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Abstract

Rectangular piles are increasingly utilized in engineering due to their high lateral bearing
capacity, which benefits from an adjustable cross-sectional stiffness. However, research on
rectangular piles within slope topography remains relatively scarce. Therefore, based on
the principle of equal cross-sectional area, this paper establishes four sets of finite element
models for rectangular piles with varying aspect ratios to conduct numerical analyses of
their bearing characteristics under combined loading at slope angles of 0°, 15°, 20°, and
30°. The results demonstrate that: (1) Under combined loading, the lateral and vertical
bearing capacities of rectangular piles interact; as the loading angle increases, the lateral
bearing capacity decreases while the vertical bearing capacity increases. (2) Increasing
the aspect ratio can significantly enhance the bearing capacity of rectangular piles. Under
flat-ground conditions, compared to a pile with an aspect ratio of 1, a rectangular pile with
an aspect ratio of 4 exhibits a roughly 75% increase in ultimate lateral bearing capacity and
a 15.8% increase in vertical bearing capacity. (3) The critical section of the pile typically
occurs within a depth range of 0.28 L to 0.43 L, where its stress mode gradually transitions
from predominantly lateral bending and shearing to primarily vertical axial compression.
(4) Slopes induce a reduction in the pile’s bearing capacity, but the bearing capacity curve
for the pile with an aspect ratio of 4 declines more gently. Thus, rectangular piles with large
aspect ratios possess greater engineering applicability in slope topography. This study re-
veals the bearing mechanism of rectangular piles under the combined influence of the slope
weakening effect and the cross-section enhancement effect, providing a methodological
reference for the design and application of novel pile foundations in slope terrains.

Keywords: rectangular pile foundation; slope topography; combined loading; bearing
characteristics; numerical simulation

1. Introduction

As major infrastructure construction—such as railways, highways, bridges, transmis-
sion lines, new energy bases, and cross-border energy corridors—continues to expand into
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mountainous, hilly, and slope areas, slope sites have become one of the most common and
typical engineering terrains. Compared with flat-ground foundations, pile foundations in
slope sites not only bear the vertical loads transmitted by the upper structures but are also
subjected to the effects of missing slope soil, lateral earth pressures, and potential slope
deformation trends. Consequently, their stress state is substantially more complex, and
their working mechanisms differ notably from those of flat-ground pile foundations [1].

Extensive research has been conducted domestically and internationally on the bearing
characteristics of pile foundations in slope topography and complex loading environments.
Perumalsamy et al. [2] and Wang et al. [3] compared the lateral bearing characteristics under
varying slope angles, pile positions, and loading directions through model tests, revealing
the asymmetric distribution of bending moments and displacements along the pile body
under lateral loading. Wang et al. [4] demonstrated experimentally that inclined loading
leads to a significant attenuation of a pile’s bearing capacity. Such laboratory-controlled
physical evidence is fundamental to evaluating the kinetic and boundary behavior of novel
foundation types or cross-sectional variants within complex geomaterials [5,6]. Further-
more, Zhang et al. [7], Bian et al. [8], Jala et al. [9], and Zhang et al. [10] utilized numerical
simulations to uncover the response characteristics of pile foundations on slopes under
lateral, uplift, and combined loads, establishing p-y curves suitable for slope conditions.
Hemel et al. [11] developed an analytical model for laterally loaded pile groups in layered
sloping soils based on the Winkler beam-on-elastic-foundation theory and a bilinear elasto-
plastic p-y spring model. It is widely recognized that real-world slope geomaterials often
exhibit highly complex, high-order behavioral characteristics, such as suction-induced
unsaturated state dynamics, cross-directional fabric anisotropy, non-linear fractal com-
pressibility variations, and ambient environmental soil stiffness profiles [12-15]. However,
within the scope of structural optimization and preliminary foundation detailing, stan-
dard simplified constitutive frameworks remain extensively leveraged in macroscopic
structure-soil interaction scoping to maintain sharp parametric traceability. Lin et al. [16]
modified the traditional p-y curve method employing wedge failure theory to establish an
analysis model for laterally loaded piles that considers the influence of slope height. Chen
et al. [17] and Liu et al. [18] applied the variational method and transfer matrix method,
respectively, to study pile bearing characteristics under complex stratigraphic conditions,
with a specific focus on the shear effects of large-diameter piles. In parallel, establishing
rigorous analytical or semi-analytical elasto-plastic solutions has been widely recognized as
a fundamental approach to interpreting nonlinear soil-structure responses, complementing
pure numerical contour visualizations [19]. The aforementioned studies profoundly illus-
trate that the attenuation of slope resistance directly weakens the bearing performance of
pile foundations. Moreover, macroscopic numerical predictions of high-order structures are
heavily dependent on domain representations and boundary configurations, particularly
under complicated geological hazards or dam stability constraints [20,21].

