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Layers with low permeability are an important factor affecting the stability of tailings dams. In order to analyze the influence of the weak permeability interlayer on the seepage stability of the dam, this paper establishes a numerical analysis model of the tailings dam with the weak permeability interlayer. The seepage stability of the dam slope is calculated and analyzed for the location, thickness, number, and intervals of mud intercalation on the seepage stability of the dam slope. The weakly permeable interlayers at different locations form different saturation lines in the dam. When the weak permeability interlayer is located in the middle of the dam, the height of the saturation line is the highest, and the corresponding stability safety factor is the smallest. When the weak permeability interlayer moves up or down, the buried depth of the saturation line increases, and the safety factor increases. However, when the weak permeability interlayer is located above the drainage prism, the overall slip along the weak permeability interlayer is incidental to the increase in dam height. When the thickness of the weak permeability interlayer changes, the safety factor of the dam has a positively high significance related to the leakage. When the location of the weak permeability interlayer changes, the safety factor of the dam has no obvious correlation with the leakage. With the increase of the thickness and number of weak pemeability interlayer and the decrease of the intervals of mud intercalation, the height of the saturation line gradually increases, and the safety factor of the dam gradually decreases. Through the location of the sliding surface, it is found that the sliding surface eventually destabilizes through the lowest low-permeability interlayer.
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1 INTRODUCTION
“Tailings reservoir” mostly refers to the facilities that are dammed at a valley mouth to accumulate tailings slag produced in the process of mining and tunneling, beneficiation, and waste or other industrial waste generated in the smelting process. The wet discharge method is often used in the construction of tailings reservoirs in China. Due to the different ore characteristics and fabric components at different time periods, vertical deposition occurs while the slurry flows horizontally in the process of ore drawing into the dam. The flow and sedimentary process of slurry are affected by factors such as slag concentration, flow rate, particle size, and ore drawing mode (Azam et al., 2007; Duan et al., 2022). The dam structure formed by slag deposition has significant spatiotemporal variability, which leads to great mechanical properties and permeability coefficient of tailings, forming many low-permeability interlayers (Tynybekov and Aliev, 2007; Southard et al., 2010; Chen et al., 2019; Liu et al., 2022a; Zhang et al., 2022a). This dam does not have the characteristics of artificial structures such as earth-rock dam obvious material partition. The seepage field of the dam body is affected by this low-permeability interlayer, which leads to the serration of the saturated surface becoming zigzagged and violently lifted. This low-permeability interlayer also has the characteristics of low strength, which will also affect the stability of the dam body (Yin et al., 2011; Yu et al., 2014; Chen 2016; Yang et al., 2021; Liu et al., 2022b; Zhang et al., 2022b).
The saturation line is the lifeline of the tailings reservoir (Xie et al., 2009; Yin et al., 2010; Yu et al., 2011; Lin et al., 2014). The elevation of the saturation line is extremely unfavorable to the stability of the tailings dam, which is the key factor affecting the stability of the tailings reservoir (Gens and Alonso, 2006; Azam and Li, 2010; Xie et al., 2014; Qiao et al., 2015). Many factors can cause the infiltration line to rise. Among them, there are many factors that lead to the rise of the location of the saturation line. Among them, the external factors include rainfall (Duan and Yuan, 2008), reservoir elevation (Liang et al., 2010), topography (Lu and Cui, 2006), and ore drawing mode (Zhang et al., 2016; Liang et al., 2017). The fine-grained interlayer structure is usually called lenticle in the dam (Yuan et al., 2013) and the drainage blocking caused by chemical reactions (Wu, 2008), which are caused by the differences in physical and chemical properties of minerals mined and the emission mode at different time periods. The model test and numerical simulation are generally used to study the influence of the change of infiltration surface on the stability of tailings dams. Jing et al. (2011) simulated the coupling characteristics of saturation line and stress and the development process of dam failure by indoor model test, so as to reveal the collapse mechanism and burst mode of tailings dams affected by flooding. Through the indoor dam model test, Deng et al. (2011) analyzed the characteristics of the stress field and pore-pressure field in the dam body by a numerical test based on the distribution characteristics of tailings particles and the variation law of saturation line in the process of dam accumulation. Through numerical simulation, Yin et al. (2003) analyzed the relationship between the variation of infiltration surface and the stability of dam slope under different rainfall patterns. Li Q. et al. (2017) studied the correlation between the distribution characteristics of the seepage field and the failure mode of the dam body based on typical tailing reservoir engineering. Li Z. P. et al. (2017) took the depth of saturation line as the safety index of dam and analyzed the influence of a lenticle on the dam through an orthogonal test. These researches have improved the understanding of the evolution law of the infiltration surface and the sensitivity of stability factors of the tailings dam, and these results are mostly limited to a specific tailings dam, which provides ideas for further systematic research of the influence characteristics of a certain factor.
