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To study the strength and permeability characteristics of cemented tailings backfill with different cement–sand ratios and different waste rock contents, uniaxial compression strength test and permeability test were carried out respectively. The porosity of cemented tailings backfills after solidification was observed by scanning electron microscope. The effects of cement–sand ratio and waste rock content on the internal porosity and overall permeability of cemented tailings backfill were studied. The test results showed that the cement–sand ratio and waste rock content have certain effects on the strength and permeability of the backfill body. When the cement–sand ratio was fixed, the uniaxial compressive strength and permeability of the backfill body increased first and then decreased with the increase of waste rock content. When the waste rock content was 10%, the uniaxial compressive strength of the backfill body reached the maximum, and when the waste rock content was 30%, the permeability reached the maximum. Due to the increase of the area of waste rock particles in the cross-section, the area of gas passing rapidly decreased, resulting in the decrease of the permeability growth rate. When the waste stone content was fixed, with the decrease of cement–sand ratio, due to the decrease of cementitious materials, more micro-cracks were produced in the curing process of backfill body, resulting in the decrease of uniaxial compressive strength and the increase of permeability.
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1 INTRODUCTION
Backfill mining is an important development direction for safe and green mining in China. The use of solid waste generated in the mining process to fill the goaf can effectively control the deformation and damage of the surrounding rock in the goaf, and prevent the surface subsidence, which can not only ensure the safety of stope but also make full use of the solid waste of mines. It has significant advantages in safe mining, solid waste treatment, environmental protection, and so on (Zhang et al., 2018; Qi and Fourie, 2019; Qi, 2020; Yin et al., 2019; Dong et al., 2019; Liu JG et al., 2020). As the main unit of backfill mining, cement tailings backfill took the solid waste generated in the process of mining as aggregate and cement as cementing material. According to a certain ratio, water was added to fully mix into an appropriate concentration of paste, which was sent into the mine through the pipeline. After solidification, it can be used as an artificial pillar to bear the ground stress in the stope; therefore, its mechanical stability was crucial to the safety of the stope (Zhang et al., 2011a; Zhang et al., 2011b; Lin et al., 2013; Hong et al., 2021; Li et al., 2021b; Li et al., 2021c). In addition, the backfill is a porous medium, and the permeation characteristic is also an important quality index of the backfill (Wang et al., 2009). Permeability refers to the degree of difficulty of gas, liquid, or ion permeating, diffusing, or migrating into the specimen under the action of gradient such as pressure concentration. The pores in the backfill are the main path of the permeable medium, the transmission speed of harmful substances in the backfill is directly determined by the permeability, and this kind of permeable medium will have a certain influence on the performance of backfill body. Therefore, permeability is a key judgment index of the durability of the backfill (Yang and Zhu, 2003; Liu et al., 2005; Deng et al., 2006; Shi et al., 2021). The material of the backfill is mostly mine solid waste, and the tailings from the concentrator are mainly used as the aggregate. In the process of mineral processing, agents are usually added, so there will be excessive pollution substances in the tailings. Tailings particles produced by metal mines may contain radioactive components and heavy metal ions such as lead, copper, and zinc ions (Yuan and Xu, 2004; Xu et al., 2008; Zhong et al., 2020; Yao et al., 2021). Therefore, the permeability characteristics of the backfill will be related to whether these harmful substances will flow out with the water seepage of the backfill, resulting in the pollution of the underground environment and even underground water. The permeation characteristics of the backfill are studied to understand its change rule, to better design and prepare the environment-friendly and high-durability underground backfill artificial pillar.
