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Dumping is the main disposal method of the excavated soil from underground engineering in China; however, due to a lack of construction experiences and technical standards, landslide disasters often occurred during rapid dumping of excavated soil in soft soil regions. In this paper, geotechnical tests were conducted on the excavated soil from a foundation engineering site in Hangzhou, where the excavated soil would be used to construct a piled mountain. On this basis, a numerical study was carried out to investigate the effects of the design parameters (heap height, slope gradient) and construction parameters (layer thickness, heap speed) on the dump stability and failure mode. The results show that the safety factor of the excavated soil dump decreases with increasing heap height, slope gradient, layer thickness, and heap speed. The potential slide surfaces are toe circle, and compared to layer thickness and heap speed, the heap height and slope gradient have more remarkable influence on the depth and area of potential slide mass. The heap height limit increases with a decrease in slope gradient, and the heap speed limit decreases with an increase in layer thickness. Under the premise of ensuring the slope stability, the optimal design and construction parameters were obtained, i.e., heap height 28 m, slope gradient 1:2.75, layer thickness 1.0 m, and heap speed 0.50 m/day. Compared to the original design scheme, the storage capacity increases by 20.01%, and the construction duration decreases by 30.25% in the optimal design.
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1 INTRODUCTION
With the rapid development of China’s urbanization, a great amount of construction and demolition waste, including excavated soil, engineering mud, construction residue, demolition waste, and decoration garbage, are produced (Shang et al., 2013; Kataguiri et al., 2019; Sun, 2020). The excavated soil, which accounts for the highest proportion in the five types of wastes, is mainly generated during the excavation of building foundations, metro tunnels, etc. In China, approximately 2 billion tons of excavated soil was generated in 2017 (Zhan et al., 2019). Currently, the main disposal method for excavated soil in China is dumping, which includes the traditional manner of landfilling and the newly developing way of mountain piling. However, due to a lack of construction experiences and technical standards, landslide disasters often occurred during rapid dumping of excavated soil in soft soil regions of China. In 2015, a worldwide concerned disaster occurred in the excavated soil landfill of Guangming New District in Shenzhen, China. During this event, approximately 2.51 × 106 m3 of excavated soil slid out of the landfill site affecting approximately 0.38 km2, destroyed 33 buildings, and killed 77 people (Yin et al., 2016; Zhan et al., 2019). In 2009, an artificial mountain piled with excavated soil in Wuxi, China, collapsed when heaping to the height of 44.7 m and resulted in a horizontal displacement of 3.6 m for the mountain toe (Gu et al., 2011). Therefore, appropriate guidelines that satisfied the slope stability are sorely needed for the design and construction of excavated soil dump site.
The design parameters (e.g., heap height, slope gradient) and construction parameters (e.g., layer thickness, heap speed) significantly affect the slope stability of a soft soil dump (Zhang, 2019; Li, 2020). Many researchers found that higher heap height and/or steeper slope gradient resulted in lower safety factor of soft soil slopes (Kjærnsli and Simons, 1962; Lim et al., 2015; Zhang, 2019; Guo et al., 2020). By using the response surface method and the finite element-based software (Plaxis 2D), respectively, Kostić et al. (2016) and Shiferaw (2021) found the stability of clay slopes improved with decreasing heap height and/or slope gradient. Similarly, the stability of peat and clayey deposits on river dykes is significantly affected by the heap height and slope gradient (Rupke et al., 2007). Rapid heap speed can also result in slope failure during construction, such as an open pit mine in Indonesia and the catastrophic landslide in Shenzhen in China in 2015 (Ladd, 1991; Wang and Griffiths, 2019; Zhan et al., 2021). Additionally, layer thickness during dumping stages is an important factor influencing the stability of soft soil dumps, which was associated with the dissipation of pore water pressure (Ladd, 1991; Liu and Zhao, 2009). To the authors’ knowledge, the studies are limited on comprehensively investigating the effects of design and construction parameters on the slope stability of soft soil dumps and then putting forward the stability satisfied design and construction implications.