Concurrently, an increasing number of scholars have recognized the potential for
enhancing the bearing capacity of rectangular piles. Compared to circular piles, the me-
chanical performance of rectangular piles is more sensitive to changes in cross-sectional
dimensions, particularly the aspect ratio. Variations in this ratio affect the stiffness distribu-
tion of the pile, the pile-soil contact state, and the disturbance range within the surrounding
soil. Cao et al. [22] investigated the dynamic response of rectangular barrettes in multi-
layered viscoelastic soil through an analytical model, verifying the mechanical advantages
of the rectangular cross-section. Ling [23], Xi et al. [24], and Wang et al. [25] studied the bear-
ing characteristics of novel barrette-type diaphragm wall foundations under vertical and
lateral loads through model tests and finite element simulations. Liu et al. [26] thoroughly
explored the lateral mechanical response of displacement piles in sand via numerical simu-
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lation, validating that optimizing the pile cross-sectional shape provides crucial stiffness
compensation for enhancing the lateral bearing capacity. Zheng [27] and Zhang [28] stud-
ied the lateral bearing characteristics of rectangular piles from the perspectives of single
piles and pile groups, respectively, while related engineering application research has also
advanced internationally [29], further substantiating their cross-sectional advantages.

However, existing research on rectangular piles remains entirely focused on flat-
ground scenarios, with a notable absence of studies concerning slope topography. Therefore,
this paper attempts, for the first time, to introduce traditional flat-ground rectangular piles
into slope topography. Based on the principle of equal cross-sectional area, four sets of finite
element models of rectangular piles with different aspect ratios are established. Numerical
analyses of the bearing characteristics under combined loading are then conducted for
slope angles of 0°, 15°, 20°, and 30°. This research reveals the evolutionary characteristics
of the bearing performance of rectangular piles on slopes under the synergistic influence of
the slope weakening effect and the cross-section enhancement effect. The findings aim to
offer methodological references for the design and application of novel pile foundations in
slope terrains.

2. Establishment of Finite Element Model
2.1. Finite Element Model Dimensions and Parameters

In this paper, ABAQUS 2022 is utilized to conduct numerical simulation tests on
rectangular piles positioned on slopes under combined loading, enabling the consideration
of the slope effect and pile-soil interactions under complex loading scenarios. Based
on the strict mathematical symmetry of the structural system, half-domain models are
established for both the rectangular piles and soil foundations to optimize computational
efficiency. Specifically, the global plane of symmetry is chosen as the vertical X-Z plane
passing through the center of the pile head. Within this parametric testing matrix, the
slope gradient vector « with 0°, 15°, 20°, and 30°, the combined force loading vector
B, and the strong bending axis (long side) of the rectangular pile cross-section are all
aligned strictly parallel and co-planar within this identical vertical plane of symmetry. No
eccentric forces, oblique loading tracks, or cross-slope topographic gradients are introduced.
Consequently, out-of-plane structural shearing, non-symmetrical soil displacement fields,
and torsional moments are physically non-existent, which guarantees that the half-domain
formulation remains strictly valid for all evaluated analysis conditions. To investigate the
bearing characteristics of rectangular piles with varying aspect ratios under a constant
cross-sectional area, the pile cross-sectional area is fixed at 4 m?, with a total pile length
of 35 m, an embedment depth of 30 m, and a free-standing length of 5 m. A combined
load is applied to the top of the pile. To eliminate boundary constraint interference, the
soil domain is designated with a transverse width of 40 m, a longitudinal length of 60 m,
and a vertical depth of 60 m. For this single-pile configuration, where the maximum
equivalent section width is 2 m, the lateral boundary clearance extends to 20 times the
characteristic pile dimension, and the bottom bedrock clearance equals the entire pile
length. This geometrical scale conforms to standard numerical modeling specifications
for deep foundations, where a far-field boundary distance exceeding 10 to 12 times the
foundation diameter is defined as sufficient to isolate edge stress reflections. The finite
element models for both flat-ground and slope conditions are illustrated in Figure 1.
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(b) Finite element model of slope
Figure 1. Finite element model of rectangular piles.

