristics of mixed-aggregate filling slurry and the research on the particle size gradation of the mixed aggregate. The mixed aggregate is selected to test the working characteristics of the filling slurry. Principal component analysis (PCA) was used to reduce the dimension; two new indexes were extracted to quantitatively evaluate the slurry properties, and the two indexes in the comprehensive evaluation function were transformed into one quantitative evaluation index. Based on PCA and distance discriminant analysis (DDA), a PCA-DDA model for the classification and discrimination of working characteristics of the filling slurry is established. Wen Z et al. (2020) carried out the correlation test between the rheological properties of the filling slurry with different concentrations and the gradation of the mixed aggregate to study the effect of the particle size of the mixed aggregate on the rheological properties of filling slurry. Through the established mechanical model, it is determined that the critical particle size range of the mixed-aggregate filling slurry without delamination is 13.8∼21.6 mm. Yang et al. (2019d), Yang et al. (2016d), Yang et al. (2020a), Wu et al. (2020c), Xiao et al. (2019b), Yang et al. (2020b), and Xiao et al. (2020) researched pipeline transportation characteristics and the hydraulic gradient of mixed-aggregate filling slurry. The results show that the hydraulic gradient of mixed-aggregate filling slurry has a positive correlation with the mass fraction of slurry, a negative correlation with the content of cement and fly ash, and a linear relationship with the flow velocity of slurry. Therefore, it is determined that the reasonable flow rate range of mixed-aggregate filling slurry is 1.91∼2.13 m/s.
2.3.3 Development of a large-capacity and high-concentration slurry mixing system
Mixed-aggregate filling slurry usually adopts a high concentration or paste-like body and is transported by pipeline gravity or pump pressure. Therefore, the mixing equipment and process of large-capacity and high-concentration mixed slurry not only affect the mixing quality of filling slurry but also determine the production capacity of the filling mine. Therefore, to prepare the filling slurry of the mixed aggregate, the Jinchuan Nickel Mine has developed the design and research on large-capacity and high-concentration filling slurry mixing equipment (Yang X et al., 2017) and industrial filling test (Yang et al., 2016e). Aiming at the mixed aggregate of rod grinding and waste rock in the Jinchuan Nickel Mine, the design and process research on high-concentration and large-capacity mixing equipment with a production capacity of 150∼180 m3/h was carried out. Therefore, first, the pipeline transportation characteristics and mixing mechanism of the high-concentration slurry of the mixed aggregate are analyzed. Then, based on the research on small-capacity mixing equipment with a production capacity of 80∼100 m3/h, scale-up theoretical research is carried out, and the design parameters and technical indexes of large-capacity mixing equipment are obtained. Finally, research on the supporting feeding equipment and production process is carried out, the high-capacity filling slurry mixing equipment and filling process of the Jinchuan Nickel Mine are developed, and the semi-industrial and industrial filling tests are passed, which lays a foundation for the Jinchuan Nickel Mine to improve the filling production capacity of the mixed aggregate and safe production.
3 RESEARCH AND EXPLORATION OF THE INFLUENCING FACTORS AND UTILIZATION OF SOLID WASTE RESOURCES IN THE JINCHUAN NICKEL MINE
The goal of the Jinchuan Nickel Mine Research Institute is to use solid waste to carry out filling mining costs and improve the economic and environmental benefits of filling mining. Since the establishment of the Jinchuan Mine, a large number of scientific and technical studies have been carried out. Using pozzolanic solid wastes such as fly ash and slag to research the partial replacement of cement and filling technology of rod grinding sand, waste rock, and tailings mixed aggregate has been successful and has been applied in mines, thus reducing the filling and mining costs. In recent years, the development of green filling cementitious materials using metallurgical slag and industrial by-products not only further reduces the filling cost but also explores a way for the resource utilization of solid waste. However, due to the inherent complexity and variability of solid waste, there are still difficulties and problems in the current research, mainly reflected in the following two aspects.
