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Abstract: This study investigates the performance of granular anchor piles and helical piles in
expansive soils. Expansive soils pose challenges for engineering due to their significant swelling
and shrinkage characteristics. Special considerations are required for constructing foundations on
expansive soil to mitigate volumetric changes. While helical piles provide uplift resistance in light
structures, they may not fully stabilize foundations in expansive soils. In contrast, granular anchor
piles offer a simpler alternative for resisting uplift forces. A numerical study was conducted to
analyze the pullout loads, compressive loads, and heave behavior of these anchor techniques. The
results demonstrate that granular anchor piles outperform helical piles in terms of pullout and
compressive performance, with improvements ranging from 17% to 22.5% in pullout capacity and
0.5% to 19% in compressive capacity, depending on specific pile lengths and diameters examined.
However, both techniques show similar effectiveness in reducing heave, achieving reductions of
over 90% when specific conditions are met. Additionally, the use of high-rise cap piles contributes
to significant heave reduction, effectively minimizing heave to nearly negligible levels compared to
low-rise cap piles. It is found that the relative density of the granular material has a more pronounced
effect on the pullout load compared to the compressive load, and its impact varies depending on
the length of the pile. Therefore, it is recommended to avoid high relative density when the pile is
entirely within the expansive soil while utilizing higher relative density is beneficial when the pile
penetrates and settles in the stable zone.

Keywords: expansive soils; granular anchor piles; helical piles; pullout load; compressive load; heave
behavior; foundation stabilization; numerical simulation

1. Introduction

Expansive soils pose significant challenges to civil engineering structures globally
due to their damaging effects [1]. They rank among the six most dangerous natural
hazards, including earthquakes, landslides, hurricanes, tornadoes, and floods, according to
Baer [2]. Expansive soils and hurricane wind /storm surges are equally ranked in terms of
economic losses to buildings. The soil expands and shrinks when moisture content varies,
causing significant structural problems in civil engineering structures. During excessive
moisture periods, the soil swells, resulting in structure heave, while shrinking occurs during
low moisture levels, leading to construction settlement [3]. Additionally, expansive soil
applies pressure on vertical foundations, basements, or retaining walls, leading to lateral
displacement. Researchers identified that expansive soils undergo volumetric changes in a
depth zone ranging from one meter to over 20 m below the ground surface due to seasonal
moisture variation [4-7]. This zone is commonly known as the “active” or “unstable”
zone [8,9]. Structural damage occurs when volume changes in the active zone of expansive
soils occur near foundations. The soil swells excessively when wet and shrinks excessively
when dry, creating large surface fissures that may be 20 cm wide and 4 m deep without
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warning [10]. Expansive soils present significant challenges to geotechnical engineers
worldwide and are found in almost every country [11].

Several researchers explored the possibility of enhancing soil behavior by using special
additives [12-17]. Additionally, some investigated the potential of alternative foundation
designs, particularly deep foundations, to mitigate the negative effects of the expansive
soil [18-23]. The Department of the Army emphasized the significance of foundations
in expansive soils and advised opting for cost-effective foundations to reduce structural
damage and differential movement between structural elements [24].

Among the various types of deep foundations used in construction sites to support
and stabilize structures, helical and granular anchor piles are two notable options. These
alternatives are often utilized when conventional foundation techniques, such as deep con-
crete foundations, are impractical or infeasible [25]. Helical and granular anchor piles were
proven effective in both cohesive [26-50] and cohesionless soils [51-56]. These foundations
offer economical and environmentally friendly alternatives to conventional methods, and
their installation is characterized by speed and efficiency [25].

Moreover, these piles have the potential to facilitate the development of sustainable,
cost-effective, and efficient infrastructure, with potential benefits for society. Furthermore,
helical and granular anchor piles are capable of providing pullout resistance in various
practical applications, including retaining walls, slope and landslide stabilization, and
tie-down structures, which are primarily subjected to tensile loads [53,57-59].

Furthermore, helical and granular anchor piles represent feasible alternatives to con-
ventional anchoring techniques. The installation of granular anchor piles is economical
and does not require specialized equipment [25,56]. Conducting a comparison between
granular anchor piles and established practices, such as helical piles, can provide valuable
insights into the positioning of granular anchor piles in the wider spectrum of anchoring
methods [56].

Although there are limited studies comparing the performance of granular anchor
piles with that of helical piles, Muthukumar and Shukla’s research [40] suggests that
granular anchor piles are more effective in providing resistance against uplift forces due
to their replacement of expansive soil with granular soil, which increases friction at the
pile—soil interface. Also, lateral confinement due to swelling enhances the strength of the
system. However, this study did not consider the effects of soil disturbance resulting from
the installation of helical piles, which would reduce the swelling pressures in the active soil
zone and anchor resistance at depth.

Joseph et al. [56] conducted laboratory tests to compare the uplift capacity of granular
anchor piles and helical piles. Their results suggest that the former outperformed the latter,
but the study was conducted on medium-density sand rather than expansive soil.

Therefore, the objective of this study is to assess and compare the performance of
helical and granular anchor piles in expansive soil through numerical simulation using
PLAXIS 3D software.

2. Numerical Analysis

In this study, the PLAXIS 3D program was employed to assess the efficacy of helical,
and granular anchor piles in mitigating heave induced by expansive soil. The analyses were
conducted to determine the pullout and compressive loads of these types of foundations.
Given the complexity of the problem and the difficulties associated with laboratory and field
tests, numerical analysis emerged as an attractive method for conducting a comparative
parametric investigation of the targeted piles in this study [60].

2.1. Plaxis Validation

The primary aim of this section is to verify the precise simulation capabilities of the
Plaxis 3D program regarding the behavioral characteristics associated with a heave, the
correlation between pullout load and upward movement, and the relationship between
compressive load and downward movement for piles in expansive soil. This verification
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process serves the overarching objective of obtaining results within a parametric study,
facilitating the comparison of reliability and high accuracy among the various parameters
under investigation.

Plaxis 3D, a specialized finite element analysis software tailored for geotechnical
engineering applications, encompasses a versatile array of elements, degrees of freedom,
and critical features crucial to the success of numerical simulations.

The software employs various element types to accurately represent different geotech-
nical model components. Moreover, 10-node tetrahedral elements are utilized for three-
dimensional soil representations, while 3-node line beam elements capture shaft modeling
for helical and granular anchor piles. Additionally, 6-node plate elements effectively simu-
late helices and laboratory model walls, and 12-node interface elements enable a realistic
depiction of soil-structure interaction at model boundaries. Interfaces play a crucial role in
Plaxis 3D, capturing the interaction between helical or granular anchor piles and surround-
ing soils. These interfaces facilitate load and deformation transfers, enabling a detailed
investigation of pile-soil interface behavior. In the present study, the material model em-
ployed for the interfaces aligns with that used for the adjacent soil model. Specifically,
Rinter (Interface reduction factor) = 0.5 is implemented for the interfaces between the shaft
and pile soil, while Rijnter = 1 is applied for the interfaces between the pile—soil and the
surrounding site soil around the pile. Furthermore, gap closure is activated to ensure a
more accurate representation of the interface behavior during the numerical simulation.