The model is meshed using C3D8R elements, comprising 40,590 soil elements and
2800 pile elements. Consequently, this specialized gradient-based mesh configuration
balances both spatial accuracy and computational efficiency. Such a localized discretization
control strategy for tracking high-order structural responses and peak stress localization is
strictly benchmarked against successful rigorous stability verification protocols established
in advanced finite element structural investigations [30]. The bottom surface of the soil
model is subjected to three-way fixed constraints (i.e., the spatial constraints Ux, Uy, and
Uz perpendicular to the x, y, and z axes are set to 0), while no constraints are applied to
the top surfaces of the soil and the pile. The pile-soil interface interactions are modeled
using the standard surface-to-surface contact algorithm in Abaqus/Standard. In the normal
direction, ‘Hard’ contact behavior is enforced, which pressure-dependently allows potential
gapping, sliding, and posterior pile-soil separation at the back-face under severe lateral
loading. Tangential behavior is governed by the classic Coulomb friction law utilizing the
Penalty method, where the interface friction coefficient i is evaluated as tan (0.7 @) approx.
0.29 based on the soil’s internal friction angle. This implementation rigorously captures the
non-linear mobilization of skin friction and soil confinement along the perimeter. To accu-
rately capture the elastoplastic behavior of the soil, the Mohr-Coulomb model is selected
as the constitutive model. The soil material parameters utilized in this study are detailed in
Table 1 [31]. The pile foundation is constructed of C30 concrete, utilizing a linear elastic
constitutive model; specific parameters are provided in Table 2. The pile foundation is
constructed of C30 concrete, utilizing a linear elastic constitutive model with the parameters
listed in Table 2. It should be noted that while assuming a linear elastic material model
filters out the potential complex cracking or crushing behavior of brittle concrete under
ultimate load thresholds, it effectively isolates the pure geometric efficiency of the high-
aspect-ratio sections and ensures robust numerical convergence [32-36]. This deterministic
simplification serves as a reliable baseline for macroscopic soil-pile load-transfer analysis,
though the localized material non-linearity of the pile will be further calibrated in subse-
quent structural degradation investigations. The various analysis conditions investigated
in this study are summarized in Table 3.
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Table 1. Soil parameters.
Soil Tvpe Elastic Modulus Poisson’s Internal Friction Dilation Cohesion Yield Effective Unit
M Ratio Angle (°) Angle (°) Stress (kPa) Weight (kN/m?3)
Silty clay 0.4 23 5 18 16
Table 2. Physical parameters of piles.
Embedment . Elastic Modulus Effective Unit . , .
Depth (m) Pile Length (m) (kPa) Weight (kN/m®) Poisson’s Ratio
30 35 3.15 x 107 25 03
Table 3. Model analysis conditions.
Variables Aspect Ratio (#) Slope Angle («) Loading Angle (f)
Conditions 1,2,3,4 0°, 15°, 20°, 30° 0°, 15°, 30°, 45°, 60°, 75°, 90°

It should be explicitly noted that the established finite element model is positioned
as a generalized parametric investigation aimed at revealing the fundamental mechanical
interactions between cross-sectional geometry and slope effects. To isolate the pure geomet-
ric efficiency of the rectangular aspect ratio under combined loading, certain theoretical
simplifications, such as a homogenous soil domain, dry/drained loading environments,
and an idealized constitutive boundary, are intentionally adopted. This localized numer-
ical framework serves to eliminate confounding geo-environmental variables, thereby
providing a clear, trackable trajectory of the load-transfer mechanism.