In this paper, excavated soil was sampled from a foundation engineering site in Hangzhou, China, and was tested for geotechnical properties. On this basis, a numerical model was built to simulate the planned piled mountain by using Plaxis 2D; the effects of design parameters (heap height, slope gradient) and construction parameters (layer thickness, heap speed) on the stability and failure mode of soil slopes were analyzed, and the heap height limit under different slope gradients and the heap speed limit under different layer thicknesses were investigated. Finally, the optimal design parameters to maximize storage capacity and the optimal construction parameters to minimize construction duration were discussed, under the premise of ensuring the slope stability.
2 MATERIALS AND METHODS
2.1 Geotechnical Properties of Excavated Soil
The excavated soil samples were taken from a foundation engineering site in Hangzhou, a city located in a soft soil region of China. The soil excavated from this foundation engineering would be used to construct a piled mountain in a park in Hangzhou. The geotechnical properties of the soil samples were tested, including water content, natural density, specific density, liquid-plastic limit, particle size distribution, permeability coefficient, consolidation characteristic, and shear strength. All the above tests were conducted according to Chinese standard for geotechnical testing method (MHURD-PRC, 2019).
The geotechnical properties of the soil sample are given in Table 1, and the grain size distribution curve is presented in Figure 1. The constrained diameter (d60), median diameter (d50), and effective diameter (d10) of the excavated soil are 0.064, 0.031, and 0.014, respectively, and hence the non-uniformity coefficient and curvature coefficient can be obtained as 4.57 and 1.07. Therefore, this soil belongs to fine-grained soil with poor gradation according to the Chinese specification of soil test (MWR-PRC, 1999). Besides, the liquid limit and plastic limit are 41.80% and 22.72%, respectively, and the corresponding liquidity index and plasticity index are 0.65 and 19.08. Thus, the excavated soil is low liquid limit clay in plastic state according to the Chinese specification of soil test (MWR-PRC, 1999).
TABLE 1 | Geotechnical properties of the excavated soil sample.
[image: Table 1][image: Figure 1]FIGURE 1 | Grain size distribution.
2.2 Numerical Method of the Piled Mountain by Using the Excavated Soil
As mentioned above, a pile mountain was planned to be constructed in a park in Hangzhou, China. The maximum permissible length and width at the bottom of the dumpsite were both approximately 300 m, and the originally designed heap height and slope gradient were 20.0 m and 1:3.00, respectively. The original construction parameters were designed as follows: the layer thickness was 1.0 m, and the heap speed was 0.20 m/day. To optimize the original design scheme and therefore to dump more excavated soil and shorten construction duration, the numerical simulation work is carried out.
The finite element program, Plaxis 2D, is used in the numerical simulation in the present study. Plaxis 2D has advanced constitutive models for the simulation of the nonlinear, time-dependent, and anisotropic behavior of soils. Such higher-order elements as quadratic 6-node and 4th-order 15-node triangular element are suitable to model the deformations and stresses in the soils (Wu et al., 2014). Plaxis 2D uses Biot consolidation theory, and the formulae are described in Eqs 1, 2 (Wang and Zheng, 2010; Sun et al., 2015). When undertaking the “consolidation calculation,” the Biot consolidation theory accurately reflects the relationship between pore pressure dissipate and soil skeleton and realizes the coupling in real significance (Wang and Zheng, 2010). Plaxis 2D uses the shear strength reduction technique and the formulae are described in Eqs 3, 4 (Matsui and San, 1992). When undertaking the “safety calculation,” the shear strength reduction technique reduces cohesion and friction angle gradually. The slope instability criterion is generalized plastic strain, or equivalent plastic strain propagates throughout from the toe to the top of the slope (Matsui and San, 1992; Sauffisseau and Ahangar-Asr, 2018).
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where G is the shear modulus; v is the Poisson's ratio; γ is the soil bulk density; uw is the pore water pressure; wx, wy, and wz are the displacement components in x, y, and z axes, respectively; kx, ky, and kz are the permeability coefficients in x, y, and z axes, respectively; γw is the water bulk density.
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where c is the cohesion; cr is the reduced cohesion; Fr is the shear strength reduction ratio; φ is the friction angle; φr is the reduced friction angle. The shear strength reduction ratio is equal to the safety factor of the slope reaching instability state.