Plaxis 3D incorporates a comprehensive suite of material models to represent soil
and rock behavior. Common models, such as Mohr-Coulomb, Hardening-Soil, Soft-Soil,
and Hardening-Soil Small, consider elasticity, plasticity, and hardening aspects, ensuring
realistic material responses to applied loads. The hardening soil model chosen for this
study is known for its advanced features and reliable results. The Hardening Soil model
simulates both soft and stiff soils. In contrast to the Mohr-Coulomb (MC) model, the
Hardening Soil (HS) model offers the advantage of considering stress dependency of
stiffness, as well as the ability to account for stiffness reduction due to shear strain and a
more sophisticated treatment of dilatancy and yield. The HS model provides a wide range
of defining parameters, which can be based on laboratory testing or back-calculated from
field experience. It demonstrated efficiency in simulating soil behavior, encompassing both
soft and stiff soils, and was extensively utilized in various research studies [61-64].

To model soil deformations more accurately in the HS model, a combination of three
different stiffness parameters is used at a specific reference stress. These parameters include:

1.  Triaxial Loading Stiffness (E50) represents the stiffness of the soil during triaxial
loading conditions.

2. Triaxial Unloading-Reloading Stiffness (Eur) represents the stiffness of the soil during
the unloading and reloading phases in triaxial tests.

3. Oedometer Loading Modulus (Eoed) represents the stiffness of the soil during oe-
dometer loading tests.

The set of parameters entered in the HS model allows the user to distinguish between
loading and unloading-reloading stiffnesses. This capability enhances the model’s ability
to capture the soil’s response more accurately to various loading conditions and its complex
behavior under different stress states [64].

2.1.1. Heave

The verification of Plaxis 3D capability to accurately simulate heave behavior was
conducted by calibrating a laboratory experiment detailed in [44], which specifically in-
vestigated granular piles in expansive soil, known as black cotton soil. The effectiveness
of the granular anchor piles (GAP) system was evaluated through the performance of
swell tests on the GAP system. To carry out these tests, a metallic tank with dimensions
of 300 mm x 300 mm x 600 mm was employed to establish the soil bed and execute the
experimental procedures.
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Granular piles with diameters (D) of 30 mm, 40 mm, and 50 mm were installed at a
depth (L) of 300 mm. Anchor plates were welded to anchor rods of 8 mm in diameter, with
the opposing ends of these rods fastened to a mild steel plate measuring 100 mm x 100 mm,
which served as the surface footing. A layer of sand, 250 mm in thickness (H;), was
uniformly distributed at the bottom of the tank.

A casing pipe with a diameter equal to that of the piles was inserted into the sand bed
at the central location within the tank. The anchor plate, attached to the anchor rods, was
introduced into the casing pipe, resting on the sand bed. A compacted layer of expansive
soil, measuring 300 mm in thickness (Hy), was meticulously placed atop the sand bed,
ensuring it corresponded to the maximum dry density and optimum moisture content.

After compacting each layer of expansive soil, the casing pipe was gradually raised
to a height below the compacted layer. Then, the pile material was poured into the casing
pipe and compacted using a tamping rod, ensuring proper contact between the expansive
soil and the pile material. This procedure was repeated until a total height of 300 mm
was achieved.

The HS model was employed to simulate the behavior of the soil, with its correspond-
ing parameters outlined in Table 1. Regarding the piles, a linear elastic model was utilized,
incorporating Young’s modulus of 200 GPa and Poisson’s ratio of 0.3.

Table 1. Calibrated soil properties of black cotton soil and sand.

Model Parameter Black Cotton Soil Sand
Symbol Soil Parameters (Undrained Behavior) (Undrained Behavior)
Yunsat (KN/ m?) Unsaturated unit weight 18 16
Yeat (KN/m3) Saturated unit weight 21 19
ng)f (kN /m?) Reference secant stiffness 3200 40,000
ES?{; (kN/m?) Reference tangent stiffness 3200 40,000
E (kN/m?) Reference unloading-reloading stiffness 9600 120,000
C’ (kN/m?) Cohesion 16 0.01
o’ (°) Internal friction angle 20 37
Y (°) Dilatancy angle 0 0
Vour (&) Unloading/reloading Poisson’s ratio 0.2 0.3
m (—) Exponential power 1 0.5

Figure 1 presents the numerical model and mesh configuration employed for simulat-
ing the laboratory models detailed in [44]. To accurately represent the system’s geometry
and behavior, a coarse mesh was adopted, complemented by local refinement in the vicinity
of the pile region. The numerical analysis using PLAXIS 3D closely emulates the laboratory
models in terms of dimensions and incorporates three phases to simulate the laboratory
installation process:

e In the first phase, a borehole was created to facilitate the installation of the granular an-
chor pile. This entailed deactivating the corresponding soil volume and subsequently
activating the anchor plate, anchor rod, and granular anchor material.

e  The second phase involved the activation of the footing plate on the expansive soil
within the model.

e  Finally, in the third phase, a suitable volumetric strain was applied to the expansive
soil volume to accurately simulate heave behavior.
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Figure 1. Numerical model and mesh configuration employed for simulating the laboratory models
detailed in [44].

Figure 2 showcases a comparative analysis between the heave results obtained from
Plaxis 3D program and the experimental findings for the three different pile diameters. A
volumetric strain of 2% was applied during the simulations. It is worth noting that certain
disparities were observed between the simulation results and the experimental data. These
disparities can be attributed to the uniform saturation conditions applied in the laboratory
experiments, which cannot be precisely replicated through the volumetric strain approach
in numerical simulations.
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Figure 2. Comparison of heave results between plaxis program and experimental results for the three
different diameters.

Nevertheless, the overall performance of the simulations yielded acceptable results.
The volumetric strain method proves to be an effective approach for simulating heave
behavior, particularly when the direction of saturation is explicitly defined, either from
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the top or bottom. Consequently, this methodology will be adopted in the forthcoming
parametric study to investigate and analyze various studied parameters.

The behavior of heave was also simulated for the experimental test conducted in
accordance with [65]. The experimental setup involved a cylindrical aluminum tank with
an internal diameter of 300 mm and a height of 700 mm. The model pile, made of aluminum,
had an outer diameter (D,) of 25.4 mm, a wall thickness (t) of 3 mm, and a height (L) of
600 mm.