2.2. Finite Element Model Analysis Steps

The reference point method is employed to apply the combined load. Specifically,
a reference point (RP-1) is created above the pile head and coupled to the pile section to
ensure uniform force transmission. To rigorously capture the path-dependent interaction
behaviors, a proportional displacement-controlled loading protocol is strictly adopted in the
final analysis step. By applying fixed ratios of horizontal and vertical displacement incre-
ments simultaneously, the continuous load—displacement trajectories are stably extracted.
The initial loading increment is set to 0.01, with an automatic time-stepping algorithm
ranging up to a maximum increment of 0.05 to guarantee numerical stability. Geometric
nonlinearity (NLGEOM = ON) is fully activated across all steps to precisely simulate the
high-order P-A effect under continuous deformation. The default Newton-Raphson solver
is utilized with a strict full-matrix convergence tolerance set to 0.005.

The element birth and death technique is utilized to establish geostatic stress equilib-
rium. In the first step, the foundation is deactivated, and gravity is applied solely to the soil
mass. In the second step, the overlapping elements between the soil and the pile foundation
are deactivated, followed by the reactivation of the foundation to compute the geostatic
stress equilibrium of the combined pile-soil model (Figure 2b). This procedure ensures the
establishment of a realistic initial geostatic stress field within the soil mass. In real-world en-
gineering, natural slope topographies are frequently susceptible to catastrophic instability,
rain-induced seepage failure, underground drainage erosion, or extreme hydro-geological
water-inrush hazards [37-41]. However, within the static parametric boundaries verified
in this analysis, the geological matrix is explicitly restricted to an idealized homogeneous
soil stratum under dry and fully drained baseline conditions to maintain sharp parametric
traceability. Under this verified equilibrium phase, the maximum equivalent plastic strain
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(PEEQ) across the entire sloping domain remains strictly at zero, and the global nodal
displacement vectors fully converge to a null magnitude of 10~!* m, objectively demon-
strating that the natural slope maintains absolute baseline stability prior to the execution of
external pile head loading paths.

U, Magnitude

+2.284 %1014
+2.093x10-14
+1.903%10-14
+1.713x10M
+1.522 %1014
+1.332x 1014
+1.142x10-14
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+7.612x101%
+5.709 %101
+3.806x10-1%
+1.903x10-15
+0.000

(a) Coupling of reference point and pile head section (b) First step: geostatic stress equilibrium
Figure 2. Load application and geostatic stress equilibrium.

Figures 3 and 4 present soil displacement contours for a rectangular pile with an aspect
ratio of 1 at slope angles of 0° and 15°, respectively, under varying loading angles at the
ultimate state.
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Figure 3. Soil displacement contours under different loading angles for rectangular piles at a slope
angle of 0°.
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Figure 4. Soil displacement contours under different loading angles for rectangular piles at a slope
angle of 15°.

The corresponding soil equivalent stress distributions are further visualized in
Figures 5 and 6 to present the localized stress fields at the ultimate limit state.