The numerical model of the piled mountain profile is shown in Figure 2. The geotechnical parameters of the foundation soil were referenced from Yu et al. (2021). The excavated soil was modeled using an elastic-plastic constitutive model with Mohr–Coulomb yield criterion and the non-associated flow rule. The failure surface of the Mohr–Coulomb yield criterion can be described in Eqs 5, 6 (Lee and Bobet, 2014; Li et al., 2005). All of the analyses were performed using meshes made up of 4th order 15-node triangles within each rectangle. The base length and width of slope were both fixed as 150 m in the simulation, being half of the designed values of the dumpsite on account of the model symmetry. The deformation of bottom boundary was fixed, while the deformation of the top boundary was allowed to move freely in both horizontal and vertical directions. In addition, the deformation of the two side boundaries was fixed in the horizontal direction but was allowed to move freely in the vertical direction (Gao et al., 2020). The flow of the left side boundary was closed; however, the flows of the bottom boundary and the top and right side boundaries were open.
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where I1 = σii is the first stress invariant of the stress tensor σij; J2 = sijsji/2 is the second invariant of the deviatoric stress tensor sij=(σij−δijσkk/3); J3 = sijsjkski/3 is the third invariant of the deviatoric stress tensor sij=(σij−δijσkk/3); θ is the stress Lode angle.
[image: Figure 2]FIGURE 2 | Numerical model of the piled mountain profile.
It is stipulated in the Chinese standard for waste dump design of nonferrous metal mines (MHURD-PRC, 2018) that the allowable value of bench height is 10–15 m, and the bench width should not be smaller than 4 m. Therefore, the bench height and the bench width in the numerical model were chosen as 10 m and 4 m, respectively. The designed cases in the present numerical analysis are shown in Table 2. Case 1 was conducted by varying the heap height and slope gradient to investigate the effect of heap height and slope gradient on the soil dump stability and failure mode. In Case 2, the influences of layer thickness and heap speed on the soil dump stability and failure mode were analyzed.
TABLE 2 | Designed cases in the finite-element simulations.
[image: Table 2]3 RESULTS AND ANALYSIS
3.1 Effects of Heap Height and Slope Gradient on Soil Dump Stability
The variation of safety factor (Fs) with heap height (H) under different slope gradients (G) is shown in Figure 3. It is noted that the Fs are lower than 1.00 under the conditions that H ≥ 34 m and G = 1:2.00, which are not included in the analysis of this paper. It can be found that the Fs decreases with an increase in heap height under a given slope gradient. For example, the Fs decreases from 1.439 to 1.043 with heap height increasing from 8 to 30 m when the slope gradient is fixed at 1:2.00. This result is probably associated with the build-up of excess pore-water pressure in the lower soil layer occurring with the increase of heap height, and the excess pore-water pressure is difficult to dissipate, especially for the cohesive soil with high water content. Under this condition, along with the increase of heap height, the shear stress of the lower soil layer increases continuously, while its effective stress and shear strength hardly or slightly increase, resulting in a weakening of slope stability (Zhan et al., 2019). It can be also found that the Fs increases with the slope gradient decreasing under a given heap height. For example, the Fs increases from 1.043 to 1.416 with the slope gradient decreasing from 1:2.00 to 1:3.00 when the heap height is fixed at 30 m. This is because the larger the slope gradient, the greater the sliding force caused by self-weight stress and the smaller the anti-sliding force, which results in a smaller safety factor (Wang and Xu, 2021).
[image: Figure 3]FIGURE 3 | Variation of safety factor with heap height under different slope gradients.
