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Single piles are normally used to support the transmission tower in mountain areas. Uplift capacity of piles is a key factor in the engineering design to increase the stability of transmission tower foundation. This study numerically investigated the uplift capacity of single straight and belled piles in the sloping ground which consisted of a clay layer underlain by medium weathered sandstone. A non-linear 3D finite element model was proposed to describe the uplift behavior of single piles and was calibrated against a field test on single piles subjected to uplift loading. A parametric study was conducted to investigate the effect of the slope angle (θ) on the uplift behavior of single piles. The uplift capacity decreased as θ increased for either straight piles or belled piles. Moreover, the range of the equivalent plastic strain was greatest for single piles in the level ground. For piles in the sloping ground, the range of equivalent plastic strain was wider at the position of the downstream slope than that at the position of the upstream slope when the uplift load of single piles reached the maximum. As the expansion angle increased to 30° and 45°, the uplift capacity of belled piles (Ru) was increased by 100% and 180% with respect to that of straight piles, respectively. The increase percentage in Ru was independent of θ. A practical method was proposed to quantify the slope effect on Ru.
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1 INTRODUCTION
Plenty of transmission towers have been built in mountainous areas in the world. Thus, most of the transmission towers are located in the sloping ground (Jiang et al., 2022). Strong wind and earthquake pose a significant threat to the stability of transmission towers (Qu et al., 2018a; 2019; Xu et al., 2017b; 2021). Because of the variability in the direction of winds, the pile foundations of transmission towers could be subjected to uplift, compression, and horizontal loads. (Xu et al., 2023; Xu et al., 2013; Xu et al., 2017a; Qu et al., 2018b). In the engineering design, the uplift capacity is one of the significant factors to be considered for the pile of transmission towers. Moreover, Figure 1 shows the potential threat of the slope instability to the pile foundations of transmission towers in Guilin City of China. Thus, it is of great necessity to explore the uplift capacity of single piles in sloping ground.
[image: Figure 1]FIGURE 1 | Potential threat of the slope instability to the pile foundations of transmission towers in Guilin City of China: (A) scene 1 and (B) scene 2 (photos from the investigation of authors).
Over the last several decades, investigators have analyzed the uplift behavior of single piles in various soils. A simplified semi-empirical model was developed to estimate the uplift capacity of single piles embedded in sands (Shanker et al., 2007). The effect of arch on the uplift capacity of single piles and pile groups was investigated by Shelke and Patra (2009) and Shelke and Mishra (2010), respectively. Plenty of model tests were performed to investigate the effect of various factors on the uplift capacity of single piles in sand, that is, the slenderness ratio (Verma and Joshi., 2010; Faizi et al., 2015), relative density of soil, and embedment depth of piles (Gavver, 2013; Saravanan et al., 2017). Kyung and Lee (2019) investigated the influence of installation condition on the uplift capacity of micropiles in sand. Emirler et al. (2017) numerically investigated the effect of relative density of sand and the embedment depth on the uplift behavior of single piles. There are also plenty of studies on how to evaluate the uplift capacities of single piles in clayey soils. A few model tests have been conducted to evaluate the uplift capacity of concrete piles in clay under uplift loading (Mohan and Chandra, 1961; Turner, 1962; Sowa, 1970). Shin et al. (1993) experimentally evaluated the uplift capacity of rigid piles embedded in a compacted near-saturated clayey soil. Lai and Jin (2010) carried out a field-scale model test to investigate the load transfer mechanism of PHC piles in soft soil under uplift loading. However, little research is conducted to investigate the uplift behavior of piles embedded in the mountain areas, where the ground frequently consists of not only clay or sand but also weathered rocks. For these piles, a primary concern is leading to the interaction between the pile and the weathered rock under uplift loading because the weathered rock provides majority of soil resistance (Wang et al., 2021a).