The existing research on the factors affecting the saturation surface of tailings reservoir and the influence of saturation surface on the stability of dam body has made the rich achievement, which improves understanding of the infiltration surface and stability of tailings dam and changes from passive disaster relief to active disaster prevention. At present, for the evaluation of the dam slope stability, tailing slag of different natures within the dam is mostly studied in the form of equivalent division or directly regarded as lenses. However, the difference in physical and chemical properties of mining ores in different periods leads to the weakly permeable layer formed by slag deposited in the reservoir. It is rare to study the influence of the weak permeable layer on the seepage stability of the tailings dam. In this paper, the influence of the low-permeability interlayer—which is completely different from lenticle formed in the process of damming—on the distribution of the saturation line is studied by numerical simulation method based on the engineering example of a tailings reservoir. The relationship among low permeability interlayer, saturation line, and the stability of the tailings dam is analyzed to provide a reference for the construction and stability evaluation of tailings reservoirs.
2 NUMERICAL MODEL ESTABLISHMENT
The tailings pond is a valley-type tailings pond, which is composed of an initial dam and a tailings accumulation dam and is filled by the upstream accumulation method. The present situation of the damn is the initial dam with dam bottom elevation of 2,153 m, dam axis length of 118 m, dam height of 40.6 m, dam crest width of 3.0 m, and dam crest elevation of 2,193.6 m. The initial dam slope ratio is 1:2.5. A horseway is set on the top of the initial dam with a width of 4.0 m. The slope ratio of the tailings accumulation dam is 1:4. The sub-dams are formed by the tailings’ coarse sand deposited on the sedimentary beach. The height of each sub-dam is 4.375 m, the width of the sub-dam top is 3 m, and the stack height of the final tailings accumulation dam is 74.4 m. The total height of the tailings accumulation dam is 115.0 m, and the crest elevation of the tailings accumulation dam is 2,268 m, which belongs to the grade II tailings dam.
According to the engineering geological investigation report of the tailings dam and the tailings samples obtained in the field, there are four main types of tailings dam materials, including tailings fine sand, tailings coarse sand, tailing silty sand, and tailing medium sand. The accumulation dam is formed by the accumulation of tailings coarse sand, and there are weak permeable interlayers with different locations and uneven thickness in its interior. According to the sedimentary characteristics and engineering survey data of the tailings dam, the tailings dam material is divided into four layers. The material regions diagram and calculation parameters are shown in Figure 1 and Table 1 respectively.
[image: Figure 1]FIGURE 1 | Material regions of the section.
TABLE 1 | Physical and mechanical parameters of tailing soil.
[image: Table 1]The proposed tailings dam is a second-class reservoir with a dry beach length of 125 m and an upstream water level elevation of 2,265 m. Since the initial dam is a permeable rock-fill dam, the downstream head boundary is a free permeable surface at the toe of the initial dam. The bottom of the numerical model is set as an impervious boundary. The maximum height is 115 m, the dam length is 655m, and the average size of the unit side length is 1 m of the calculation model. The model is divided into 55,358 units and 55,924 nodes. The calculation model is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Calculation model diagram.
3 STABILITY ANALYSIS OF SEEPAGE OF TAILINGS DAM BY WEAK PERMEABILITY INTERLAYER UNDER DIFFERENT WORKING CONDITIONS
Due to the different quality of minerals mined in different periods, there are spatial differences in the discharge and storage of tailings reservoirs. Multiple low-permeability interlayers with different locations, thicknesses, numbers, and intervals are formed in the dam, which will affect the seepage field and stability of the dam.
3.1 Analysis of weak permeability interlayer location
The influence of the location of a single weak permeability interlayer with a certain thickness on the seepage stability of the tailings dam is analyzed, which reveals the influence of low-permeability interlayers at different locations on the saturation line and the safety factor of the tailings dam.