Chen et al. (2019) conducted experiments on the permeability characteristics of coal rocks filled with pulverized coal with different air pressures and different crack widths, and studied the variation law of the permeability of coal rocks filled with pulverized coal with different particle sizes under the influence of pressure and crack widths. Wang et al. (2010) combined electron microscope photos of artificial sediment filling pores of the rock fracture and rock seepage experiments, and discussed the sediment particles’ influence law of fractured rock permeability characteristics; they concluded that rock permeability under the effect of sediment particles significantly decreased, and when sediment particles migrated into the fracture after balance, rock permeability increased gradually and tends to be stable. Qiu et al. (2020) and Qiu et al. (2021) studied the microstructure characteristics of the cemented rock-tailings backfill and its influence on the strength. Wu et al. (2015) studied the influence of different initial temperatures of backfill, cement–sand mass ratio, and curing temperature on the seepage characteristics of backfill through numerical simulation, and concluded that the permeability of backfill decreases with the increase of curing temperature and cement–sand mass ratio. Wang and Xu (2018) carried out constant head permeability test and variable head permeability test for filling materials with different cement–sand ratios and different cement–cement agents. They studied cement–sand ratio, cement–cement composition, and permeability variation characteristics of filling slurry after gradually solidifying, and discussed the influence relationship between the permeability of backfill and the content of cementing material. Scholars have studied the strength characteristics of rock materials and reported relevant results (Fan et al., 2019; Zhu et al., 2019; Fan et al., 2020; Li et al., 2021a). Scholars have studied the permeability characteristics of rock materials and reported the experimental results of influencing factors (Chao et al., 2017; Zhang et al., 2020; Liu et al., 2020a; Liu et al., 2020b). But so far, there are few research reports on the permeability characteristics of cemented tailings backfill. Permeability characteristics of the backfill are aggregate composition, cement–sand ratio, and other factors; considering the impact of filling strength on the stability of feature, waste rock added to the aggregate particles can effectively improve the strength of backfill and better meet the needs of the filling (Fu et al., 2014; Ge et al., 2014; Lu et al., 2017), and the addition of waste rock particles has a certain influence on the infiltration characteristics of backfill. Therefore, this article conducted gas permeability tests on cemented tailings backfill with different cement–sand ratios and different waste rock contents, and analyzed the influence of cement–sand ratios and waste rock contents on the permeability characteristics of backfill.
2 EXPERIMENTAL PROGRAMS AND METHODS
All tests mainly included backfill specimen preparation, UCS test, permeability test, and SEM test. The overall process of the test is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Experimental flow chart.
2.1 Specimen Preparation
Tailings from a mine in Shaanxi Province and waste rock particles with a particle size of 3–5 mm were selected as aggregate, and ordinary Portland cement was used as cementing material. Cemented tailings backfill with different proportions were prepared according to a certain proportion. The cement–sand ratios are 1:4, 1:6, and 1:8; the waste rock contents are 0%, 10%, 20%, 30%, and 40%; and the material concentration is 76%. According to the designed material ratio, quantitative tailing, waste rock, and cement were weighed and mixed fully, and water was added quantitatively to mix them evenly. The samples were loaded into the cylindrical cast-iron test mold three times. After standing for 48 h, the surface of the specimen was scraped flat and demolded.
According to the requirements of two test systems for specimen size, 15 cylindrical specimens with a diameter of 50 mm and a height of 100 mm were prepared for the uniaxial compressive strength test, and 15 cylindrical specimens with a diameter of 25 mm and a height of 50 mm were prepared for the permeability test. The specimens were marked and placed into the curing box with constant temperature and humidity for curing (temperature of the curing box was 20 ± 1°C, the humidity was 95 ± 1%). When the curing period reached 28 days, the waste rock cemented tailings backfill specimen was taken out.
2.2 Uniaxial Compression Strength Test
A standard specimen (ø50 mm × 100 mm) with a curing period of 28 days was taken out, and both ends of the specimen were polished to ensure that the two ends of the specimen were smooth and flat. After treatment, the specimens were subjected to the uniaxial compression strength test. The uniaxial press was used as MTS rock mechanical loading system in the test, and the constant displacement loading mode with a loading rate of 1 mm/min was used to load the specimens until they were destroyed.
2.3 Permeability Test
2.3.1 Permeability Test Device
This experiment using the gas penetration testing device is shown in Figure 2. The whole device was composed of three parts: the left side inlet section; a black rubber middle holster package part for hydraulic confining pressure region into the specimen by its surrounding space with water, fully squeezing the rubber holster package backfill specimen and providing the confining pressure; and the right end tank that adopts the inverted cylinder method for gas collection and recording. The permeation medium selected in this experiment was nitrogen.
[image: Figure 2]FIGURE 2 | Permeability test device.