3.1 Research progress on the early strength of green cementitious materials
Usually, new filling cementitious materials use lime, cement clinker, and admixture to prepare an activator, which can stimulate the potential activity of blast furnace slag and produce a hydration reaction to form a stone body. At present, slag-based cementitious materials, such as cementitious powder, have consolidation agents, and consolidation powders have been developed. In recent years, with the strict management of China’s environmental protection and the restriction of the production and energy reduction of iron, steel, and cement enterprises, the output of blast furnace slag has decreased, and its application in building materials has increased. Not only is the utilization cost of blast furnace slag increasing year by year but the demand is also in short supply in some areas. Therefore, with the increase in the cost of slag-based cementitious materials, it is close to ordinary Portland 42.5 cement. On the other hand, the metallurgical industry discharges a large number of low-quality solid wastes, such as steel slag, white slag, magnesium slag, and industrial by-product gypsum every year. Due to their poor quality, low activity, and adverse mineral components, such as toxic and harmful substances, the utilization of low-quality solid wastes is difficult, has a high cost, and has a low utilization rate. In 2016, the output of steel slag in China was approximately 65–120 million tons, while the utilization rate was only about 20% and the storage volume of steel slag was as high as 1 billion tons. The main chemical components of steel slag are CaO, MgO, SiO2, Fe2O3, MnO, Al2O3, and a small amount of TiO2 and P2O5. The main mineral composition comprises tricalcium silicate, dicalcium silicate, calcium magnesium olivine, calcium merwinite, dicalcium ferrite, RO (oxide of magnesium, iron, and manganese), free lime (f–CaO), etc. Therefore, steel slag has certain potential activities. With the gradual increase in filling mines in China, the demand for filling cementitious materials is increasing year by year. According to the characteristics of filling cementitious materials, research on green filling cementitious materials using low-quality solid waste can not only significantly reduce filling mining costs and alleviate the shortage of high-quality slag resources but also explore a method for the modeling of low-quality solid waste and the utilization of high added value. The research results show that the main problem faced by the application of solid waste in the Jinchuan Nickel Mine in filling mining is the low early strength of cemented backfill of green cementitious material. There are three main influencing factors: first, the Jinchuan Nickel Mine adopts the downward layered filling method, and the operators work under the top plate of the backfill, so the strength of cemented backfill is very important for safe production. Therefore, the early strength of cemented backfill is required to be high. Second, the basic characteristics of developing cementitious materials with metallurgical slag are hydration reaction, low early strength, and high late strength. Third, the Jinchuan Nickel Mine nearby uses blast furnace slag of Jiuquan Iron and Steel Company with poor quality and low activity, which makes the development and application of green cementitious materials face severe technical and economic problems.
Research has been carried out on the problems existing in the utilization of solid waste from the Jinchuan Nickel Mine in filling mining. Wang et al. (2016) studied the effect of powder fineness on the early strength of cemented backfill for low-activity acid slag. The results show that the specific surface area of undisturbed slag powder is increased from 405 m2/kg to 521 m2/kg and 577 m2/kg by the indoor small mill for 1 h and 1.5 h, respectively. The 3d strength of cemented backfill increased by 33.3% and 22.2%, respectively. Liu et al. (2015) and Wang et al. (2018) researched the early-strength activator of fly ash slag composite cementitious material. The proportion test of the early-strength activator for composite cementitious material is carried out by using fly ash instead of 20% slag micro-powder. From this, the optimized proportion of the composite activator is obtained as follows: quicklime is 5%, desulfurization ash is 17.5%, industrial mirabilite is 3%, and sodium sulfite is 1.5%. The 3d strength of the cemented filling body reaches 2.19 MPa, which meets the requirements of the early strength of the filling body of the Jinchuan Nickel Mine. Yang et al. (2020a); Wu et al. (2020c), Xiao et al. (2019b), Yang et al. (2020b); Xiao et al. (2020); Yang Xiaobing et al. (2017); Yang et al. (2016e), Wang et al. (2016), Liu et al. (2015), Wang et al. (2018), Qu et al. (2018b), and Wen Zhenjiang et al. (2018) carried out experimental research on green filling cementitious material of bar grinding sand, waste rock, and Gobi aggregate. For the mixed aggregate of bar grinding sand:waste rock:Gobi aggregate = 0.63:0.23:0.14, the optimal formula of green filling cementitious material is as follows: clinker is 2%, desulfurization gypsum is 2%, limestone powder is 2%, and slag powder is 94%. When the mass fraction of slurry is 80% and the cement–sand ratio is 1:5, the strength of cemented backfill can meet the requirements of the early strength of cemented backfill in the Jinchuan Nickel Mine.