The variation of the saturation line with the location of the weakly permeable interlayer is shown in Figure 3, in which L is the distance from the weakly permeable interlayer to the dam top. Figure 3 shows that the distribution characteristics of the saturation line are significantly changed by the low-permeability interlayer. In the upper part of the low-permeability interlayer, the saturation line is significantly higher than that of the non-weak permeability interlayer, while in the lower part of the non-low-permeability interlayer, it is mutational retreat. The infiltration line located in the lower part of the weak permeability sandwich decreases, and these lowering points are basically in the same position. The saturation line at the lower part of the weakly permeable interlayer decreases and is basically in the same location. It shows that the influence law of a single weakly permeable interlayer on the saturation line is the same. Due to the sudden change in permeability coefficient, only the upper and lower saturation line locations are staggered at the front and back, the original trend does not change. The size of the sudden change of the saturation line in the weak permeability interlayer changes with the location of the interlayer. The closer to the dam top, the greater the sudden change. The back withdrawal characteristics are shown on the dam top. In the middle of the dam, the saturation line is mainly characterized by forward uplift. The closer to the drainage prism, the smaller the sudden change, and the back withdrawal of the saturation line is not obvious. Due to the effect of a weak permeable interlayer on the uplift of the saturation surface, the depth of the saturation surface is the shallowest in the middle of the dam slope, which affects the stability of the dam. Therefore, it is necessary to pay attention to the weak permeable interlayer here.
[image: Figure 3]FIGURE 3 | Diagram of infiltration line with the position of weakly permeable interlayer.
When the single weak permeability interlayer in the horizontal direction is at different locations of the dam body, the influence on the safety factor of the dam slope is shown in Figure 4. Figure 4 shows that the influence of different locations of low permeability interlayers on the safety factor of the dam can be divided into two stages. When the distance between the weak permeability interlayer and the top of the dam increases from 10 m to 50m, the safety factor of the dam decreases from 1.658 to 1.219. At this stage, the weak permeability interlayer is located near the middle of the dam. When the distance increases from 50 m to 80m, the safety factor increases from 1.219 to 1.356. At this stage, the stability of the dam slope is improved. The results show that there is a critical height of the weak permeable interlayer in the dam body. When the location of the single weak permeable layer formed by the ore drawing is at the critical height with the increase of the dam body, the safety factor of the dam slope is the smallest, which should be avoided in practical engineering.
[image: Figure 4]FIGURE 4 | The curve between weak permeability interlayer position and leakage with the safety factor.
By analyzing the relationship between the leakage of the dam and the location of the weak permeable interlayer, the safety factor, the leakage, and the location of the weak permeable interlayer first show a decrease then an increase. The development rule of the leakage and the height of the weak permeable interlayer is not consistent with the development of the safety factor with the height of the weak permeable interlayer. When the leakage is the smallest, the low-permeability interlayer is located at two-thirds of the dam height, which conforms to the impermeability characteristics of the low-permeability interlayer. This location is not the most dangerous to the dam. As the height of the low-permeability interlayer decreases, the leakage increases. When the low-permeability interlayer is located above half the height of the dam, the safety factor decreases, and the leakage still increases. The results show that the leakage quantity of the tailings dam is not consistent with the evolution characteristics of the safety factor of the dam slope. When the tailings dam has a permeable interlayer, the leakage cannot be used as an index to judge the stability of the dam. Attention should be paid to the selection of factors in the early warning of tailings dam safety and stability.
As the location of the weak permeability interlayer gradually moves down along the dam crest, the safety factor presents the rule of decreasing first, then increasing and decreasing again. When the weak permeability interlayer is located in the middle of the dam body, it has a great influence on the stability and safety of the dam body. The corresponding safety factor is small, and the dam slope is prone to instability. When the weak permeability interlayer is located in the upper part of the dam, the weak permeability interlayer has little effect on the stability and safety of the dam. In this case, the safety factor of the dam slope is large, which is only calculated by the arc search method. When the weak permeability interlayer is located in the lower part of the dam, which is 80 m away from the top of the dam, the whole dam slips along the weak permeability interlayer with lower strength. In this case, the failure is not the circle sliding of the dam slope, but the overall slip failure. Therefore, it is necessary to pay particular attention to the damage caused by the weak permeability interlayer located in the lower part of the dam.
3.2 Analysis of thickness of a weak permeable interlayer
In practical engineering, the thickness of weak permeability interlayer of tailings ranges from tens of centimeters to several meters, which is determined by the sedimentary characteristics of tailings. According to the above study, when the weak permeability interlayer is located in the middle of the dam, the stability safety factor is the smallest, resulting in tailings dam slope instability. Therefore, it is very important to study the influence of the thickness of the weak permeability interlayer at a certain location on the stability of the dam. When the location of a low-permeability interlayer is fixed, the influence of the low-permeability interlayer on the saturation line and stability of the tailings dam is analyzed by changing the thickness of the low-permeability interlayer, which reveals the influence of low-permeability interlayers with different thicknesses on the saturation line and safety factor of a tailings dam.