The potential slide surfaces of the soil dump with different heap heights at a fixed slope gradient of 1:2.50 are shown in Figure 4A. The potential slide surface is determined by connecting the mutation points of the displacement in the slope (Fan et al., 2015), and the results are presented with dotted lines. It is seen that all the simulation cases indicate a typical circular arc failure mode of the soil dump. This potential slide surface is known as toe circle, which often occurs in the clayey and sandy clay soil slopes (Shiferaw, 2021). Taylor (1937) proposed a term, nd, which is the ratio between the depth from the slope top to the stiff stratum and the depth from the slope top to the slope bottom, to identify the failure mode of the soil dump. When nd is smaller than 4 and the slope angle is lower than 58°, it is possible to have the failure mode of toe circle (Petterson, 1955; Steward et al., 2011; Salmasi et al., 2019). In addition, the results indicate that the heap height has significant influence on the potential slide surface of soil dump. The circle center of potential slide surface moves up vertically with an increase in heap height, as presented in Figure 4A. The parameters, maximum depth (D) and area (S) of the slide mass, are often used to assess the scale of a potential landslide (Jiang and Yamagami, 2006; Jiang and Yamagami, 2008; Lin and Cao, 2011; Zhang et al., 2015). The parameter, D, is defined as the maximum vertical depth of potential slide mass below slope surface, as shown in Figure 4A. The variations of maximum depth (D) and area (S) of the potential slide mass with heap height (H) at a fixed slope gradient of 1:2.50 are shown in Figure 5. It is found that both D and S increase almost linearly with an increase in heap height, and the fitted lines are D = 0.2955H + 2.4028(H ≥ 8) and S = 34.3060H-280.58(H ≥ 8), respectively. Similar results are also reported in Jiang and Yamagami (2006). It can be also found that the area is positively related to the maximum depth. Therefore, here comes a conclusion: for an excavated soil dump, the higher the heap height, the larger area of the potential slide mass, which means a greater destructive catastrophe.
[image: Figure 4]FIGURE 4 | Effect of design parameters on the location of potential slide surface. (A) Heap height, (B) slope gradient.
[image: Figure 5]FIGURE 5 | Variations of maximum depth and area of potential slide mass with heap height at G = 1:2.50.
The potential slide surfaces of the soil dump with different slope gradients at a fixed heap height of 20 m are shown in Figure 4B. Similar to Figure 4A, the potential slide surface is also toe circle, and the circle center moves up vertically with a decrease in slope gradient, as presented in Figure 4B. To describe the scale of the potential slide mass, a dimensionless parameter, relative maximum depth D/H0, is adopted, where H0 is the vertical distance between two end points of the potential sliding surface. The variations of relative maximum depth (D/H0) and area (S) of the potential slide mass with slope gradient (G) at a fixed heap height of 20 m are shown in Figure 6. It is found that both D/H0 and S increase almost linearly with decreasing slope gradient, and the fitted lines are D/H0 = −0.3818G + 0.55 (G ≤ 1:2.00) and S = −733.61G + 647.36 (G ≤ 1:2.00), respectively. Similar results are also reported in Gao W et al. (2016). It can be also found that S is positively related to D/H0. Therefore, for an excavated soil dump, the steeper the slope gradient, the smaller area of the potential slide mass, which means a smaller destructive catastrophe.
[image: Figure 6]FIGURE 6 | Variations of relative maximum depth and area of potential slide mass with slope gradient at H = 20 m.
3.2 Effects of Layer Thickness and Heap Speed on Slope Stability
The variation of safety factor (Fs) with heap speed (E) under different layer thicknesses (T) is shown in Figure 7. It is seen that Fs decreases with an increase in heap speed under a given layer thickness. For example, the Fs decreases from 1.352 to 1.330 with heap speed increasing from 0.03 to 2.00 m/day when the layer thickness is 2.0 m. This result might be explained by the increase of consolidation duration due to a decrease in heap speed, and therefore the shear strength slightly increases (Suzuki and Yasuhara, 2007; Park et al., 2014). In addition, it is observed that Fs increases with a decrease in layer thickness under a given heap speed. For example, Fs increases from 1.341 to 1.350 with the layer thickness decreasing from 2.0 to 0.5 m when the heap speed is 1.00 m/day. This result might be related to the drainage path of excavated soil. The drainage distance increases due to an increase in layer thickness, and therefore the consolidation process becomes slower (Zhou et al., 2021). Compared with heap height and slope gradient, the impact of layer thickness and heap speed on safety factor is smaller.