To ensure technical consistency and eliminate human interpretation bias, a fixed dis-
placement threshold criterion is implemented to define the ultimate capacity boundaries.
Specifically, in accordance with generalized structural-geotechnical testing criteria and
specialized literature on rectangular foundation bearing limits (Zheng, 2024 [27]), a fixed
pile head displacement of 0.1 m is uniformly defined as the extraction standard for the ulti-
mate bearing capacity. This quantitative threshold strategy aligns strictly with established
parametric comparison frameworks for large-scale or multi-load foundations under equal
deformation limits.

s, Mises
(average:75%)

+2.683x10¢
+8945x10°
2433

+8851x100
+1654x107

s, Mises

S, Mises

(average:75%)

(d) p=45° (e) = 60° (H p=75°

Figure 5. Soil von Mises stress contours under different loading angles for rectangular piles at a slope
angle of 0°.

https:/ /doi.org/10.3390/buildings16132483


https://doi.org/10.3390/buildings16132483

Buildings 2026, 16, 2483

8 of 19

n 5, Mises
Caverage:79%) (average:75%)
+9.

8
+1130x101

(@) p=0° (b) p=15° () p=30°

S, Mises S, Mises
(average:75%) (average:75%)
! i ! i :
|
4 42362
4 1
+2.365X10¢ .5
H774X10¢ I
+1182x10¢ af]
el “143x101
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Figure 6. Soil von Mises stress contours under different loading angles for rectangular piles at a slope
angle of 15°.

3. Analysis of Bearing Characteristics
3.1. Analysis of Ultimate Bearing Capacity Under Combined Loading

Figures 7 and 8 illustrate the extracted relationships between the ultimate lateral load
and loading angle (at § = 0°, 15°, 30°, 45°, 60°, and 75°) for the rectangular piles.

2.0

= ZL5f
I Z
Z L5 =
- j= o4
1.0F
1.0
. N
0.5k 0.5F —*®
sk .
¥ v
DS O S S S S
0 10 20 30 10 50 60 70 80 0 10 20 30 40 50 60 70 80
B () B ()
@) a=0° (b) a=15°
2.4r
2.5
ok
2.0
1.6 |
s Lt g
= 1.2 F
- o o]
j= o]
1.0 osk
- ——
0.5 —e 0.aF *
. —h—
—— —v—
0.0 1 1 1 1 1 1 1 1 1 0.0 1 1 A 1 1 1 1 1 1
0 10 20 30 10 50 60 70 80 0 10 20 30 10 50 60 70 80
BC) B(C)
(c) a=20° (d) @ =30°

Figure 7. Relationship between lateral bearing capacity and loading angle of rectangular piles with
different aspect ratios.
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As indicated in Figure 7, for any given aspect ratio and slope angle, the ultimate
lateral bearing capacity demonstrates a non-linear downward trend as the loading angle
increases. When § is relatively small, the decline is gradual; however, when 8 exceeds 45°,
the lateral bearing capacity drops precipitously. This rapid decrease occurs because the
increasing proportion of the vertical load significantly compresses the available space for
lateral resistance mobilization. Simultaneously, optimizing the aspect ratio notably elevates
the lateral bearing capacity. Taking Figure 5a as an example, under pure lateral loading on
flat ground, the ultimate load of the rectangular pile with 7 = 4 is approximately 2.7 MN,
whereas the pile with 7 = 1 reaches only about 1.6 MN—an increase of nearly 69%. This
enhanced performance persists across all loading angles, confirming that a high aspect ratio
bolsters bending stiffness and lateral stability. Moreover, as the slope angle o increases
from 0° to 30°, the curves exhibit a global downward shift, reflecting a marked reduction in
bearing capacity. This reduction is driven by the free slope face weakening the confinement
of the soil situated in front of the pile, which in turn diminishes the maximum lateral force
the pile can resist.

g Z L2
o8t -
==} ==
0.8
0.4 ~
0.4 15
—A— 20
—v— 30
0.0 L 1 L 1 L 1 1 L 1 0.0 1 1 1 L 1 1 1 1 1
0 10 20 30 40 50 60 70 80 0 10 20 30 40 5 60 70 80
£ () B )

*— 15°
0.4F _a 99°

—v— 30°
ool .
0 10 20 30 10 50 60 70 80 0 10 20 30 40 50 60 70 80
B¢ BC)
()n=3 (d)yn=4

Figure 8. Relationship between lateral bearing capacity and loading angle of rectangular piles under
different slope angles.