To increase the capability of single piles to resist the uplift loading, the base of piles is expanded. Belled pile is a typical expanded pile to be used in engineering practice. The failure mechanism behind uplift belled piles in the level ground is sufficiently studied (Sawwaf and Nazir, 2006; Hong and Chim, 2015; Schafer and Madabhushi, 2020; Abdelgwad et al., 2022). Moreover, many scholars have studied various influential factors on the uplift capacity of belled piles in the level ground, for example, sand density (Ilamparuthi and Dickin, 2001; HondaHirai and Sato, 2011), diameter of the expanded base, embedment depth of piles (Tanaya and Sujit, 2019; Kang and Kang, 2022), and different bell space ratios (Sun et al., 2022). Moayedi and Mosallanezhad (2017) experimentally found that increasing the number of wings of multi-belled piles does necessarily improve the uplift resistance of single piles embedded in loose sands. The influence of various parameters, for example, the bell angle and the diameter of expanded base, on the uplift capacity of belled piles in sands was numerically studied (Liu et al., 2020; Yang and Qiu, 2020). Wang et al. (2021b) reported that the pile embedment and rock strength significantly affect the uplift resistance of belled piles (Yang et al., 2018). Chae et al. (2012) reported that the bell shape is more significant on the pile displacement than on the uplift capacity of belled piles in weathered rocks through both model tests and numerical analyses. Hu et al. (2022) experimentally explored the failure mechanism of the uplift belled piles in a layered ground which consists of sand and rock. However, previous studies mainly focus on the uplift behavior of single straight and belled piles in the level ground. Little work has been conducted on single piles in the sloping ground, especially in the mountain areas where the ground was composed of clay layer underlain by weathered sandstone.
This study numerically investigated the uplift capacity of single piles in the sloping ground which consisted of a clay layer underlain by medium weathered sandstone. The uplift behavior of single piles was described by a proposed non-linear 3D finite element model calibrated against a field test on single piles under uplift loading. A parametric study was conducted to investigate the effect of the slope angle (θ) on the uplift behavior of single straight and belled piles. Moreover, the influence of the expansion angle on the uplift capacity (Ru) of belled piles was discussed. Finally, a practical method was proposed to quantify the slope effect.
2 NUMERICAL MODELING
2.1 Proposed finite element model
Figure 2A shows a field test on a single bored pile under uplift loading in the level ground, as reported by Wang et al., 2021a. The site was composed of a silty clay layer underlain by medium weathered sandstone. The diameter (D) of the pile was 0.8 m, and the embedment depth of the pile in the sandstone was 2.4 m. The thickness of the clay layer was 3.0 m. There was a gap between the pile and the clay via casing shown in Figure 2A.
[image: Figure 2]FIGURE 2 | 3D finite element modeling of the uplift pile: (A) single pile in the layered ground consisting of silty clay and medium weathered sandstone and (B) finite element mesh.
Figure 2B shows the 3D finite element model with gradient mesh for the single pile under uplift loading in a finite element software ABAQUS (Systèmes, 2007). Both the soil and the pile were modeled by C3D8R elements. The C3D8R element is a general-purpose linear brick element with reduced integration (Systèmes, 2007). The size of the finite element mesh ranged from 0.05 m to 2.5 m. Fine mesh was used for soils surrounding the pile to ensure the sufficient accuracy of finite element analyses. To simulate the pullout behavior of piles in the finite element analysis, the pile–soil contact was considered by selecting “penalty function” and “hard contact” for tangential behavior and normal behavior, respectively. The default values suggested by the software were used for contact parameters. When the pile is separated from the soil, the contact pressure at the interface decreases to zero (AlIsawi et al., 2019). Note that the casing was not considered in the finite element modeling because it has an insignificant effect on the uplift capacity of piles.
Table 1 gives the input parameters for the pile and the soils.
TABLE 1 | Parameters of the pile–soil model.
[image: Table 1]In this study, the pile was assumed to be elastic. The elastic–plastic behavior of soils was described by the Drucker–Prager (DP) model (Drucker and Prager, 1952). The yielding function and the plastic potential function g for the linearly extended DP model were given by
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where q is the Mises equivalent stress; p is the equivalent pressure stress; r is the third invariant of deviatoric stress; β is the friction angle, which reflects the slope of the yield surface in the stress space; d is the cohesion of soils; k controls the dependence of the yield surface on the value of the intermediate principal stress and ranges from 0.778 to 1; and ψ is the dilation angle. In the study, k is taken as an average value of the range.
The distance between the lateral side and the pile to was set at 10 D to eliminate the boundary effect. In this study, initial stress analysis was performed before the uplift loading was applied to the pile to provide the initial stress of soils for the analysis of uplift piles. The displacements at the base and both two lateral sides of the model were zero.