In the initial step, the prefabricated model pile was securely fixed to the loading
machine, using a bolt to maintain its fixed position during the compaction process. A
waterproof ruler was affixed to the inner wall of the aluminum tank. Next, fine sand was
poured into the tank to a height (H;) of 150 mm, and a floating model pile was placed on
the sand layer. Following these preparations, the expansive soil, pre-mixed with a water
content of 27%, was compacted to achieve a wet density of 17.36 kN/m3. The buried length
of the model pile within the expansive soil was 400 mm.

In the subsequent step, a service load of 500 N was applied to the pile head prior to
water infiltration. After attaining a stable pile displacement, water was added to the top
surface. These steps were replicated using the Plaxis 3D program. The HS model was
employed to simulate the behavior of the soil, with its parameters specified in Table 2. A
volumetric strain of 7.6% was applied. For the piles, a linear elastic model was used, with
Young’s modulus of 69 GPa and Poisson’s ratio of 0.3.

Table 2. Calibrated soil properties of Regina clay and sand.

Regina Clay Sand
Model Parameter (Undrained Behavior) (Drained Behavior)
Symbol Soil Parameters
Yunsat (KN/m?) Unsaturated unit weight 17.36 17
Ysat KN/ m3) Saturated unit weight 18.4 19
E;gf (kN/m?) Reference secant stiffness 12,500 1300
E;‘Z; (kN/m?) Reference tangent stiffness 14,000 1300
Efﬁf (kN/m?2) Reference unloading-reloading stiffness 37,500 3900
C’ (kN/m?) Cohesion 17 10
o' () Internal friction angle 15.6 38
Y (°) Dilatancy angle 4 8
Vour (&) Unloading/reloading Poisson’s ratio 0.25 0.2
m (—) Exponential power 0.95 0.5

Figure 3 illustrates the numerical model and mesh configuration, employing a coarse
mesh with localized refinement around the pile region. The numerical analysis, conducted
using PLAXIS 3D, effectively replicates the laboratory models in terms of dimensions and
incorporates three phases to simulate the laboratory installation process:

e In the first phase, a borehole was created to facilitate the installation of the prefab-
ricated model pile. This entailed deactivating the corresponding soil volume and
subsequently activating the prefabricated model pile.

In the second phase, the load of 500 N applied to the pile head was activated.
Finally, in the third phase, a suitable volumetric strain (7.6%) was applied to the
expansive soil volume from top to bottom to accurately simulate heave phenomena as
it was in the laboratory.

Figure 4 illustrates the comparison of final heave results obtained for both the pile
and the surrounding soil, indicating good agreement. This confirms the capability of
Plaxis 3D, using the volumetric strain approach, to accurately simulate uplift behavior in
expansive soil.
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Figure 3. Numerical Model and Mesh Used for Simulating the Laboratory Model Detailed in [65].
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Figure 4. Comparison of final displacements in both pile and surrounding soil.

2.1.2. Pullout

The capability of Plaxis 3D to simulate pullout behavior was verified by calibrating
the same laboratory experiment described in [44], which focused on granular anchor piles
(GAPs) in expansive soil. Modifications were made to the previous setup to determine the
pullout capacity of the granular anchor pile foundation (GAPF) system. A pulley was fixed
to the horizontal bar at the top of the tank, and the surface footing was not provided. The
top end of the anchor rod was attached to a hook connected to a string passing over the
pulley. The opposite end of the string was fixed to a loading hanger. A dial gauge was
installed to measure the vertical displacement of the GAP.

The load, applied in 10% increments of the expected value, was gradually increased
on the hanger, and the corresponding readings from the dial gauge were recorded. The
loading process continued until failure occurred.

Figure 5 illustrates the comparison between the load—-displacement curves obtained
using the Plaxis 3D program and the experimental results. The results show good agree-
ment, confirming the capability of the Plaxis 3D program to simulate the pullout behavior
of piles in expansive soil.
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Figure 5. Comparison of pullout load-upward movement curves obtained using the Plaxis Program

and experimental results for the three different diameters.

2.1.3. Compressive Behavior

The capacity of the Plaxis 3D software to accurately simulate the compressive behavior
of helical piles in clayey soil (Site B) was assessed in this study. The verification process
involved referencing the experiments conducted in previous studies [66,67].

To replicate the soil behavior, the HS model was employed, utilizing the parameters
specified in Table 3. The helical piles were modeled using a linear elastic approach, with
Young’s modulus of 200 GPa and Poisson’s ratio of 0.3.

Table 3. Calibrated soil properties at site B.

Layer 1 Layer 2 Layer2
Model Parameter Depth 0-3.5m Depth 3.5-9 m Depth ni”.5—6.8
Undisturbed Disturbed Undisturbed Disturbed
Symbol Soil Parameters (Undrained (Undrained (Undrained (Undrained
Behavior) Behavior) Behavior) Behavior)
Ysat KN/ md) Saturated unit weight 17.5 17.5 15.5 15.5
ng)f (kN/m?) Reference secant stiffness 21,000 15,000 10,000 8000
Egil/; (kN/m2) Reference tangent stiffness 24,650 18,500 16,350 15,100
EZ‘;f (kN/m?2)  Reference unloading-reloading stiffness 63,000 45,000 30,000 24,000
C’ (kN/m?) Cohesion 8 6 1.8 1.4
o' (°) Internal friction angle 20 15 10.5 8.2
Y (°) Dilatancy angle 0 0 0 0
Vour (&) Unloading/reloading Poisson’s ratio 0.2 0.2 0.2 0.2
m(—) Exponential power 1 1 1 1

The helical pile used in the investigation had a length (L) of 7.2 m and consisted
of three helices with a diameter (Dp) of 0.61 m and a thickness of 20 mm. The spacing
between the helices (S/Dyp) was set at 3. The shaft diameter (Ds) was 0.178 m, with a wall

thickness (t) of 8.1 mm.
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Figure 6 illustrates the numerical model and mesh configuration, which utilized a
coarse mesh with localized refinement around the pile region. The numerical analysis,
conducted using PLAXIS 3D, effectively replicated the field test, considering the dimensions
of the pile and an adequate model size to mitigate boundary effects on the results. The
model width to the pile diameter ratio was designed to be greater than 12 [68]. The
simulation followed a two-phase approach to simulate the field installation process:

e In the first phase, the helical pile was activated, involving deactivating the correspond-
ing soil, followed by activating anchor plates, anchor rods, and disturbed soils of
layer 1 and layer 2.

e Inthe second phase, a downward prescribed displacement of 40 mm on the pile head
was activated.

{

P A T
il (Ds=0.178 m, t= 8.
| / \ .

=

| \ i x— <
\ Layer 2 (Disturbed soil) =

P

LN / I\ \/ =
ik Layer 2 (Undisturbed soil)

-

Figure 6. Numerical model and mesh configuration.

Figure 7 presents a comparative evaluation of the results obtained from the Plaxis
program and the field test data. The comparison demonstrates the commendable ability of
the Plaxis software to effectively simulate the compressive behavior of helical piles in clayey
soil, as validated by the agreement between the numerical and experimental outcomes.