Comparing Figure 8a,d reveals that even on a steep 30° slope, the lateral bearing
capacity of the # = 4 configuration remains significantly higher than that of the = 1
configuration on flat ground. This suggests that within the specific numerical conditions ex-
amined, the # = 4 pile showed sufficient capacity improvement to significantly compensate
for the modeled slope-induced reduction, underscoring the practical utility of rectangular
cross-section optimization under these baseline topographic constraints.
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The curves depicting the variation in the ultimate vertical load of rectangular piles
with loading angles (8 = 0°, 15°, 30°, 45°, 60°, and 75°) are presented in Figures 9 and 10.
As shown in Figure 9, under various slope angles («), the vertical bearing capacity exhibits
a non-linear ascent as 8 increases. For B values between 15° and 60°, the rapid increase in
the vertical component drives extensive mobilization of pile shaft friction and tip resistance,
resulting in a dramatic surge in vertical bearing capacity. Beyond = 60°, the curve
plateaus indicate that the vertical bearing potential is approaching saturation and that the
amplifying effect of f diminishes. Furthermore, the aspect ratio fundamentally enhances
vertical bearing capacity. For example, at « = 0° and B = 90°, the vertical bearing capacity
of the 17 = 1 pile is about 9.8 MN, while the # = 4 pile achieves 11.3 MN—a roughly 15%
improvement. This improvement is attributed to the fact that, for a constant cross-sectional
area, a larger aspect ratio yields a greater lateral surface area, allowing more skin friction to
be mobilized.

vV (MN)
vV (MN)

vV (MN)
vV (MN)

L 1 L L 1 I 1 L L I I 1
15 30 45 60 75 90 15 30 45 60 75 90

B ) B )
(c) a=20° (d) a=30°

Figure 9. Relationship between vertical bearing capacity and loading angle of rectangular piles with
different aspect ratios.

Observation of Figure 10 indicates that slope topography effectively degrades vertical
load-bearing performance. As the slope angle increases, the vertical bearing capacity
curves shift downward uniformly. The slope’s presence lowers the effective stress level and
confining pressure of the soil surrounding the pile. Specifically, on the side facing the slope’s
free face, the soil’s confinement of the pile shaft weakens, leading to reduced mobilization
efficiency of the skin friction, which ultimately impairs overall vertical performance.
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Figure 10. Relationship between vertical bearing capacity and loading angle of rectangular piles
under different slope angles.

Using the ultimate horizontal and vertical loads obtained under different loading
angles, H-V bearing capacity envelope curves for rectangular piles with varying aspect
ratios were generated, as shown in Figure 11. The area enclosed by these envelopes
represents the upper limit of the foundation’s comprehensive bearing capacity. As observed,
when 7 increases from 1 to 4, the envelope expands globally. The expansion along the
H-axis intercept (representing pure lateral bearing capacity) is the most pronounced. This
is because a higher 7 directly enhances bending stiffness, allowing the pile to mobilize soil
resistance over a broader range. The V-axis intercept also elevates as 7 increases, given
that the expanded perimeter (at a constant cross-sectional area) bolsters the mobilization
of pile shaft friction. Consequently, high-aspect-ratio rectangular piles not only improve
unidirectional bearing capacities but also expand the bounds of ultimate loads under
combined loading. Furthermore, as « increases from 0° to 30°, all envelope curves contract
toward the origin. The contraction magnitude along the H-axis is significantly larger than
along the V-axis, proving that the weakened soil confinement at the slope face deteriorates
the pile’s lateral resistance more severely. Crucially, however, the envelope area for the
7 = 4 pile at « = 30° remains larger than that of the # = 1 pile on flat ground. This
objectively indicates that the performance enhancements gained through cross-section
optimization can fully negate the adverse effects of a steep 30° slope on the pile foundation’s
bearing capabilities.
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Figure 11. Bearing capacity envelopes of rectangular pile foundations with different aspect ratios.

