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The mining industry provides essential mineral resources for human society’s development. However, this industry generates a large quantity of waste material while rapidly extracting valuable elements from ore, such as processed tailings. The existence of mined voids will cause surface subsidence, and the surface stockpiling of tailings and waste rocks occupy a large amount of land and the risk of Tailings Storage Facility (TSF) failure. This paper proposes tailings backfill technology to mitigate surface subsidence and provides an alternative disposal method for tailings generated during ore extraction. Tailings backfill technology prepares the slurry by adding a certain amount of cementitious material into the tailings and transporting it to the underground goaf through a pipeline. The backfill slurry could then gradually build up its strength during the hydration of. Cementitious material. A case study of a lead-zinc mine in the Inner Mongolia Autonomous Region of China using tailings backfill technology was introduced in detail to solve the problems of grassland collapse caused by mine excavation and environmental damage due to tailings disposal. Spread test and rheological test were carried out to study the flow characteristics of filling slurry and the uniaxial compressive strength (UCS) of backfill was tested as well. The result illustrates that the spread of the filling slurry with a solid content between 72% and 76% and cement-tailings ratio between 1:4 and 1:8 is greater than 14 cm, and the UCS of backfill is above 1 MPa. The research shows that the tailings backfill technology recycles tailings waste while mitigating surface grassland subsidence and land occupation of waste disposal. Tailings backfill technology can significantly reduce tailings discharge or even achieve no discharge. A leaching test for heavy metal element classification of the backfill sample was carried out. The results show that the heavy metal detection indicators meet the environmental protection standard requirements and will not cause secondary environmental pollution. Therefore, tailings backfill technology can realize green and efficient management of mine waste and has great application and promotion prospects.
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1 INTRODUCTION
The mining industry provides fundamental mineral resources for the development of human society. However, this industry generates a large quantity of waste material during the rapid extraction of valuable elements from ore. Processed tailings are one of the major solid wastes generated during mineral extraction. (Jehring and Bareither, 2016; Gorakhki and Bareither, 2017; Sun et al., 2018). Traditionally, the tailings material is usually discharged to a storage area commonly known as Tailings Storage Facility (TSF). The conventional way of stockpiling tailings materials in surface storage facilities may damage the mine site geotechnical stability and the local environment and cause economic problems. TSF has substantial security risks, and some significant tailings dam failures that occurred recently have resulted in disastrous environmental and human tragedies (Rico et al., 2008; Wei et al., 2013; Concha Larrauri and Lall, 2018; Piciullo et al., 2022). In 2019, the Brumadinho dam failure happened in Mina Córrego do Feijão, Minas Gerais, Brazil had released around 10 million cubic meters of mine tailings, and 270 people were killed (Rotta et al., 2020; Cheng et al., 2021; Grebby et al., 2021). Enormous damage to the environment, local ecosystems, and communities were caused, and the economic impact (social and environmental) of a major tailings dam failure can be between $750 million and $56 billion (Clarkson and Williams, 2020; Thompson et al., 2020; Vergilio et al., 2020).
There are nearly 10,000 TSFs in China, covering an area of about 36,600 square kilometers, of which one-third of the TSFs have high environmental risks (Wei et al., 2019; Li Q et al., 2020). Inner Mongolia has the largest grassland ecosystem in China and is rich in mineral resources. Open-pit mining of mineral resources causes irreversible damage to the surface of the grassland, leaving eternal scars, while underground mining forms a large number of goaves, causing surface collapse and other problems. In recent years, with the increasing awareness of sustainable development, China has strengthened its environmental protection standards, promulgated a number of laws and regulations for environmental pollution control, and forced enterprises to increase investment in environmental protection and change the development model by levying environmental taxes and other means (Wang et al., 2019; Liu et al., 2021; Li et al., 2022; Ma et al., 2022).