2.2 Model verification
Figure 3 shows the measured and simulated uplift load (R)–vertical displacement (uy) curves of single piles under uplift loading. The calculated displacement was generally lower than that measured from the test when the uplift load was smaller than approximately 4500 kN. Nevertheless, the calculated Rmax was consistent with that obtained from the field tests. Moreover, the Rmax was underestimated by approximately 4% if the initial stress was not considered. Thus, it is suggested that the initial stress can be taken into account in the analysis of the uplift pile.
[image: Figure 3]FIGURE 3 | Calculated and measured uplift load–displacement curves of single piles.
Moreover, an additional case (i.e., Case 1) was used to explore the influence of the contact between the pile and the clay on the uplift behavior of single piles in this study. Figure 3 also shows that the contact between the pile and the clay caused a 16% increase in the maximum uplift load. Case 1 was used as a bench mark model for the parametric study in the next section.
3 RESULTS AND DISCUSSION
The effect of slope angle (θ) on the uplift behavior of both straight pile and belled pile was investigated. Figure 4 schematically shows the slope angle (θ) and the belled pile with various base diameters by changing the expansion angle (α), where α is the angle that the pyramidal or conical surface makes against the vertical. Moreover, the effect of α on the uplift behavior of belled piles was studied accordingly. In this study, θ varied between 0° and 20°, and α ranged from 0° to 45°. Table 2 lists all cases in the finite element analyses of this study.
[image: Figure 4]FIGURE 4 | Schematic view of cases with different θ and α.
TABLE 2 | Cases in the finite element analyses of this study.
[image: Table 2]3.1 Influence of slope angle on straight piles
Figure 5 shows the influence of θ on the R–uy curves of single piles. The effect of θ on the R–uy curve was minimal when the uplift load was lower than approximately 4000 kN. However, the maximum uplift load (Rmax) decreased as the slope angle increased.
[image: Figure 5]FIGURE 5 | Uplift load–vertical displacement curves of uplift straight piles under different slope angles (θ).
Moreover, Figure 6 further shows the maximum equivalent plastic strain ([image: image]) distributed at the soils surrounding the pile. The equivalent plastic strain is defined as [image: image], where [image: image] in the DP model, [image: image] is the stress tensor, and [image: image] is a function including hardening and rate-dependent effects (Systèmes, 2007). For the pile in the level ground, the equivalent plastic strain was symmetric about the uplift pile (see Figure 6A). Moreover, the range of equivalent plastic strain was wider at the position of the downstream slope than that at the position of the upstream slope when the uplift load reached the maximum Figures 6B, C. This was because of the lower yield strength of the soils at the downstream side of the slope, leading to relatively greater equivalent plastic strain at such position.
[image: Figure 6]FIGURE 6 | Effect of θ on the distribution of equivalent plastic strain surrounding the straight pile: (A) θ = 0°, (B) θ = 10°, and (C) θ = 20°.
3.2 Influence of slope angle on belled piles
Similar to the straight pile, Figure 7 shows that the calculated Rmax decreased as θ increased. The same tendency was also found for other cases (see Figure 8A).The effect of θ on the R–uy curve was minimal when the uplift load was lower than a critical value of approximately 9000 kN. The equivalent plastic strain range was much greater in soils surrounding belled piles than that in the case of straight piles (see Figure 9; Figure 6). Moreover, the range of equivalent plastic strain was also wider at the position of the downstream slope than that at the position of the upstream slope when the uplift load of belled piles reached the maximum.
[image: Figure 7]FIGURE 7 | Uplift load–vertical displacement curve of belled piles (α = 45°) under different slope angles.
[image: Figure 8]FIGURE 8 | Effect of α on (A) the uplift capacity and (B) the normalized uplift capacity of single piles at different slope angles.
[image: Figure 9]FIGURE 9 | Effect of θ on the distribution of equivalent plastic strain surrounding the belled pile with α = 45°: (A) θ = 0°, (B) θ = 10°, and (C) θ = 20°.
3.3 Influence of the expansion angle of belled piles
To illustrate the effect of the expansion angle α, the uplift capacity (Ru) of belled piles was selected as an index and was obtained from the calculated R–uy curve. Wang et al. (2020) suggested that Ru is the uplift load corresponding to a critical displacement (Vcri) of 2% D for the belled pile under uplift loading. Tang and Chen (2015) suggested Vcri = 2.5% D for rock-socketed piles under uplift loading. Wang et al. (2021b) suggested Vcri = 3% D for straight bored piles. In this study, Vcri = 2% D was used as a criterion for estimating Ru in this study.