[image: Figure 7]FIGURE 7 | Variation of safety factor with heap speed under different layer thicknesses.
The potential slide surfaces of the soil dump with different heap speeds at a fixed layer thickness of 2.0 m are shown in Figure 8A. The numerical results indicate that the influence of heap speed on the potential slide surface of soil dump is smaller than that of heap height and slope gradient. Again, the potential slide surface is toe circle, and the circle center slightly moves up with decreasing heap speed. The variations of relative maximum depth (D/H0) and area (S) of the potential slide mass with heap speed (E) at a fixed layer thickness of 2.0 m are shown in Figure 9. It can be found that D/H0 decreases logarithmically and S decreases almost linearly with increasing heap speed, and the fitted lines are D/H0 = −0.03ln(E) + 0.443 (E ≥ 0.033) and S = −38.861E + 747.59 (E ≥ 0.033), respectively. As stated above, the c increases due to a decrease in heap speed, and the D/H0 increases (Gao Y et al., 2016). It can be also found that S is positively related to D/H0. Therefore, for an excavated soil dump, the quicker the heap speed, the smaller area of the potential slide mass, which means a smaller destructive catastrophe.
[image: Figure 8]FIGURE 8 | Effect of construction parameters on the location of potential slide surface. (A) Heap speed, (B) layer thickness.
[image: Figure 9]FIGURE 9 | Variations of relative maximum depth and area of potential slide mass with heap speed at T = 2.0 m.
The potential slide surfaces of the soil dump with different layer thicknesses at a fixed heap speed of 2.0 m/day are shown in Figure 8B. The numerical results indicate that the influence of layer thickness on the potential slide surface of soil dump is smaller than that of heap height and slope gradient and is similar to that of heap speed. As shown in Figure 8B, the circle center of potential slide surface moves up tardily with decreasing layer thickness. The variations of relative maximum depth (D/H0) and area (S) of the potential slide mass with layer thickness (T) at a fixed heap speed of 2.0 m/day are shown in Figure 10. It can be found that both D/H0 and S decrease almost linearly with increasing layer thickness, and the fitted lines are D/H0 = −0.0409T + 0.5068 (T ≥ 0.5) and S = −20.15T + 713.63 (T ≥ 0.5). The drainage distance decreases due to a decrease in layer thickness, and the c increases as well as the D/H0 (Gao W et al., 2016; Zhou et al., 2021). Similar to Figure 9, it can be found that S is positively related to D/H0. Therefore, for an excavated soil dump, the thicker the layer thickness, the smaller area of the potential slide mass, which means a smaller destructive catastrophe.
[image: Figure 10]FIGURE 10 | Variations of relative maximum depth and area of potential slide mass with layer thickness at E = 2.0 m/day.
4 STABILITY SATISFIED DESIGN AND CONSTRUCTION OF THE EXCAVATED SOIL DUMP
For the sake of simplification to illustrate the spatiality of the piled mountain process, the mountain with a square flat bottom surface is generally utilized for dumping, as shown in Figure 11. The storage capacity of the piled mountain can be calculated by Eq. 7. As mentioned in section 2.2, the originally designed heap height and slope gradient are 20.0 m and 1:3.00, respectively. Therefore, the storage capacity of excavated soil can be calculated as 1,143.04 × 103 m3. The originally designed layer thickness and heap speed are 1.0 and 0.20 m/day, respectively. Therefore, the total construction duration of piled mountain is 119 days, under the assumption that the construction time of each drainage line is 1.0 day.
[image: image]
where n is the number of the bench; Hj is the height with regard to the nth bench; Sj and Sj+1 are the lower and upper areas of the nth bench, respectively.
[image: Figure 11]FIGURE 11 | Calculation model of storage capacity of piled mountain.