Backfill technology was initially used to fill mined voids to control the movement of the surrounding rock during mining activity. During the past few decades, the use of cemented tailings backfill is constantly increasing, as it uses mine processed tailings as the raw material of mine backfilling. In this case, the cemented tailings backfill technology utilizes mine tailings previously stockpiled in TSFs for underground mine geotechnical stability control, which provides an alternative disposal method for mine processed tailings and mitigates the environmental and economic issues caused by tailings surface disposal (Sheshpari, 2015; Yin et al., 2020).
Taking a Lead-Zinc mine in Inner Mongolia as an example, this paper introduces the use of tailings backfill technology to solve the problems of surface subsidence due to mining activity, including the following contents: (1) investigation and three-dimensional modeling of underground goaf and surface subsidence area, (2) tailings backfill test, (3) tailings backfill process. The key technical point of tailings filling goaves is to maximize the solid content of the filling slurry, reduce the water dehydration of filling slurry in the goaves, and prevent secondary pollution caused by the backfill body under the condition of filling slurry is transportable by the pipe. By using tailings to fill the underground goaves, the surface subsidence is not only controlled, but also the amount of tailings discharged to the TSF is significantly reduced, the stock of tailings piles is reduced, and the damage to the environment caused by mining mineral resources is reduced, thus achieving a harmonious coexistence of economic development and environmental protection.
2 MATERIALS AND METHODS
2.1 Location
The study Lead-Zinc mine belongs to Shangdong Gold Group A’erhada Minerals Co., Ltd., with a capacity of 900 thousand tons per year, which lies in East Ujumuqin steppe of Xilin Gol League in the middle part of the Inner Mongolia Autonomous region in the North of China as shown in Figure 1. The altitude of the study area is between 922 m and 1,045 m, with an average annual temperature of 2.5°C, the lowest temperature of −37.4°C, and the highest temperature of 38°C. The average annual precipitation is 242.9 mm, and the maximum precipitation is 457.3 mm.
[image: Figure 1]FIGURE 1 | Location of the study Area (Map downloaded from Ministry of Natural Resources of the People’s Republic of China).
2.2 Methodology
This study was conducted in three steps. First, the underground goaves and surface subsidence area were investigated, and the three-dimensional models were established to calculate the volume of goaf and collapse. Second, the parameters such as particle size of the classified coarse tailings are tested and the solid content and cement-tailings ratio of filling slurry was determined through carrying out the flow characteristics of filling slurry test, backfill strength test, and leaching detection of heavy metal elements test. Third, udergroud goaves and collapse pits were filled.
2.3 Ground subsidence and underground goaf investigation
The open stope method mined ore body with a vertical height between 808 m and 928 m of A’erhada Lead-Zinc mine. About 1.95 million tons of ore have been mined, and about 600 thousand cubic meters of goaves have left, distributed in an area of 420 thousand square meters with a length of 2,100 m from east to west and a width of 200 m from north to south. With the extension of time, the rock at the top of the goaves gradually collapsed due to oxidation and other reasons, which connected with the surrounding fracture zone and caused surface subsidence. According to the investigation, there are six collapse pits with a total area of 25,057 m2 in the mining area.
By using 3D laser scanner (Long et al., 2018; Janus and Ostrogórski, 2022) and manual field investigation, the goaves between 808 m level and 928 m level were investigated and classified. Table 1 shows the survey results of the goaves, and Figure 2 shows the morphology of the goaves under the mine.
TABLE 1 | The quantities of goaves in different vertical level.
[image: Table 1][image: Figure 2]FIGURE 2 | Goaves: (A) caved goaf (B) goaf without cave-in.
A three-dimensional laser scanner was used to scan and model the goaf shape and calculate the volume of the goaf. Between the 808 m level and 928 m level, the volume of the goaves at the 768 m level is about 128,657 m3, that of the goaves at the 808 m level is about 13,455 m3, that of the goaves at the 848 m level is about 24,889 m3 and that of the goaves at 888 m level is about 24,636 m3. Figure 3 shows the process of scanning and modeling the goaf using a 3D laser scanner.
[image: Figure 3]FIGURE 3 | Goaves investigated: (A) scanning the goaf (B) modeling the goaf.