Figure 8A also illustrates that Ru generally increased as α increased. Figure 8B further presents the Ru normalized to the uplift capacity (Ru, α=0°) of straight piles. As α increased to 30° and 45°, Ru was increased by 100% and 180% with respect to that of straight piles, respectively. Thus, increasing the expansion angle was an effective measure to increase Ru. Moreover, the increase percentage in Ru was independent on the slope angle (see Figure 8B). It should be stressed that the uplift capacity should be almost the same for the same bottom area of the belled piles with various expansion angles because the height of the expansion was assumed to be the same in this study.
3.4 Practical method for quantifying the slope effect on Ru

《Technical code for design of foundation of overhead transmission line 》 (DL/T5219-2014) is used for estimating Ru in China by the following equation. However, the equation is only used for piles in the level ground and cannot be used for the piles in the sloping ground.
[image: image]
Eq. 4 is used when ht ≤ hc, where ht is the embedment depth of the uplift pile and was taken as 5.4 m, as shown in Figure 2A, and hc is the critical uplift depth and was taken as 3D, as suggested by the code (NEA, 2015); A1, A2, and A3 refer to dimensionless parameters suggested by the code (NEA, 2015) and were determined by the shape of sliding surface, friction angle of soils, and the ratio of the embedment depth of the uplift pile to its base diameter; c stands for the soil cohesion, which was taken as the weighted average based on the thickness of two layers in this study; γs is the weighted average weight of soil above the tip of piles; and V0 is the volume of piles within the embedment depth. Gf is the self-gravity of the foundation. Table 3 gives input parameters for calculating Ru.
TABLE 3 | Input parameters for estimating the uplift capacity of belled piles in the level ground.
[image: Table 3]Table 3 also shows the comparison between the results calculated from Eq. 4 and finite element analyses for belled piles in the level ground in the cases of α = 30° and α = 45°. The results indicated that the uplift capacity calculated from Eq. 4 was generally greater than the uplift capacity determined from finite element analyses. The discrepancy was mainly due to two reasons: 1) the critical displacement (Vcri) influenced Pu in finite element analyses. Particularly, the discrepancy was decreased with the increasing Vcri because of an increase in Pu and 2) Eq. 4 was proposed for the uniform layer. Thus, the application of Eq. 4 to the layered ground in this study caused certain errors and further contributed to the discrepancy. Nevertheless, as α increased from 30° to 45°, the calculated increase percentage (i.e., ∼26%); in Ru obtained from the proposed numerical model agreed reasonably well with that (i.e., ∼40%) of calculated from Eq. 4.
To estimate the influence of slope angle on Ru, a practical method was proposed in this study and was given by
[image: image]
where β is a reduction factor and defined as the ratio of Ru to Ru, θ=0°, and Ru, θ=0° denotes Ru at θ = 0°. Thus, β = 1 when Ru = Ru,θ=0°. Figure 10 illustrates that the reduction factor decreased as θ increased. Moreover, a linear relationship can be used to correlate the reduction factor with the slope angle for all data shown in Figure 8.
[image: image]
[image: Figure 10]FIGURE 10 | Effect of slope angle on the reduction factor at different expansion angles.
4 CONCLUSION
The effect of slope on the uplift capacity of single straight and belled piles supporting transmission towers was explored via a proposed numerical model which was calibrated against a field test. The following conclusions can be obtained:
(1) The calculated Rmax from the 3D finite element model was consistent with that obtained from the field tests. Moreover, considering initial stress was recommended for analyses of uplift piles.
(2) The uplift capacity decreased as the slope angle θ increased for either straight piles or belled piles. Moreover, the range of the equivalent plastic strain was greatest for single piles in the level ground (i.e., θ = 0°).
(3) For piles in the sloping ground, the range of equivalent plastic strain was wider at the position of the downstream slope than that at the position of the upstream slope when the uplift load of single piles reached the maximum.
(4) As the expansion angle α increased to 30° and 45°, Ru was increased by 100% and 180% with respect to straight piles, respectively. Moreover, the increase percentage in Ru was independent on the slope angle.
(5) A practical method was proposed to quantify the slope effect on Ru.
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