2.2. Problem Description

The present study aims to investigate the performance of a shallow square footing
resting on an expansive soil layer and reinforced with either a single granular anchor pile
or a helical pile. To accomplish this objective, varying lengths and diameters of piles are
used as input parameters for analysis, as listed in Table 4. Moreover, the cap widths are
also altered, with widths of 1, 2, and 4 m being studied at fixed pile lengths and diameters
of 7 m and 0.6 m, respectively. The effect of raised caps is also examined. Additionally, the
influence of the relative density of the granular material used in the granular anchor piles is
considered. The active zone of the expansive soil layer extends from the surface to a depth
of 4 m, where stable, saturated, dense sand is present beneath with a thickness of 10 m.
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Figure 7. Load—displacement curves of calibrated numerical model using Plaxis 3D and field-tested
pile in clayey soil.

Table 4. Problem dimensions in this study.

Granular Anchor Pile Length (L) Diameter (D) Cap Width (B)
(m) (m) (m)
4 0.3,0.6,0.9 1
7 0.3,0.6,0.9 1,2,4
10 0.3,0.6,0.9 1

2.3. Methodology

The present study employs the same methodology and materials properties as
Alnmr et al. [69]. For further details, please refer to [69]. Figure 8 illustrates a cross-
sectional view of unreinforced and reinforced soil with helical and granular anchor piles.
The ratio of the model width to the pile diameter of the model pile was designed to be
around 12, which is considered satisfactory to alleviate the influence of boundary effects
on the results of unsaturated soils [68]. The 3D model is employed to calculate heave for
various parameters of granular anchor piles and helical piles mentioned in Section 2.2.
Saturation conditions are modeled by considering water infiltration from the top and
rising groundwater from the bottom. Numerical analysis comparisons are facilitated by
evaluating the pullout load and the compressive load.

Pile cap (B) Pile cap (B) Pile cap (B)
GL GL
ranular isturbed
S  Granula 4
< Expansive soil materia clay
(sand)
el -
|_disturbed
sand
g Sand L I J
10m 10 m 10m
(@) (b) (0
Figure 8. Cross-sectional view of (a) unreinforced soil, (b) granular anchor pile, and (c) helical

pile [69].
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Boundary and Initial Conditions

The lateral boundaries of the model are assumed to have zero horizontal displacements,
and the bottom has zero horizontal and vertical displacements. This assumption reflects the
natural behavior of the soil, where the surrounding soil at a large horizontal distance acts
as horizontal fixities [70]. Once all inputs were assigned, the program Plaxis 3D generated
a mesh, as illustrated in Figure 9. A coarse mesh was utilized for both types of piles, but
some refinement was implemented around the piles. The total number of soil elements
used in the analysis was 14,526, and the number of nodes was 22,207. Figure 9 presents a
detailed illustration of the expansive soil layer, sand layer, pile, footing, and the employed
mesh. The numerical simulation incorporates seven distinct phases, each playing a crucial
role in comprehensively analyzing the behavior of the system:

e  Phase 1: In this phase, a borehole is created to facilitate the installation of either the
helical or granular anchor pile. The process involves deactivating the respective soil
volume, followed by the activation of the anchor plate, anchor rod, and granular
anchor material or disturbed sand and clay, as required.

Phase 2: The footing plate is activated.

Phase 3: The third phase entails applying a load of 40 kN to the footing.

Phase 4: In the fourth phase, a suitable volumetric strain is applied to the expansive soil
volume in the model input window, specifically from top to bottom, as demonstrated
in Figure 15.

e  Phase 5: The fifth phase commences after the third phase, where the same volumetric
strain of 8% is applied in the reverse direction, i.e., from bottom to top, as depicted in
Figure 15.

e  Phase 6: Following the second phase, the sixth phase involves activating an upward
prescribed displacement of 25 mm on the surface footing is activated to calculate the
upward load.

e  Phase 7: Lastly, in the seventh phase, which also commences after the second phase, a
downward prescribed displacement of 25 mm on the surface footing is activated to
calculate the downward load.

Figure 9. Mesh configuration of the analyzed model [69].

In this study, the water table was assumed to be at the base of the expansive soil
during the initial condition assignment. Then, the initial stresses were calculated using
Jacky’s formula with coefficients of earth pressure at rest, KO = 0.536 and KO = 0.4 for
expansive soil and sand, respectively, where KO = 1 — sin ¢. The change in volumetric
strain was utilized to simulate the heave of the clay in the analysis, which exhibited a
positive volumetric strain and was related to the degree of saturation in the expansive soil.
Tripathy et al. [71] determined that complete swelling occurs at a water content of 30%,
following an S-shaped curve. For highly plastic clays with porosities ranging from 0.4 to
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0.6, the degree of saturation equivalent to 30% moisture content would be approximately
90% [72]. Therefore, the moisture-swell function was used to provide 100% swelling at a
saturation level of around 90% (Figure 10). Al-Shamrani and Dhowian [73] demonstrated
that data from the triaxial compression test predicted field measurements of surface heave,
and they found that the results of the traditional oedometer test were about 1/3 as accurate
as the actual surface heave. Accordingly, this study utilized an 8% positive volumetric
strain for comparison, which is equivalent to 1/3 of the maximum free swell value obtained
by Thakur and Singh [74].

1.5 .
/
1.4 )
1.3
1.2
A B
S
s 10
= 0.9 1 kpa
g . 6.25 kpa
- A 10kpa
0.7 G~ 0w
/' oo .
0.6 Y 90% sat

........... 5()(/( sat
0.5
0 10 20 30 40 50 60

water content , w %

Figure 10. S-shaped curves illustrating the effect of various surcharges on expansive soil [72].

3. Results and Discussion
3.1. Effect of Pile Length (L) and Diameter (D)

The influence of variations in length and diameter of helical and granular anchor piles
on their pullout load behavior and compressive load behavior was investigated to enable
an effective comparison between them. Three different lengths were considered, and for
each length, three different diameters were taken into account, as outlined in Table 4.

For a length of 4 m, it corresponds to the occurrence of the pile within the expansive
soil layer exclusively. In the case of the remaining two lengths, 7 and 10 m, it was assumed
that the piles were embedded in a strong soil layer (sandy soil) at depths of 3 and 6
m, respectively.

3.1.1. Impact of Pile Length (L) and Diameter (D) on Pullout Behavior

Figure 11 illustrates the load—displacement curves representing the pullout behav-
ior of different lengths and diameters of granular anchor piles and helical piles. These
curves provide a visual understanding of how the piles respond to upward movement,
and they highlight the variations in pullout loads associated with different pile lengths
and diameters.