3.2. Bending Moment Analysis Under Combined Loading

Figure 12 presents a comparison of bending moments for rectangular piles of varying
aspect ratios, extracted at « = 30° for loading angles 8 of 15°, 30°, 45°, 60°, and 75°.
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Figure 12. Comparison of bending moments of rectangular piles at a slope angle of 30°.

From Figure 12, it is apparent that as § increases, the absolute value of the pile bending
moment exhibits a sharp downward trend. For example, for the pile configuration of
« = 30° and 7 = 4, the maximum bending moment approaches —25 MN-m when f is 15°.
When g shifts to 75°, the maximum bending moment drops to approximately —8 MN-m.
In the ultimate state, as the load vector pivots vertically, the lateral force component H
significantly decreases, which directly forces a massive contraction in the pile bending
moments generated by lateral forces.

The calculated distributions demonstrate that the maximum bending moments and
critical shear sections are consistently located within a range of 0.27 L to 0.41 L. To provide
a highly precise engineering reference across different parametric variations, the exact
numerical positions of these critical depth points for selected baseline aspect ratios ), slope
angles, and loading paths are rigorously summarized in Table 4. Regarding the repre-
sentation of internal force curves, the physical engineering dimensions are intentionally
maintained rather than introducing abstract mathematical normalization. This explicit
treatment successfully preserves direct industrial legibility for structural detailing while
reliably isolating the geometrical optimization efficiency of the rectangular sections.

https://doi.org/10.3390/buildings16132483


https://doi.org/10.3390/buildings16132483

Buildings 2026, 16, 2483

14 of 19

Table 4. Critical depth locations for maximum bending moments under diverse configurations
(e = 30°).

Aspect Ratio ()  Loading Angle () Peak Location z (m)  Critical Depth (z/L)

15° 10.15 0.29
30° 9.80 0.28
1 45° 9.80 0.28
60° 10.15 0.29
75° 10.50 0.30
15° 11.90 0.34
30° 11.20 0.32
2 45° 11.20 0.32
60° 11.55 0.33
75° 12.25 0.35
15° 13.65 0.39
30° 12.95 0.37
3 45° 12.95 0.37
60° 12.30 0.38
75° 14.00 0.40
15° 14.70 0.42
30° 14.35 0.41
4 45° 14.35 0.41
60° 14.70 0.42
75° 15.05 0.43

3.3. Shear Force Analysis Under Combined Loading

Figure 13 displays the comparison of shear forces for rectangular piles with varying
aspect ratios at « = 30° for § values of 15°, 30°, 45°, 60°, and 75°.

As illustrated in Figure 13, the initial shear force at the pile head drops noticeably
as f increases. As f scales from 15° to 75°, the pile head shear forces across all aspect
ratios decrease notably and shrink substantially; for instance, the pile head shear force
for the i1 = 4 pile is markedly reduced from roughly 2.25 MN to about 0.9 MN. This shift
occurs because a more vertically oriented load path increases the vertical displacement
component, thereby reducing the requisite lateral force. This underscores a transition in the
pile foundation’s stress mechanism from lateral compression to axial load transfer, proving
that the loading path firmly dictates the internal force distribution. The shear force curves
adopt an “inverse S-shape.” The depth at which they first intersect the zero-axis is highly
consistent across loading profiles (roughly 10 m to 15 m), correlating perfectly with the
depths of maximum bending moment. This verifies that while B heavily influences internal
force magnitudes, the fundamental load-transfer pathways and support mechanisms rely
primarily on the inherent mechanical properties of the pile and soil, remaining largely
immune to § variations.