2.4 Mine tailings backfill technology
The backfill slurry was prepared by the mixture of tailings and a certain amount of cement, and it is piped to the underground goaves from the filling station on the surface. Then backfill body is generated from the filling slurry through dehydration and hydration reaction of cement. The backfill body fills the goaf and supports the overlying rock to prevent it from collapsing to solve the problem of surface collapse.
2.4.1 Tailings backfill process
Tailings backfill system mainly includes tailings slurry settling system, cement supplying system, stirring and transporting system, and automatic control system. The backfill process of A’erhada Lead-Zinc mine is shown in Figure 4. The tailings slurry pumped from the mineral processing plant first flows into the cyclone at the top of the tailings silo in the filling station. After cyclone classification, the bottom coarse tailings slurry flows into the tailings silo for secondary concentration, and the overflow fine tailings slurry is pumped to the TSF. Through using wind or water, the settled tailings in the tailings silo are precipitated into a high concentration of tailing pulp, which is then self-flowing to the mixer. Meanwhile, the cement is transported to the mixer through the screw feeder, and the evenly mixed filling slurry is self-flowing to the underground goaves through the pipeline.
[image: Figure 4]FIGURE 4 | Tailings backfill process flow chart.
2.4.2 Flow characteristics of filling slurry
One of the key links of tailings backfill technology is to ensure the filling slurry transporting stably from the surface to the underground goaves. The flow characteristics of the filling slurry are related to the solid content and cement-tailings ratio of the filling slurry. The flow characteristics of filling slurry are usually studied by carrying out the rheological parameters tests.
2.4.2.1 Experimental materials
The experimental materials included classified coarse tailings, cement, and water, which the classified coarse tailings and cement were taken from the A’erhada Lead-Zinc mine and the water was laboratory tap water. The density of classified coarse tailings is 2.97 g/cm3, and the density of cement is 3.05 g/cm3. The particle size distribution curve of classified coarse tailings is shown in Figure 5. The tailings with particle sizes less than 37 μm and 74 μm accounted for 12.58% and 21.05%, respectively. [image: image] is 15 μm meaning that the tailings under the sieve of 15 μm accounted for 10%, [image: image] is 110 μm, and [image: image] is 250 μm. The non-uniformity coefficient [image: image] ([image: image]) is 16.67, and the curvature coefficient [image: image] ([image: image]/ [image: image]/ [image: image]) is 3.23. Therefore, the particle size distribution of unclassified coarse tailings is discontinuous and uneven.
[image: Figure 5]FIGURE 5 | The particle size distribution of classified coarse tailings.
2.4.2.2 Experimental apparatus
The spread test of filling slurry adopts a metal frustum with a top diameter of 36 mm, a bottom diameter of 60 mm and a height of 60 mm (Chen et al., 2020; Li W et al., 2020), as shown in Figure 6.
[image: Figure 6]FIGURE 6 | Device of spread test: (A) schematic diagram; (B) physical image.
R/S SST rheometer was used to test the rheological parameters of filling slurry (Yang et al., 2019; Cheng et al., 2020; Kou et al., 2020), as shown in Figure 7.
[image: Figure 7]FIGURE 7 | R/S SST rheometer.
2.4.2.3 Experimental scheme
The filling slurry with solid content (Cw) of 72%, 74%, 76%, and 78% was used to carry out the spread test and rheological parameters test, and the filling slurry of each solid content had three cement-tailings ratios of 1:4, 1:8 and 1:12.
2.4.2.4 Spread test
Take filling slurry with the cement-tailings ratio of 1:4 as an example, the spread test is as shown in the Figure 8 and Figure 9 shows the results of the spread test. With the increase of solid content, the spread of filling slurry generally decreases, indicating that solid content is the main factor affecting the spread. Within the experimental solid content range, the spread of filling slurry with a solid content of 72% is the largest, and spreads of different cement-tailings ratios are all greater than 22 cm. When the solid contents of the filling slurry are 74% and 76%, the spreads are about 18 cm and 14 cm, respectively. When the solid content is 78%, the filling slurry is difficult to flow, and the spread is only about 10 cm. The cement-tailings ratio seems to have a small influence on the spread diameter, with the decrease of the cement-tailings ratio the spread diameter showing a decreasing trend.