The investigation aimed to examine the effect of varying the length and the diameter
of granular anchor piles and helical piles on the pullout load required to resist an upward
movement of 25 mm. The results, presented in Table 5, reveal that increasing the length of
both the granular anchor pile and the helical pile results in an increase in the pullout load.
This suggests that longer piles are more effective in resisting upward movement.
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Figure 11. Pullout behavior of granular anchor piles and helical piles at different diameters:

(@L=4m,(b)L=7m, (c)L=10m.
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Table 5. Comparison of pullout loads between helical piles (HP) and granular anchor piles (GAP).

GAP Pullout Load (kN) HP Pullout Load (kN) (GAP — HP)/HP (%)
L (m)
D (m) 4 7 10 4 7 10 4 7 10
0.30 105 194 232 90 163 193 16.7 19.0 20.2
0.60 159 262 301 135 220 250 17.8 19.1 20.4
0.90 176 257 299 146 212 244 20.5 21.2 225

Significantly, the performance of the granular anchor pile surpasses that of the helical
pile, as evidenced by the data in Table 5. The granular anchor pile demonstrates an
improvement in pullout load ranging from 17% to 22.5% compared to the helical pile. This
difference can be attributed to the larger contact area between the granular anchor pile and
the surrounding soil. The increased contact area enhances the friction resistance, enabling
the granular anchor pile to withstand higher loads.

In contrast, the installation of the helical pile introduces disturbances to the soil and
weakens its overall strength. Consequently, the helical pile experiences reduced resistance,
leading to lower pullout loads compared to the granular anchor pile.

Moreover, the impact of pile diameters on the pullout load, specifically in relation to
a 25 mm upward movement, is depicted in Figure 12 for various lengths of helical and
granular anchor piles. Notably, a trend is observed where the pullout load experiences a
slight increase, stabilizes, or slightly decreases after a diameter of 0.6 m. This behavior can
be elucidated by considering multiple contributing factors.
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Figure 12. Relationship between pullout load and diameter.

The interaction between the pile and the surrounding soil is an intricate phenomenon
that is influenced by diverse factors, encompassing soil type, soil properties, and installation
methods. This interaction signifies the interdependence of the pile and soil behavior,
implying that alterations in one element can impact the other. Upon surpassing a specific
diameter, the interaction between the pile and the soil may reach a state of equilibrium,
resulting in a stabilized or slightly diminished pullout load.

In addition, enlarging the pile diameter engenders a greater contact area between
the pile and the surrounding soil. This augmented contact area significantly enhances the
frictional resistance, which plays a pivotal role in counteracting the upward forces exerted
during pullout. However, there exists a threshold beyond which further increases in the
pile diameter yield diminishing returns in terms of contact area expansion. In the context of
this study, this threshold is identified as 0.6 m. Beyond this diameter, the additional gains
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in contact area become relatively less substantial, consequently leading to a stabilization or
slight reduction in the pullout load.

Based on these findings, it is recommended that a minimum pile diameter of 0.6 m
be employed to ensure an adequate load-bearing capacity and stability of the piles. This
diameter threshold ensures an optimized balance between contact area expansion, frictional
resistance, and pullout load, thereby enhancing the overall performance and reliability of
the pile foundation system.

3.1.2. Impact of Pile Length (L) and Diameter (D) on Compressive Load

This investigation aimed to assess the influence of varying the lengths and diameters of
granular anchor piles (GAP) and helical piles (HP) on their ability to withstand compressive
loads and resist downward movement. A comprehensive overview of the recorded loads
for both pile types is presented in Table 6, while Figure 13 provides a visual representation
of the compressive load behavior for different pile lengths, offering valuable insights into
their response under compressive loading conditions and highlighting the variations in
load resistance associated with varying pile lengths.

Table 6. Comparison of compressive load resistance between granular anchor piles (GAP) and helical
piles (HP).

GAP Pullout Load (kN)

HP Pullout Load (kN) (GAP — HP)/HP (%)

L (m) 4 7 10 4 7 10 4 7 10
D (m)
0.30 186 226 263 185 216 249 0.5 46 5.6
0.60 241 280 319 230 255 286 48 9.8 115
0.90 275 301 342 242 253 287 13.6 19.0 19.2

The findings from Table 6 reveal that increasing the length of both GAP and HP
enhances their load resistance capabilities, indicating that longer piles are more effective
in withstanding compressive loads and resisting downward movement. This observation
suggests that the additional length provides increased bearing capacity and improves the
overall stability of the piles.

Furthermore, the impact of pile diameters on the compressive load, specifically in
relation to a 25 mm downward movement, is depicted in Figure 14 for various lengths
of helical and granular anchor piles. Notably, a significant trend is observed where the
compressive load continues to increase for the GAP piles. However, for the HP piles, a
stabilization or a slight increase is observed after a diameter of 0.6 m. This behavior can be
attributed to the interaction between the piles and the surrounding soil.

The superior load resistance exhibited by the granular anchor pile, as indicated by
the data in Table 6, highlights its advantage over the helical pile. The granular anchor
pile demonstrates a 0.5% to 19% improvement in performance compared to the helical
pile. This performance discrepancy can be attributed to the inherent characteristics of the
granular anchor piles, which provide a larger contact area with the surrounding soil. The
presence of granular materials allows for enhanced frictional resistance, resulting in an
increased load-bearing capacity. The larger contact area facilitates a more efficient transfer
of loads from the piles to the soil, enabling the granular anchor piles to withstand higher
compressive loads and provide improved stability.



Sustainability 2023, 15, 11975

16 of 36

(300 A
_ GAP (D=0.9 m , L=4 m)
Z 250
= - ---HP([D=09m,L=4m)

E 200 GAP (D=0.6 m , L=4 m)
¢ 150 HP (D=0.6 m , L=4 m)
B
5] G =0. , L=
&;100 AP (D=0.3m , L=4 m)
£ - - --HP([D=03m,L=4m)
o
g 50
0 i [ T | I I N N | I I N | I I N N | I I N | I
0.00 0.01 0.01 0.02 0.02 0.03
S Downward movement (m) )
(a)
4 N\
350
5 300 GAP (D=0.9 m, L=7m)
= -==-HP[D=09m,L=7m)
= 250
8 GAP (D=0.6 m , L=7 m)
— 200
g HP (D=0.6 m , L7 m)
§ 150 GAP (D=0.3m, L=7 m)
é.' 100 - -=-HP[D=03m,L=7m)
S 50
0
0.00 0.01 0.02
\_ Downward movement (m) )
(b)
4 N\
400
2 350 GAP (D=0.9 m, L=10 m)
- 300 - - == HP (D=09m, L=10 m)
e’
g 550 GAP (D=0.6 m , L=10 m)
® 500 HP (D=0.6 m , L=10 m)
B
§ 150 GAP (D=0.3 m, L=10 m)
§~ 100 ----HP(D=03m,L=10m)
=)
O 50
0
0.00 0.01 0.02
\_ Downward movement (m) )
(o)

Figure 13. Compressive load response of granular anchor piles and helical piles at various diameters;
(a) Pile Length (L) = 4 m, (b) Pile Length (L) = 7 m, (c) Pile Length (L) = 10 m.
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Figure 14. Influence of pile diameter on compressive load.