2.3.2 Air Tightness Inspection
Before the test, the prepared test piece was put in to check the whole device, first turning the confining pressure push water knob for pressurization, observing whether the confining pressure gauge is stable, checking whether there is water leakage at both ends, and determining whether there is rupture damage inside the device’s black rubber leather. Then the nitrogen cylinder knob was opened to check the unblocked test pipeline and airtightness. It is important to ensure that the black rubber plant holster is not ruptured, and the pipe flow is steady and airtight according to the strength of the specimens; to set the test gas inlet pressure in the process of choosing the appropriate confining pressure, the confining pressure should be greater than the test air inlet pressure to ensure that there will be no damage to the specimen during the test and that there is enough tightness.
2.3.3 Specimen Preparation
The small specimens (ø25 mm × 50 mm) were taken out from the curing box for grinding to ensure the flatness of both ends of the specimen and the smoothness of the cylinder to avoid gas passing through the specimen and affecting the accuracy of permeability due to the uneven contact surface or the loose wrapping of the black rubber sleeve around the specimen in the test process. The polished specimens were placed in a drying oven for drying for 24 h to ensure that all specimens were fully dried.
2.3.4 Test Steps
According to the uniaxial compression strength test, the minimum uniaxial compressive strength of the backfill specimen was 0.684 MPa. To ensure that the specimen in the test process will not be destroyed and affect the test results, the confining pressure was set to 0.8 MPa and the air inlet pressure was set to 0.1 MPa. Before the test, the diameter and length of the dried specimen were measured and recorded with Vernier calipers. After the measurement, the specimen was put into the device for permeability test in accordance with the marked order. After placing the specimen in the center of the device, the water injection knob was slowly rotated to adjust the confining pressure to 0.8 MPa. After the confining pressure was stabilized, the cylinder was opened to adjust the inlet pressure and slowly adjust the inlet pressure to 0.1 MPa. After the pressure gauge was stable, the outlet pipe was inserted into the measuring cylinder in the water tank for gas collection, and timing was started. Then 10 ml of gas was collected through the measuring cylinder, the time consumed was recorded, and the permeability of the backfill specimen was calculated with the following calculation formula:
[image: image]
where Q—the flow rate of permeable medium through specimen per unit time (cm3/s), μ—the viscosity of the permeable medium (Pa·s), L—length of specimen (cm), ΔP—the pressure difference of the permeable medium before and after passing the specimen (MPa), and A—the cross-sectional area through which the permeable medium passes (cm2).
2.3.5 Data Results
Due to the length of the article, Table 1 shows the data of permeability test for waste rock content with a cement–sand ratio of 1:4. As can be seen from the table, the lowest permeability of the sample with a 1:4 cement–sand ratio of whole tailings was 4.31 md. With the increase of waste rock content, the permeability of the sample gradually increased. When the waste rock content reached 30%, the permeability was 10.24 md, which was the highest value. When waste rock particles were added to 40%, it was found that the permeability decreased at this time.
TABLE 1 | Permeability test data of samples with different waste rock contents with cement–sand ratio of 1:4.
[image: Table 1]3 RESULTS AND DISCUSSION
3.1 Uniaxial Compression Strength Characteristics
The histogram of uniaxial compressive strength of backfill was drawn, as shown in Figure 3. It can be seen from the figure that, with the increase of waste rock content, the uniaxial compressive strength of the three cement–sand ratios of backfill body increased first and then decreased. Among the five waste rock content ratios designed, the strength of backfill body reached the highest when the waste rock content reached 10%. With the decreased of cement–sand ratio, the strength of the backfill decreased gradually.
[image: Figure 3]FIGURE 3 | Histogram of uniaxial compressive strength.
When the cement–sand ratio was constant, adding a small amount of waste stone particles with large particle size can reduce the specific surface area of aggregate. In contrast, the content of cementitious materials per unit area increased, and the gelation effect was improved. Moreover, the waste rock particles fully wrapped by cement can prevent the propagation and coalescence of cracks in the specimen under uniaxial compression, effectively inhibiting the growth of cracks in the backfill body during uniaxial compression, thereby improving its uniaxial compressive strength.
The waste rock particles continue to increase due to the increase of large particle aggregates; cement cannot fully cover all waste stone particles because after solidification, there were more primary pores, thus forming a low strength area. In the process of uniaxial compression strength test, the region was more prone to cracks, and more likely to expand, resulting in the decrease of uniaxial compressive strength of the backfill body.
When the waste stone content of the backfill body was constant, the uniaxial compressive strength and stability of the backfill body decreased significantly with the continuous decrease of the cement–sand ratio. The smaller the cement–sand ratio, the more direct is the decrease of the cement content in the slurry. The gelling effect of the backfill body in the curing process was decreased, and the uniaxial compressive strength decreased after curing.