The negative shear force localized in the middle and lower sections of the pile signifies
the deep soil’s resistance to pile displacement. As § climbs, the maximum negative shear
force distinctly drops (e.g., from —2.0 MN to —0.6 MN for the = 4 pile). Additionally, when
vertical forces dominate, the negative shear zone migrates slightly downward, engaging
deeper soil layers to establish equilibrium. Regardless of the condition, the aspect ratio
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drastically affects shear distribution; the robust stiffness of the 1 = 4 pile enables it to
mobilize a broader expanse of soil to participate in generating resistance.
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Figure 13. Comparison of pile shear forces of rectangular piles at a slope angle of 30°.
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3.4. Axial Force Analysis Under Combined Loading

Figure 14 compares the axial forces for rectangular piles across different aspect ratios
at « = 30° and B values of 15°, 30°, 45°, 60°, and 75°.
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Figure 14. Comparison of pile axial forces of rectangular piles at a slope angle of 30°.

According to Figure 14, an increase in § yields an overall increase in the pile’s axial
force. As the load direction aligns closer to the vertical axis, the vertical displacement
component grows, compelling the pile to transmit heavier loads to deeper strata. The axial
force degrades non-linearly from the pile head downward. The relatively steep decline in
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the upper-middle curve sections signifies that this region unloads forces predominantly via
skin friction, leaving the residual axial force at the pile tip to be countered by the local tip
resistance. Thus, the prevailing bearing mechanism for rectangular piles under combined
loading remains skin-friction-dominant, augmented by tip resistance, and is modulated
by the load component ratios. Notably, at a constant cross-sectional area, the # = 4 pile
possesses an enlarged perimeter, yielding a superior pile-soil contact area. Consequently,
its axial force consistently tracks higher than configurations with lower aspect ratios.

4. Conclusions

This paper utilized ABAQUS finite element simulations to analyze rectangular cross-
section piles, investigating their internal stress behaviors under combined pile-head loading
across diverse slope terrains and aspect ratios. By synthesizing the simulation outcomes,
the following core conclusions are drawn:

(1) Under combined loading, the lateral and vertical bearing capacities of rectangular
piles display high interactivity. As f increases, lateral bearing capacity experiences a
gradual decline, while the vertical component sees an increase.

(2) Amplifying the aspect ratio significantly extends the safe operational envelope of the
pile foundation, with the # = 4 pile achieving optimal performance. On flat ground,
using the # = 1 pile as a baseline, escalating 7 from 2 to 4 elevates the maximum
lateral bearing capacity by roughly 30%, 60%, and 75%, while improving vertical
bearing capacity by 2.2%, 10.8%, and 15.8%. These capability increments substantially
mitigate the capacity degradation incurred by slope topography.

(3) Internal forces—bending moment, shear, and axial force—accurately blueprint the
pile’s genuine stress state. In the ultimate state, the zero-shear point and the maximum
bending moment point are anchored stably between depths of 0.28 L to 0.43 L below
the pile head. This structural geometry is largely insulated from B fluctuations,
demonstrating that the foundation’s most vulnerable stress zones are highly localized.
As B surges, the pile transitions from a lateral bending/shearing paradigm to an axial
compression regime.

(4) Slope topography compromises the soil’s confining matrix. As a climbs, surround-
ing soil pressure plunges, skin friction deteriorates, and the V-H envelope strictly
contracts. Compared to level terrain, 15°, 20°, and 30° slopes inflict maximum ca-
pacity penalties of 10.5%, 14.5%, and 25%, respectively. However, fortified by an
expansive lateral surface area and superior stiffness, the 77 = 4 pile suppresses this de-
cline, securing enhanced stability in slope environments and demonstrating favorable
engineering applicability.

However, as a generalized parametric investigation, the evaluation envelopes and
design recommendations derived herein are subject to certain idealized numerical bound-
aries, such as a simplified isotropic Mohr-Coulomb domain under monotonic loading
paths. In real-world geotechnical engineering, the long-term response of high-aspect-
ratio rectangular piles in slope topographies will inevitably be governed by site-specific
granular complexities, including multi-layered soil profiles, inherent anisotropy, and hydro-
geological variations. Future research incorporating targeted physical modeling and field
instrumentation is highly recommended to further extend and calibrate these baseline
structural parameters.
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