[image: Figure 8]FIGURE 8 | Spread test: (A) Cw = 72% (B) Cw = 74%, (C) Cw = 76% (D) Cw = 78%.
[image: Figure 9]FIGURE 9 | Results of spread test.
2.4.2.5 Rheological parameters test
According to the spread test results, the solid content of the filling slurry should be below 78%. Generally, the filling slurry is identified as Bingham fluid, and the rheological equation is shown below. Shear stress ([image: image]) is linearly related to the shear rate ([image: image]). When shear stress forced on the filling slurry does not reach the yield stress ([image: image]), it behaves like an elastic solid with no fluidity. Only after shear stress exceeds the yield stress does it take on the properties of a liquid (Liu et al., 2020; Zhu et al., 2021).
[image: image]
Where [image: image] is the viscosity coefficient.
Table 2 shows the rheological parameters test results. Similar to the spread test results, the yield stress is mainly affected by the solid content of the filling slurry, and the cement-tailings ratio influences it little. With the increase of solid content, the yield stress of filling slurry increased too. The viscosity coefficient of filling slurry has no constant change features with the increase or decrease of solid content and cement-tailings ratio.
TABLE 2 | Results of rheological parameters test.
[image: Table 2]According to rheological parameters and the Buckingham formula, the frictional resistance of filling slurry flowing in the pipe can be calculated using Equation 2 (Gopala et al., 2011; Chen et al., 2016; Yang et al., 2020).
[image: image]
Where [image: image] is the frictional resistance of filling slurry flowing in pipe per meter, Pa/m. [image: image] is the inside diameter of the pipe, m. [image: image] is the velocity of filling slurry flow in the pipe, m/s.
To ensure the filling slurry transporting stably from the surface to the underground goaves by pipe, the pressure difference between the inlet and outlet of the pipe should be more significant than the head loss caused by friction resistance.
2.4.3 Backfill strength test
The backfill in the goaf can not only control the movement of top rock to prevent surface subsidence but also serves as the supporting platform or pillar of adjacent ore mining, which requires the backfill to reach a certain strength. Backfill strength is mainly related to the solid content and cement-tailings ratio of filling slurry, and curing age also influences the strength of backfill.
The filling slurry was mixed evenly using the JJ-5 planetary mixer and then poured into the cube test block with a size of 70.7 mm*70.7 mm*70.7 mm. After the filling slurry turned into the solid backfill, the test blocks were placed in the standard curing room for 7 d and 28 d, and uniaxial compressive strengths (UCS) of the test blocks with different curing ages were tested. Table 3 shows the strength test results. The UCS increases with the increase of solid content, cement-tailings ratio, and curing age. In the solid content range of 72%–76%, the UCS of test blocks cured 7d with cement-tailings ratio 1:4, 1:8, and 1:12 are in the ranges of 1.71 MPa–2.80 MPa, 0.59 MPa–0.90 MPa, and 0.31 MPa–0.40 MPa, respectively. Moreover, the UCS of test blocks cured 28 d with cement-tailings ratios 1:4, 1:8, and 1:12 are in the ranges of 4.71 MPa–5.92 MPa, 1.32 MPa–1.69 MPa, and 0.70 MPa–0.88 MPa, respectively. According to the exposed backfill area when adjacent ore mining, the UCS of backfill cured 28d should be no less than 1.0 MPa.
TABLE 3 | Results of backfill strength test.
[image: Table 3]2.4.4 Leaching detection of heavy metal elements
In order to prevent the backfill in the goaves from causing pollution to the groundwater, the cemented backfill test blocks that had been cured for 28 days were broken and all the samples passed through the screen with a diameter of 3 mm. Then, the horizontal vibration method is used to carry out the leaching detection test of heavy metal elements. Figure 10 shows the process of the leaching detection test. The leaching detection test results were as Table 4 shown. According to the leaching detection test results, all the detection indexes are up to the discharge standard (GB25466-2010), which means using tailings backfilling the goaves won't cause pollution to the groundwater.