3.2 Permeability Characteristics
3.2.1 Influence of Waste Rock Content on Permeability Characteristics
The uniaxial compressive strength and permeability of backfill with different waste rock contents and cement–sand ratios were drawn, as shown in Figure 4. According to Figure 4, the permeability variation curve of backfill body was analyzed by referring to the uniaxial compressive strength histogram. When the cement–sand ratio of the backfill body was fixed, the permeability of the three cement–sand ratios of backfill body changed in a similar trend with the increase of waste rock content, which all increased first and then decreased with the increase of waste rock content in the specimen.
[image: Figure 4]FIGURE 4 | Strength histogram and permeability curve: (A) cement–sand ratio 1:4; (B) cement–sand ratio 1:6; (C) cement–sand ratio 1:8; (D) waste rock content 10%.
The surface of the dirt particles was smoother and the waste rock particle size was larger when adding a certain amount of waste rock filling pulp after particles, filling materials in the process of solidification, and backfilling particles with waste rock particles formed between contact cementation or pore type cementation; backfilling of cementation effect between the particle and dirt particles was reduced, and the specimen within the pore content increased. In the permeability test, these pores greatly shorten the permeability path of the permeable gas in the backfill body, resulting in the improvement of the gas permeability of the whole specimen. As the waste rock content continues to increase, the tailings particles and cementing materials between waste rock particles become less and less, and the pores formed between waste rock particles became more and more, and the permeability of backfill body became more and more.
When the waste rock content was too much, the waste rock particles occupy a large area in the cross-section of the backfill body, and the cross-sectional area of the cemented tailings for rapid passage of gas decreases. Moreover, the permeability of waste rock particles was far less than that of whole tailings cemented backfill, and there were more waste rock particles that need to be permeated by gas per unit area, leading to a decrease in the permeability of the backfill body. However, waste rock particles lead to a large increase in primary pores inside the backfill body, so the permeability was still higher than that of whole tailings.
3.2.2 Influence of the Change of the Material Ratio on Permeability Characteristics
Dot-line diagrams with different waste rock contents and different lime–sand permeabilities were drawn, as shown in Figure 5. It can be seen from Figure 5A that the permeability growth rate of the backfill body decreased with the increase of the waste rock content.
[image: Figure 5]FIGURE 5 | Permeability fluctuation curve: (A) different waste rock contents; (B) different cement–sand ratios.
This was due to the increase of waste rock particles in the backfill body, resulting in more primary pores that formed during the solidification process, which promotes the increase of the permeability of the backfill body. However, as waste rock particles increase, the area occupied by waste rock particles in the cross-section increases, and the cross-sectional area of the tailings cemented part through which gas can pass quickly decreases, which had a certain inhibitory effect on the increase in permeability. Under the combined effect of the two, the growth rate of the permeability of the backfill body showed a downward trend.
Observing Figure 5B, it can be found that when the content of waste rock was the same, with the decrease of cement–sand ratio, the increase rate of permeability of backfill body decreases. After adding waste rock particles, when the cement–sand ratio decreased from 1:6 to 1:8, the permeability change rate of the specimen decreased obviously.
With the decrease of cement–sand ratio, the cement content in the backfill body decreased directly. The decrease of cement content made it insufficient to completely encapsulate the granular aggregate, and the cementing effect decreases, resulting in more primary pores in the curing process. In the case of whole tailings, the permeability of backfill body was directly affected by cement content. After the waste rock particles were added, the content of primary pores was greater. However, due to the waste rock particles occupying a certain cross-sectional area in the backfill body, the area available for rapid passage of gas in the cross-sectional area was reduced, so it had a certain inhibitory effect on gas permeability. Under the dual effect of the increased of primary pores and waste rock particles, the increase rate of permeability of the backfill body decreased.
4 SCANNING ELECTRON MICROSCOPY ANALYSIS
The schematic diagram of the internal pores and cracks of the cemented rock-tailings backfill with different cement–sand ratios was drawn, as shown in Figure 6. When the cement–sand ratio was 1:4, the cement content in the backfill body was sufficient, and the larger waste rock particles can be fully wrapped. Only a few small pores were generated during the curing process; with the decrease of cement–sand ratio, the cement content in the backfill body was less and less, the wrapping effect on the larger waste rock particles was gradually weakened, and it was easy to form larger pores or even micro-cracks during the curing process. The pores and micro-cracks in the backfill body greatly shorten the gas penetration path, which was the main influencing factor of its permeability change. To explore the changes of pore structure in the backfill body of this test, the microstructure was observed by scanning electron microscopy.