The variation of the saturation line with the thickness of the weakly permeable interlayer is shown in Figure 5, in which d is the thickness of the weakly permeable interlayer. Figure 5 shows that the height of the saturation line in the upper part of the weakly permeable interlayer gradually increases with the increase of the interlayer thickness. This is because the saturation line in the upper part of the weak permeability interlayer will be raised. The thicker the interlayer is, the more obvious the saturation line is raised. The saturation line in the lower part of the weak permeability interlayer gradually decreases with the increase of the interlayer thickness, forming the characteristics of the upper extension and the lower retreat, which affects the stability of the dam. The thicker the low-permeability interlayer is, the more violent the infiltration surface abrupt change, which leads to the rapid extension of the upper part of the low-permeability interlayer to the dam slope and the retreat of the lower part to the inside of the dam body. This can easily to cause the infiltration surface to seep out from the slope, which makes the local slope prone to slip, affecting the stability of the dam slope.
[image: Figure 5]FIGURE 5 | Diagram of infiltration line with the position of weakly permeable interlayer thickness.
The influence of different thicknesses of a single weakly permeabile interlayer in a horizontal direction on the safety factor of a dam is shown in Figure 6. Figure 6 shows that it is reflected that the safety factor of the dam decreases gradually with the increase of the interlayer thickness. When the thickness of a low-permeability interlayer is 140 cm, the safety factor of the tailings reservoir is 1.272. When the thickness of a low-permeability interlayer is greater than 140 cm, the safety factor decreases sharply. This is because the weak permeability interlayer generally belongs to the saturated muddy interlayer. Compared with coarse-grained tailings outside the interlayer, the mechanical strength and deformation modulus are lower. In particular, the thicker weak permeability interlayer is easy to soften and muddy in water, which reduces the shear strength and is not adverse to the anti-sliding stability of the dam. Therefore, the thickness of the low-permeability interlayer has a very important influence on the stability of the dam. In the process of tailings drawing, it should be avoided to form a thicker weak permeability interlayer in the middle of the dam, so as to ensure the safety of the tailings dam.
[image: Figure 6]FIGURE 6 | The curve between low-permeability interlayer thickness and leakage with the safety factor.
The results show that the safety factor and leakage decrease linearly with the increase of the thickness of the weak permeability interlayer in the case of a single horizontal weak permeability interlayer, and the slope of decreasing is close. There is a high correlation between the safety factor and the thickness of the weakly permeable interlayer, and the leakage is also highly correlated with the thickness of the weakly permeable interlayer. It provides a key index for the safety warning of tailings dam filling with a low-permeability interlayer. It is known that the dam filling material is a low-permeability material, and the leakage of the tailings dam decreases during the filling process, which may indicate that the thickness of the low-permeability layer formed by the filling material needs to be paid attention to.
3.3 Analysis of the number of low-permeability interlayers
Due to the complexity of tailings engineering, it is also very difficult to determine the sedimentary characteristics of tailings. In the process of tailings ore drawing, the tailings material in the mineral pulp is deposited in turn according to the coarse, medium, and fineparticles of its mud. The sedimentary process is very complicated, and multiple low-permeability interlayers are generally formed in the process of accumulating tailings material. Therefore, it is particularly important to analyze the influence of the number of low-permeability interlayers on the stability of the tailings dam. In this paper, two and three weak permeability interlayers with a spacing of 5 m and a thickness of 1 m are set at a distance of 50 m from the top of the dam to study the influence of the number of interlayers on the stability of the tailings dam. The results of the number of weakly permeable interlayers on the saturation line and the safety factor of the dam are shown in Figure 7.
[image: Figure 7]FIGURE 7 | The curve of the number of low-permeability layers and safety factor. (A) One weak permeability interlayer. (B) Two weak permeability interlayers. (C) Three weak permeability interlayers.
Figure 7 shows that as the number of low-permeability interlayers increases, the safety factor of the dam slope decreases. The number of low-permeability interlayers increases from 1 to 3, and the safety factor decreases from 1.220 to 1.115. With the increase in the number of weak permeability interlayers, the saturation line has undergone multiple turns in the low-permeability interlayer, which significantly causes the saturation line to be raised. The more the number of low-permeability interlayers, the more obvious the uplift of the saturation line. The excessive number of interlayers may cause the infiltrate line to overflow on the dam slope. The low-permeability interlayer has poor permeability and low strength, resulting in the decrease of the safety factor, the landslide of the slope, and affecting the safe operation of the dam. In order to ensure the stability of the dam, vertical drainage facilities should be added to make the water stored between multiple weak permeability interlayers run through and lower saturation line of the dam.