The existing research results show that improving the fineness of slag powder, exploring high-efficiency early strength agents, and optimizing low-cost production processes are the key technologies to improve the early strength of green filling cementitious materials, and these are the urgent research topics for the utilization of solid waste resources in filling mining of the Jinchuan Nickel Mine.
3.2 Current problems in the application of solid waste in filling mining
The filling mining design of the Jinchuan Nickel Mine adopts rod-grinding cement filling technology, so the filling cost is high, and the economic benefit is poor. Through scientific research and technical breakthroughs, development of low-cost filling cementitious materials, and application of waste rock tailings mixed aggregate, the filling cost of the Jinchuan Nickel Mine has been significantly reduced. However, due to the low early strength of cemented backfill and the layered segregation of mixed aggregate filling slurry, the application of solid waste still faces many difficulties and is difficult to realize the large-scale industrial application. Rod-ground aggregate and cement cementitious material are still the main materials for filling and mining in the Jinchuan Nickel Mine. Therefore, high filling costs and poor economic benefits are the current problems faced by the Jinchuan Nickel Mine. With the reduction in rich nickel ore in the Jinchuan Nickel Mine year by year, it faces more lean ore development, and the mining depth extends to the deep, so the pressure faced by filling mining will also increase. To improve the economic benefits of deep lean ore mining, the mine has set up a project to research low-cost caving mining technology and has entered the experimental stage of industrialization. To increase the additional amount of waste rock in the mixed aggregate, Xiao et al. (2019c), Du et al. (2020), and Xiao et al. (2018) started with the research on the coarse aggregate particle size gradation and model, and explored the optimization of the coarse aggregate particle size gradation and the control technology of layered segregation of coarse aggregate filling slurry to expand the utilization scale of the waste rock aggregate in filling mining and reduce the filling mining cost of the Jinchuan Nickel Mine. However, the large-scale application of research results in the industry needs large-scale industrial tests.
4 RESEARCH AND DEVELOPMENT DIRECTION OF RESOURCE UTILIZATION OF SOLID WASTE IN THE JINCHUAN NICKEL MINE
Given the problems faced by filling mining in the Jinchuan Nickel Mine, the research and development direction of solid-waste utilization in filling mining in the Jinchuan Nickel Mine is put forward.
4.1 Research and development direction of early-strength green filling cementitious material
The cost of filling cementitious material accounts for an important part of the whole filling cost. The filling cost of the Jinchuan Nickel Mine is high due to the high ash–sand ratio, which is rare at home and abroad. Due to the low early strength of the developed green-filling cementitious material, it is still difficult to popularize and apply on a large scale. Therefore, it is imperative to tackle the technical problems of early-strength filling cementitious materials. At the same time, with China’s increasing requirements for environmental protection and strict management and implementation year by year, the utilization cost of blast furnace slag, cement clinker, quicklime, and other materials will increase, and the supply is still in short supply in some areas. Therefore, the application of low-quality solid wastes such as steel slag, calcium carbide slag, phosphogypsum, and desulfurization gypsum in the filling mining of the Jinchuan Nickel Mine is the research and development direction to reduce the filling mining cost of the Jinchuan Nickel Mine.