According to the Chinese technical code for building slope engineering (MHURD-PRC, 2013), the Fs of slope stability in this planned piled mountain project should not be smaller than 1.35. On this account, the heap height limit (Hs) of the soil dump can be determined from Figure 3 when Fs reaches 1.35. Figure 12 shows the Hs of the soil dump under different slope gradients (G), together with the slope stability satisfied capacity storage calculated by Eq. 8. It can be seen that the Hs are 10.69, 15.18, 19.35, 28.00, and 39.11 m when slope gradients are 1:2.00, 1:2.25, 1:2.50, 1:2.75, and 1:3.00, respectively. The results show that the Hs increases with a decrease in slope gradient. Similar results were also reported in Zhan et al. (2021) in the completely decomposed granite dump with an initial water content of 23%, and the Hs is 13.73 m when the slope gradient is 1:2.00. It is noted that the Hs of that completely decomposed granite dump is larger than that of the present excavated soil dump at a given slope gradient, which might be attributed to the greater cohesion and friction angle of the completely decomposed granite. For the storage capacity, it increases at first and then slightly decreases with the decreasing slope gradient. And the maximum value of storage capacity is achieved as 1,371.78 × 103 m3 when Hs = 28.00 m and G = 1:2.75. It is common knowledge that the storage capacity increases with the increase of heap height or/and slope gradient. However, under the premise of ensuring the slope stability, increasing the slope gradient will cause a decrease in the heap height limit, resulting in an increase or decrease of storage capacity. Hence, there exists a maximum value of storage capacity, which corresponds to the optimal design of heap height and slope gradient. Compared to the original design scheme, the storage capacity of optimal design scheme increases by 20.01%.
[image: Figure 12]FIGURE 12 | Variations of heap height limit and storage capacity with slope gradient.
Under the optimal design of heap height and slope gradient, the heap speed limit (Es) under different layer thicknesses (T) is determined from Figure 7 when Fs of the soil dump reaches 1.35, and the corresponding construction duration can be obtained, as shown in Figure 13. It is observed that the Es are 1.00, 0.50, 0.20, and 0.11 m/day when the layer thicknesses are 0.5, 1.0, 1.5, and 2.0 m, respectively. The results show that Es decreases with an increase in layer thickness. It is also observed that the construction duration decreases slightly at first and then increases with the increasing layer thickness. And the minimum value of construction duration is 83 days under the conditions of T = 1.00 m and Es = 0.50 m/day. It is known that the construction duration decreases with the increase of layer thickness or/and heap speed. However, under the premise of ensuring the slope stability, increasing the layer thickness will cause a decrease in the heap speed limit, resulting in an increase or decrease of construction duration. Hence, there exists a minimum value of construction duration, which corresponds to the optimal construction of layer thickness and heap speed. Compared to the original construction scheme, the construction duration of the optimal construction scheme decreases by 30.25%.
[image: Figure 13]FIGURE 13 | Variations of heap speed limit and construction duration with layer thickness.
5 CONCLUSION
This paper conducted numerical analyses on the effects of the design parameters (e.g., heap height, slope gradient) and construction parameters (e.g., layer thickness, heap speed) on the stability and failure mode of excavated soil dumps. The heap height limit under different slope gradients and the heap speed limit under different layer thicknesses in the excavated soil dump were investigated. The optimal design parameters to maximize storage capacity and the optimal construction parameters to minimize construction duration were discussed, under the premise of ensuring the slope stability. The following conclusions and suggestions are drawn:
(1) The safety factor of the excavated soil dump decreases with increasing heap height and slope gradient, and it also decreases with increases in the layer thickness and heap speed.
(2) The potential slide surface of the excavated soil dump is typical toe circle, and its shape is significantly influenced by the heap height and slope gradient. The area of the potential slide mass increases approximately linearly with increasing heap height and with decreasing slope gradient, heap speed, and layer thickness.
(3) The heap height limit increases from 10.69 to 39.11 m when the slope gradient decreases from 1:2.00 to 1:3.00. The heap speed limit decreases from 1.00 to 0.11 m/day when the layer thickness increases from 0.5 to 2.0 m.
(4) Under the premise of ensuring the slope stability, the optimal design and construction parameters of the soil dump is obtained as heap height 28.00 m, slope gradient 1:2.75, layer thickness 1.00 m, and heap speed 0.50 m/day. In the optimal design, the storage capacity increases by 20.01%, and the construction duration decreases by 30.25%, when compared to the original design scheme.
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