3.4 Analysis of interlayer spacing of weakly permeable interlayer
When there are several low-permeability interlayers in a tailings reservoir, the interlayer spacing of weak permeability interlayers varies greatly. In this study, three low-permeability interlayers that are 50 m away from the top of the dam with an interlayer thickness of 1 m were used as models to analyze the influence of the interlayer spacing of multiple low-permeability interlayers on the stability of the dam slope, which reveal the influence law of the safety factor and the saturation line of the dam with different spacing of low-permeability interlayers in Figure 8.
[image: Figure 8]FIGURE 8 | The curve of the interlayer spacing of low-permeability layer and safety factor. (A) 9 m interlayer spacing for weakly permeable interlayers. (B) 7 m interlayer spacing for weakly permeable interlayers. (C) 5 m interlayer spacing for weakly permeable interlayers. (D) 3 m interlayer spacing for weakly permeable interlayers.
Figure 8 shows that the safety factor of the dam slope decreases gradually with the decrease of interlayer spacing of weak permeability interlayer. When the interlayer spacing of the weak permeability interlayer is 5 m, the safety factor of the dam slope is 1.255. When the interlayer spacing is 3m, the safety factor is 1.080. In this situation, the tailings dam slope is close to instability, and the height of the saturation line gradually increases with the decrease of the interlayer spacing of the low-permeability interlayers. The reason is that the interlayer spacing continues to decrease, resulting in multiple low-permeability interlayers and intermediate dams forming a low-permeability belt. The saturation line through the interlayer is severely blocked, resulting in the saturation line is continuously raised. In addition, the low-permeability interlayer is easy to soften, prone to mudding, and has low shear strength, which ultimately leads to slope instability.
The above comprehensive analysis of the location, thickness, number, and spacing of the low-permeability interlayers on the safety factor of the dam slope and the shape of the landslide found that when there is a low-permeability interlayer in the dam, sliding arc exit general shear along the weak permeability interlayer.
When there are several weak permeability interlayers, the sliding zone often passes through the upper interlayer, and shear failure occurs along the bottom weak permeability interlayer, which indicates that low-permeability interlayers are the key factor to controlling the instability of the dam slope.
4 CONCLUSION
The influence of low-permeability interlayers on seepage fields and safety factor is studied by establishing a two-dimensional finite element model of a tailings dam. This paper analyzes the relationship between the location, thickness, and spacing of weakly permeable interlayers and the saturation line and the stability of dam slope, and reveals the evolution mechanism of coupling influence between saturation line, seepage flow, and safety factor of the dam slope. The conclusions are as follows.
(1) The location of the low-permeability interlayer in the dam body has a significant influence on the saturation line. When a low-permeability interlayer is located in the middle of the dam, the saturation line rises significantly and is closest to the dam slope, which affects the instability of the dam. When the low-permeability interlayer is located at the top of the dam, the saturation line is far from the dam slope, which has little effect on the stability and safety of the dam, and the corresponding safety factor is large. When the low-permeability interlayer is located at the upper part of the drainage prism, the tailings dam is the most dangerous. The overall slip failure along the weak permeability interlayer may occur, which needs special attention.
(2) The safety factor of the dam slope continues to decrease with the increase of the thickness of the weak permeability interlayer. The saturation line on the upper part of the weak permeability interlayer will be raised. The thicker the interlayer, the more obvious the uplift of the saturation line. A low-permeability interlayer can easily cause slope instability and affects the stability of the dam.
(3) The safety factor of the tailings dam slope continues to decline with the increase of the number of interlayers. Multiple low-permeability interlayers will cause the saturation line to undergo multiple turns in the interlayer, causing the saturation line to be raised. The greater the number of low-permeability interlayers, the more obvious the uplift of the saturation line, which seriously affects the stability of the dam.
(4) When the interlayer spacing is large, it has little influence on the stability of the tailings dam, and the lift height of the saturation line is relatively low. However, if the spacing between low-permeability interlayers is small, the upper and lower weak permeability interlayers may form a whole, and the saturation line will rise, which will rapidly reduce the safety of the tailings dam and easily lead to the sliding failure of the dam slope.
(5) Through the stability calculation under different working conditions, it is found that the slip surface of the dam slope is cut out along the lowermost weak permeability interlayer, which is independent of the number and spacing of the low-permeability interlayer.
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Material name

Bulk density y (kN/m?)

Internal friction angle ¢ ()

Cohesion ¢ (kPa)

Permeability coefficient (m/s)

tailings fine sand 205 288 23 227 x 107
tailing silty sand 20 28 5 137 x 10°
tailing medium sand 21 21 12 389x 107
mudstone interlayer 14 10 4 7.50 x 10
tailing coarse sand 191 32 0 425 x 107
initial dam 175 191 0 100 x 107
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