3.1.3. Impact of Pile Length (L) and Diameter (D) on Heave

In this section, the influence of pile length and diameter on heave reduction is investi-
gated for three different lengths and diameters of granular anchor piles and helical piles.
The analysis focuses on understanding the effects of moisture saturation, considering two
scenarios: (1) downward saturation from the top (rainfall infiltration) and (2) upward satu-
ration from the bottom (groundwater rise). The heave comparison involves examining the
movement as each successive meter of the active zone undergoes saturation until reaching
complete saturation. To provide visual clarity, Figure 15 depicts the potential directions of
moisture migration during the heaving process.

Pile cap

GL D
1) 4)

2) G)
) (2)
4) (1)

Saturation Saturation
from top to|  from bottom

bottom of to top of
active zone active zone

Case 1 Case 2

Figure 15. Numbering of active zone parts for two cases of saturation: sequential saturation of partial
layers in expansive soil (numbering: 1, 2, 3, and 4) [69].
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Starting Saturation from the Top (Case 1)

An investigation was conducted to examine the influence of the pile diameter and the
length on the performance of helical and granular piles regarding their heave behavior
under the condition of top-down saturation. The obtained results provide valuable insights
into the unique heave behavior demonstrated by these piles.

The numerical findings, as illustrated in Figure 16, reveal that an increase in pile
diameter enhances the performance of helical piles compared to granular piles. This can be
attributed to the installation process of helical piles, which leads to the disturbance and
degradation of the expansive soil. Consequently, the swelling capacity of the soil is reduced.
In contrast, granular piles experience an increase in lateral surface area as the diameter
increases, resulting in improved interaction with the expansive soil and, consequently,
higher forces acting on the piles when they become saturated.

Another significant observation is that the penetration of both types of piles into the
stable zone causes a substantial reduction in pile heave. The confinement stress exerted
by the surrounding soil increases, reinforcing the resistance to soil expansion. Moreover,
as the confinement stress increases with the depth, the helical piles exhibit a more secure
anchorage compared to granular piles. It should be noted that these findings align with
a previous study conducted by Muthukumar and Shukla [40], with slight discrepancies
attributed to the smaller scale of their experiments.

Table 7 presents the reduction in heave achieved by both helical and granular piles in
comparison to the case of unreinforced soil. When the pile penetrates the stable layer, the
heave reduction values are relatively close for both pile types. However, in cases where the
entire pile is located within the active zone (L = 4 m) and has a small diameter (D = 0.3 m),
the performance of granular piles surpasses that of helical piles. Nevertheless, as the
pile diameter increases, the helical piles regain their superiority over granular piles, as
explained above.
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Figure 16. Heave at different diameters of helical and granular anchor piles for Case 1. (a) L=4m,

(b)L=7m,(c) L=10m.
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Table 7. Uplift reduction of both helical piles and granular anchor piles compared to unreinforced
soil in Case 1.

Heave Reduction of Granular Anchor Pile (%) Heave Reduction of Helical Pile (%)
L 4 7 10 4 7 10
D (m)
0.3 32.20 88.55 92.82 18.25 88.57 93.21
0.6 51.79 92.21 93.04 55.00 92.65 93.99
0.9 65.04 92.65 94.76 78.12 96.76 98.14
The relationship between heave reduction and the ratio of pile length (L) to the
thickness of the active zone (H) is depicted in Figure 17. The results clearly demonstrate
that increasing the pile length significantly reduces heave. To achieve a substantial 90%
reduction in uplift, it is recommended to have an L/H ratio greater than 1.8.
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Figure 17. The relationship between the percentage of heave reduction and the length-to-effective
zone thickness ratio (L/H) for Case 1: (a) granular anchor piles, (b) helical piles.

Figure 18 illustrates the relationship between heave reduction and pile diameter for
various lengths. The findings indicate that increasing the pile diameter leads to a noticeable
decrease in heave when the pile is situated within the active zone. However, for longer pile
lengths and penetration into the stable zone, the diameter plays a less decisive role in heave
reduction. In such cases, the heave reduction percentage steadily increases with diameter.

In summary, the behavior of piles subjected to saturation from the top is strongly
influenced by the pile diameter. Helical piles exhibit superior performance compared to
granular piles when the diameter is increased. The findings emphasize the substantial
reduction in uplift achieved when piles penetrate the stable layer and underscore the
significance of pile length and diameter in achieving uplift reduction. These insights
contribute to a better understanding of pile behavior under saturation conditions, and they
can assist in optimizing pile design for specific soil conditions.
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Figure 18. The relationship between the percentage of heave reduction and pile diameter for different
pile lengths in Case 1: (a) granular anchor piles, (b) helical piles.

Starting Saturation from the Bottom of Active Soil (Case 2)

For this case, as shown in Figure 18 and similar to the saturation starting from the
top, both an increase in pile diameter and length contribute to heave reduction. Increasing
the diameter for the same length favors the superiority of helical piles over granular
piles. This can be attributed to the disruptive nature of helical pile installation, which
leads to the disturbance of expansive soil and subsequently reduces its swelling capacity.
In contrast, increasing the diameter of granular piles enhances the lateral area, thereby
increasing their interaction with the expansive soil and the resulting forces exerted on
the pile due to saturation. It was also observed that penetration of the piles into the
stable zone significantly reduces heave for both types of piles. The confinement stresses
increase, resulting in higher frictional resistance to swelling. Furthermore, increasing the
confinement stresses with depth provides a more secure anchorage for helical piles. The
behavior is consistent with the findings of Muthukumar and Shukla [40], albeit with some
minor differences due to the smaller scale of their tests.

It is worth mentioning that the behavior of granular anchor piles during saturation
from the bottom differs from that of helical piles. Figure 19 illustrates a fundamental
difference between the two pile types. As initial saturation occurs, the granular pile
experiences a reduction in resistance while the helical pile maintains its resistance. This can
be attributed to the presence of granular soil, which plays an active role after the saturation
of the first and second zones. It negatively affects the increase in heave resulting from the
saturation of Zones 1 and 2 due to the increased friction at these depths caused by the close
interaction between granular soil and expansive soil. Table 8 presents the heave reduction
ratios for both helical and granular anchor piles compared to the case of unreinforced soil.
The table shows that the heave reduction values are closely approximated when the pile
penetrates the stable layer. However, when the pile is fully located within the active zone
(L =4 m) and has a small diameter (D = 0.3 m), a similar pattern to the saturation from the
top is observed, where the performance of the granular pile surpasses that of helical piles.
With increasing diameter, the helical pile regains its superiority over granular piles.
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Figure 19. Heave behavior at different diameters of helical and granular anchor piles for Case 2.
(@L=4m,(b)L=7m,(c)L=10m.