[image: Figure 10]FIGURE 10 | Process of leaching detection test: (A) sample preparation (B) horizontal vibration.
TABLE 4 | Results of leaching detection test.
[image: Table 4]3 RESULTS
3.1 Goaf backfilling
According to the experimental results, the solid content range of filling slurry is 72%–76%, and the cement-tailings ratio range is 1:4–1:8. According to the tailings production and the volume of goaves, the calculated filling capacity is 110 m3/h and the pipe used is with an outside diameter of 133 mm and 10 mm wall thickness. Figure 11 shows the fill station and goaf backfilling.
[image: Figure 11]FIGURE 11 | Fill station and goaf backfilling: (A) fill station (B) filling pipe (C) goaf backfilling.
Between the 808 m level and 928 m level, the total volume of the goaves is about 191,637 m3. By the end of 2022, about 80% of the goaves had been filled.
3.2 Effect of goaf backfill
About 800,000 tons of tailings are produced in A’erhada Lead-Zinc mine every year, and 70% of them are used to backfill the underground voids, which reduces the area of the TSF indirectly. The waste rock stockpiled on the surface is also used to backfill the collapse, accumulating 120,000 m³ waste rock filled into the collapse. Figure 12 shows the comparison of surface collapse before and after backfilling.
[image: Figure 12]FIGURE 12 | Comparison of surface collapse before and after backfilled: (A) before (B) after 4 Discussion.
Backfill technology was developed to control the movement of the surrounding rock during mining. With the increasingly high requirement for environmental protection, backfill technology is gradually developed to exert other functions such as disposal of non-hazardous solid waste (tailings, waste rock and slag) and underground goaf filled as this study introduced (Yilmaz et al., 2018; Yin et al., 2018). When using the backfill technology, attentions should be paid to whether it will cause secondary pollution.
According to the standard for pollution control on the non-hazardous industrial solid waste storage and landfill (GB 18599-2020), only class I non-hazardous industrial solid waste can be directly used to backfill the underground goaf or open pit and it is required to be filled into mined-out areas in the original mining area. When using class II non-hazardous industrial solid waste to backfill, the impact of backfill on groundwater, surface water and soil needs to be assessed.
4 DISCUSSION
Backfill technology was developed to control the movement of the surrounding rock during mining. With the increasingly high requirement for environmental protection, backfill technology is gradually developed to exert other functions such as disposal of non-hazardous solid waste (tailings, waste rock and slag) and underground goaf filled as this study introduced (Yilmaz et al., 2018; Yin et al., 2018). When using the backfill technology, attentions should be paid to whether it will cause secondary pollution. According to the standard for pollution control on the non-hazardous industrial solid waste storage and landfill (GB 18599-2020), only class I non-hazardous industrial solid waste can be directly used to backfill the underground goaf or open pit and it is required to be filled into mined-out areas in the original mining area. When using class A B II non-hazardous industrial solid waste to backfill, the impact of backfill on groundwater, surface water and soil needs to be assessed.
5 CONCLUSION
This paper take A’erhada Lead-Zinc mine as an example introducing the use of tailings backfill technology to solve surface subsidence problems in detail. Through investigating the underground goaves and surface subsidence area and establishing the three-dimensional models of goaves, the volumes of goaves and the area of collapse pits were calculated. According to the results of the flow characteristics of filling slurry test and backfill strength test, the solid content range of filling slurry is 72%–76%, and the cement-tailings ratio range is 1:4–1:8. Leaching test of backfill samples shows that the heavy metal detection indicators meet the environmental protection standard requirements and will not cause secondary environmental pollution. Filling slurry was prepared in the fill station, which self-flowed into the goaves through a 133 mm outside diameter, 10 mm thick pipe. By the end of 2022, about 153,310 m3 had been filled. Also, the waste rock stockpiled on the surface was used to fill the collapse pits. By using tailings to fill the underground goaves and waste rock to fill the collapse pits, grassland collapse is remediated and lands occupied by the TSF and waste rock are reduced.
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