[image: Figure 6]FIGURE 6 | Internal pore diagram of cemented rock-tailings backfill.
The backfill body specimens with different cement–sand ratios of 10% waste rock content were placed in alcohol solution to inhibit hydration. A small sample was cut from the core and scanned by scanning electron microscope. The pore condition was observed at ×500 magnification when taking images. The existence of pores in the specimen was observed by photographs as shown in Figure 7.
[image: Figure 7]FIGURE 7 | (A) Cement–sand ratio 1:4; (B) cement–sand ratio 1:6; (C) cement–sand ratio 1:8.
It can be seen from Figure 7A that when the cement–sand ratio was 1:4, the pore diameter and the number of solidified backfill bodies were small, and there were only individual larger pores; when the cement content was reduced to 1:6, it can be seen from Figure 7B that there were not only larger diameter pore structures in the backfill body but also individual banded cracks; when the cement content was further reduced to 1:8, it can be seen from Figure 7C that the internal pore structure of the backfill body was greater, and the diameter was larger. There were long strip cracks, and some cracks were even connected.
When the cement–sand ratio was 1:4, the cement content in the filling material was greater, which can fully cover the aggregate particles, and the overall cementing effect was better in the curing process, so the internal pores were fewer, and the permeability of the backfill body was also low.
When the cement–sand ratio was 1:6, due to the decrease of the cement content of the cementitious material, it was not enough to fully encapsulate the tailings particles, and the overall cementing effect decreases. Contact cementation begins to form between particles, and cracks begin to appear in the curing process. The formation of pore structure and micro-cracks in the backfill body greatly improved the permeability of the specimen.
When the cement–sand ratio was 1:8, the further reduction of the cementitious material makes the granular tailings of the backfill body unable to be wrapped by the cementitious material in the curing process. During the curing process, the contact cementation or pore cementation was formed between the aggregate particles, and the aggregate particles cannot be closely connected, resulting in the further increase of the original pores and micro-cracks in the curing process of the backfill body. These cracks greatly shorten the gas permeability path inside the filling material, and the gas permeability of the backfill body was improved.
5 CONCLUSION
In this paper, backfill samples with different lime–sand ratios and waste stone contents were designed and obtained. The strength and permeability characteristics of the backfill were studied by uniaxial compression and gas permeability tests. The microstructure was observed and analyzed by SEM test, and the formation of pores in the backfill was observed to explain its permeability characteristics. Based on the results and discussion, the following conclusions were summarized.
1) When the cement–sand ratio was constant, the uniaxial compressive strength of backfill increased first and then decreased with the increase of waste rock content. Adding an appropriate amount of waste rock particles reduced the specific surface area of solid materials in the backfill body, increased the cement content per unit area, and improved the strength of the backfill body. When the amount of waste rock was too large, the cementation between waste rock particles was weakened and the strength was decreased.
2) When the waste rock content was constant, the uniaxial compressive strength of backfill body increased with the increase of cement–sand ratio. The larger the cement–sand ratio was, the higher the cement content in the backfill was, and the aggregate particles can be fully coated, the cementation effect was good, and the uniaxial compressive strength was greater.
3) When the cement–sand ratio was constant, with the increase of waste rock content, more micro-cracks were formed in the solidification process of backfill, which greatly shorten the permeability path of permeable medium in backfill, and the permeability increased gradually. With the increase of waste rock content in backfill, the number of waste rock particles per unit cross-sectional area increased, which inhibited gas permeability, so the permeability begins to decrease.
4) The increase of waste rock particles will reduce the growth rate of permeability. The increase of waste rock content led to the increase of primary porosity, which led to the increase of permeability. When the waste rock content was too large, the area of waste rock on the cross-section increased, and the area of gas fast passage decreased, which inhibited the increase of permeability.
5) The primary porosity in the backfill body was the main influencing factor of its permeability. Through SEM test, due to the decrease of cement–sand ratio, the cementation effect of backfill decreased, the content of primary pores increased, and the permeability increased.
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