Table 8. Heave reduction percentages for both helical piles and granular anchor piles compared to

the unreinforced soil case in Case 2.

Reduction Heave of Granular Anchor Pile (%)

Reduction Heave of Helical Pile (%)

D om L (m) 4 7 10 4 7 10
0.3 54.38 94.87 97.27 39.96 92.49 95.53
0.6 71.78 95.75 97.05 78.66 95.07 96.29
0.9 80.46 96.27 97.54 91.38 97.47 98.68

Figure 20 highlights the importance of penetration within the stable zone and illus-
trates the relationship between the heave reduction ratio and the ratio of pile length to
effective zone thickness in Case 2. The figure demonstrates that increasing the length
significantly reduces heave. To achieve a heave reduction ratio of 90%, having L/H not less
than 1.8 is preferable, i.e., L/H > 1.8, which aligns with the findings for saturation starting
from the top.

Furthermore, Figure 21 illustrates the relationship between the heave reduction ratio
and pile diameter for various lengths in Case 2. It shows that increasing the diameter
significantly reduces heave when the pile is located within the effective zone. However,
as the piles penetrate into the stable zone, the diameter plays a less decisive role in heave
reduction, as the heave reduction ratio only marginally increases with diameter. This
finding is also consistent with the case of saturation starting from the top.

In comparing the two cases, it is observed that the final heave for Case 2 is less than
that of Case 1 (see Figure 16 vs. Figure 19). Saturation from the bottom (Figure 19) results
in approximately 40-80% of the heave compared to seepage from the top (Figure 16),
considering different lengths and diameters.
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Figure 20. The relationship between percentage of heave reduction and pile length-to-effective zone
thickness ratio (L/H) for Case 2: (a) granular anchor piles, (b) helical piles.
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Figure 21. The relationship between heave reduction ratio and pile diameter for different pile lengths
in Case 2: (a) granular anchor piles, (b) helical piles.

Therefore, saturation from the top is considered the more critical scenario. In this
case, both types of piles are effective in reducing heave, and it is not preferable to use large
diameters exceeding 0.6 m. Increasing the diameter does not significantly contribute to
reducing heave, especially for piles that penetrate the stable layer.

These results indicate that granular piles achieve very close effectiveness in reducing
heave compared to helical piles and sometimes even outperform them, particularly in the
case of saturation from the bottom.

3.2. Effect of Cap Width (B)

The influence of cap width on both pullout and compressive bearing capacities, as
well as its impact on the corresponding heave values, was investigated. The diameters and
the lengths of both helical and granular anchor piles were consistently set at 0.6 m and 7 m,
respectively. Three different values of cap width were considered: 1, 2, and 4 m.
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It is well established that an increase in the cap width has a notable effect on enhancing
both the pullout and the compressive bearing capacities of the pile. This effect can be
attributed to the increased contact surface area and adhesion with the underlying expansive
soil. Furthermore, the added weight of the wider cap contributes to an amplified pullout
force, while the enlarged dimensions of the failure surface in the soil lead to increased
compressive force. Regarding heave, an increased cap width has a significant impact on
elevating the heave values. This can be attributed to the larger contact surface area between
the pile cap and the expansive soil, resulting in higher applied swelling pressures due to
saturation, as illustrated in Figure 22.
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Figure 22. Effect of increased cap width on the heave of helical and granular anchor piles; (a) Case 1,

(b) Case 2.

To address the challenge of significant heave associated with the use of large-sized

pile caps or mats, a potential strategy is to elevate these caps above the expansive soil
(referred to as a high-rise pile cap). This approach aims to mitigate the observed heave. The
subsequent section provides a comprehensive examination of this methodology.
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3.3. High-Rise Pile Cap

The pile cap was elevated above the expansive soil by half a meter. Three different
diameters were considered: 0.3 m, 0.6 m, and 0.9 m. It was assumed that the pile had a
length of 4 m, with its entire length embedded within the expansive soil. This selection was
made to enhance the clarity of the behavior, as the heave of the piles with elevated caps
penetrating the stable layer would be very small, making it challenging to demonstrate the
behavior clearly.

3.3.1. Influence of High-Rise Pile Cap on the Pull-Out Load

Figure 23 illustrates the relationship curves depicting the response of upward move-
ment and the pull-out load for helical and granular anchor piles under the influence of
high-rise pile caps. The numerical results reveal that an increase in the diameter of the
pile leads to a corresponding augmentation in the pull-out load. Particularly, the granular
anchor piles exhibit a notably higher pull-out capacity compared to the helical anchor piles,
displaying percentage increases of 37%, 43%, and 47% for pile diameters of 0.3 m, 0.6 m, and
0.9 m, respectively. It is important to note that low-rise pile caps, which are not elevated,
can offer even greater uplift capacities. This enhanced performance can be attributed to
the adhesive forces established between the pile cap and the underlying expansive soil.
However, if the adhesive forces are disregarded, the uplift capacity remains unchanged for
both high-rise and low-rise pile cap configurations.
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Figure 23. Relationship curves between upward movement and pull-out load for helical and granular
anchor piles in the case of high-rise pile caps: (a) granular anchor piles, (b) helical piles.

3.3.2. Effect of High-Rise Pile Cap on the Compressive Load

The compressive load behavior of helical and granular anchor piles in the presence of
high-rise pile caps and low-rise pile caps is investigated in Figure 24. The curves illustrate
the relationship between the downward movement and the compressive load for both
types of anchor piles under different pile cap configurations. As the diameter of the piles
increases, the compressive load capacity of high-rise pile caps for both helical and granular
anchor piles shows improvement, reaching its maximum at a diameter of 0.6 m. However,
beyond this diameter, the incremental enhancement becomes negligible.

An important finding is a remarkable convergence in the load-bearing capacities under
compressive load for helical and granular anchor piles with high-rise pile caps in expansive
soil conditions. This convergence can be attributed to the direct transmission of applied
loads from the pile cap to the bearing zone located at the bottom of the pile, particularly
through the plate helix. The limited contribution of the shaft section in high-rise pile caps,
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characterized by its small size and insufficient resistance to bear substantial loads through
friction with the surrounding soil, reinforces this direct load transfer mechanism.
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Figure 24. Relationship curves between downward movement and compressive load for helical and
granular anchor piles in the cases of high-rise pile caps and low-rise pile caps: (a) granular anchor
piles, (b) helical piles.

Additionally, a comparison between high-rise pile caps and low-rise pile caps reveals
that the latter exhibit higher compressive load-bearing capacities. This superiority in
performance can be attributed to the active participation of the expansive soil in directly
supporting the loads imposed by the pile cap. The interaction between the low-rise pile
cap and the expansive soil facilitates the direct transfer of loads, resulting in an enhanced
load-bearing capacity.