Li et al. (2019); Yang and Gao (2015), Zhang et al. (2015), and Wen Kai et al. (2018) carried out exploratory research on cementitious materials filled with all solid wastes. Using phosphogypsum from Gansu Wengfu Chemical Company, the experimental study of phosphogypsum-based solid-waste cementitious material was carried out. The test results show that when the proportion of quicklime, phosphogypsum, mirabilite, and slag powder is 6%, 30%, 3%, and 61%, respectively, the strength of the filling body can reach 0.62 MPa, 3.36 MPa, and 10.81 MPa in 3d, 7d, and 28d, respectively. When the early-strength agent is added, the 3d strength is increased to 1.73 MPa, which meets the early-strength requirements of filling mining in the Jinchuan Nickel Mine. It can be seen that the development and utilization of all solid-waste green-filling cementitious materials are not only feasible but also imperative for the development and utilization of Jinchuan Nickel Mine resources. Therefore, it is one of the development directions of Jinchuan Nickel Mine filling mining and filling technology.
4.2 Development direction of paste-filling technology of mixed-aggregate filling materials
The cost of filling aggregate is an important part of the cost of filling mining. To reduce the mining cost of rod-grinding aggregate filling, the Jinchuan Nickel Mine researched the filling technology of waste rock, tailings, and rod-grinding aggregate and realized industrial application in the Longshou Mine and No. 2 mining area. However, the layered segregation of mixed-aggregate filling slurry and pipeline wear are the key problems for the large-scale popularization and application of mixed-aggregate filling technology. Therefore, the development of mixed-aggregate paste filling technology is another development direction of filling mining in the Jinchuan Nickel Mine.
The key to the large-scale application of the mixed aggregate in filling mining lies in the separation control technology of the filling slurry. It is necessary to increase the slurry concentration of mixed filler and realize high-concentration, paste-like or paste filling. Using tailings as the fine aggregate to optimize the particle size gradation of the mixed aggregate is a sufficient condition for the preparation of high-concentration paste. Therefore, for the research on the sufficient and necessary conditions and proportion optimization of the high concentration of mixed aggregate or paste filling, indoor experimental research has been carried out. It is necessary to further carry out the transformation and experimental research of the paste-filling system to lay the foundation for the implementation of paste-filling technology. The mixed aggregate of waste rock and tailings contains some fine-grained aggregate, and the cement has poor adaptability to the fine-grained aggregate, which reduces the strength of cemented backfill. It is the development direction of filling mining technology development and research in the Jinchuan Nickel Mine to meet the conditions for preparing paste by adding the fine aggregate of tailings and using the adaptability of green filling cementitious material to fine tailings to research low-cost filling technology of mixed aggregate and green cementitious material.
5 CONCLUSION
In order to reduce the cost of filling mining and increase the utilization rate of solid waste, the Jinchuan Nickel Mine has carried out a large number of experimental studies and on-site industrial applications using solid waste. This paper reviews the progress of research on the utilization of solid waste resources in the Jinchuan Nickel Mine and summarizes the factors affecting the utilization of solid-waste resources in the Jinchuan Nickel Mine and the direction of development of research on the utilization of solid waste resources in the Jinchuan Nickel Mine.
(1) The utilization of solid waste resources in the Jinchuan Nickel Mine mainly includes a mixed aggregate of waste rock and bar mill sand, the mixed aggregate of waste rock and tailing sand, mixed aggregate mixed with fly ash, and the mixed aggregate mixed with the tailing slag of copper processing.
(2) In order to reduce the cost of filling mining in the Jinchuan Nickel Mine, research on the development and application of low-cost filling cementitious materials has been carried out by utilizing solid wastes such as blast furnace slag, copper–nickel slag, fly ash, and industrial by-product gypsum for the purpose of filling aggregate at different periods of the mine.
(3) The main problem in the application of filling mining is the green cementitious materials. The early strength of the cemented filling body is low, mainly due to the downward filling mining requirements of cementing, and the slag quality is poor.
(4) Steel slag, calcium carbide slag, phosphogypsum, desulfurization gypsum, and other low-quality solid waste are the research and development direction to reduce the cost of Jinchuan Nickel Mine fill mining, while mixed aggregate and green cementitious materials research is the direction of Jinchuan Nickel Mine filling mining technology development.
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