3.3.3. Effect of High-Rise Pile Caps on Heave

The effect of high-rise pile caps on the heave behavior is investigated in Figure 25,
comparing the performance of helical anchor piles and granular anchor piles under two
saturation conditions: saturation from the top (Case 1) and saturation from the bottom
(Case 2). In Case 1, notable differences were observed between the behavior of granular an-
chor piles and helical anchor piles. The granular piles exhibited upward movement (heave),
while the helical piles experienced downward movement (settlement), accompanied by soil
saturation. In contrast, in Case 2, both types of piles displayed similar settlement behavior
with increasing saturation. These variations can be attributed to the complex interaction
between the pile shaft and the disturbed soil (for helical piles) or the compacted soil (for
granular piles) on the one hand and the interaction between these soils and the surrounding
expansive soils on the other.

Comparing the deformations of helical and granular anchor piles, it is evident that
both types demonstrate high effectiveness in mitigating deformations resulting from volu-
metric changes in expansive soil due to saturation. In most cases, granular anchor piles
outperformed helical anchor piles in reducing deformations, except for instances involving
larger diameters, such as a diameter of 0.9 m. As previously mentioned, it is advisable to
avoid using diameters larger than 0.6 m for both helical and granular anchor piles, as larger
diameters do not significantly contribute to heave reduction. This observation holds true
when considering the influence of high-rise pile caps as well.

Comparing the high-rise pile caps, shown in Figure 25, with the low-rise pile caps
depicted in Figures 16a and 18a, it becomes apparent that high-rise pile caps have a
substantial effect on reducing heave. This can be attributed to the lifting of pile caps,
which prevents the transmission of swell pressure loads beneath the caps, consequently
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minimizing heave. High-rise cap piles primarily experience lateral pressure along the
length of the pile due to soil heave, while the relatively small diameter of the pile shaft
reduces the impact of frictional forces resulting from this lateral pressure, thereby mitigating
the effect on pile heave.
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Figure 25. Comparison between helical anchor piles and granular anchor piles with high-rise pile caps
in saturation conditions from the Top (Case 1) and from the Bottom (Case 2): (a) Case 1, (b) Case 2.

3.4. Effect of Relative Density of Granular Material on Granular Anchor Pile Behavior

The influence of relative density is a critical factor to consider during the construction
of granular anchor piles. Previous studies demonstrated that increasing the relative density
contributes to improved behavior and load-bearing capacity of these piles [39,43]. However,
most of these studies were limited to small-scale laboratory tests and did not specifically
investigate the impact on heave behavior. As a result, this study explores three different
relative densities: 35%, 65%, and 90%, representing loose, medium, and dense granular
soils, respectively. Detailed specifications for these relative densities can be found in Table 9.
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Table 9. Properties of granular soil used to study the effect of relative density.

Dr =35% Dr = 65% Dr =90%

Yunsat (KN/m®) 15 16,5 19

Yeat KN/m3) 17.5 185 21
Ef (N /m?) 20,000 35,000 50,000
Ef (N /m?) 20,000 35,000 50,000
EY (kN/m?) 60,000 105,000 150,000

C’ (kN/m?) 0.1 0.1 0.1

9’ () 30 36 38

¥ () 0 6 g

Var (<) 0.2 02 0.2

m (—) 0.5 0.5 0.5

The investigation utilized 0.6 m diameter piles, and two different lengths were exam-
ined: 4 m, representing full embedding of the pile within the expansive soil, and 7 m, with
the pile penetrating the stable layer by 3 m. The subsequent sections provide a comprehen-
sive analysis of the influence of relative density on pullout loads, compressive loads, and
the magnitude of heave.

3.4.1. Influence of Relative Density of Granular Material on the Pullout Load

Figure 26 illustrates the relationship between the pullout load and the upward move-
ment for pile lengths of 4 and 7 m, corresponding to different relative densities. Increasing
the relative density results in higher upward load capacity, corresponding to a 25 mm move-
ment, by 19% and 24% for pile lengths of 4 and 7 m, respectively. This can be attributed
to the increase in frictional forces and the enhanced interaction between different contact
surfaces, leading to improved pullout load capacity.
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= . =100 +
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Figure 26. Relationship curves between pullout load and upward movement for pile lengths of 4 and
7 m under different relative densities: (a) L=4m, (b) L =7 m.
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The higher relative density promotes better particle interlocking and densification
within the granular material, resulting in increased resistance to upward movement.
The increased contact area and the stronger inter-particle friction contribute to the im-
proved load-bearing capacity of the piles, thus reducing the upward movement under the
applied load.

3.4.2. Effect of Relative Density of Granular Material on the Compressive Load

Figure 27 illustrates the relationship curves between the compressive load and the
downward movement for pile lengths of 4 and 7 m under varying relative densities. The
compressive load represents the resistance required to induce a downward displacement
of 25 mm.
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Figure 27. Relationship curves between compressive load and downward movement for pile lengths
of 4 and 7 m under varying relative densities: (a) L=4m, (b) L=7m.

The results indicate that increasing the relative density of the granular material leads
to a slight increase in the corresponding compressive load for both 4 m and 7 m pile lengths.
Specifically, the compressive load shows a marginal increment of 3% and 6.4% for the
respective pile lengths.

However, it is important to note that the influence of relative density on increasing the
compressive load is relatively insignificant compared to its impact on the uplift load. This
suggests that the primary effect of relative density lies in its ability to enhance the load-
bearing capacity and mitigate the upward movement rather than significantly impacting
the compressive load.

3.4.3. Effect of Relative Density of Granular Material on the Heave
Starting Saturation from the Top (Case 1)

Figure 28 illustrates the variations in heave for the pile lengths of 4 and 7 m under
different relative densities for Case 1, where saturation starts from the top. Increasing the
relative density from 35% to 90% reduces the heave by a small margin, approximately 5%
and 14% for the pile lengths of 4 and 7 m, respectively. Thus, the effect of relative density
on the heave reduction becomes more effective when there is sufficient embedment within
the stable layer, as the higher relative density enhances the anchorage of the pile within the
stable soil.
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Figure 28. Variations in heave for pile lengths of 4 and 7 m under different relative densities for
Casel: (a@)L=4m,(b)L=7m.

Starting Saturation from the Bottom of Active Soil (Case 2)

Figure 29 illustrates the changes in heave for the pile lengths of 4 and 7 m under
different relative densities for Case 2. It was observed that increasing the relative density
has a negative effect when the pile is fully embedded within the expansive soil, as it leads
to an approximately 35% increase in heave when the relative density increases from 35%
to 90%. However, in the presence of sufficient embedment depth, increasing the relative
density reduces the magnitude of heave during full saturation of the expansive layer.

When comparing Cases 1 and 2, it is recommended to use higher relative densities
when there is a significant embedment depth. On the other hand, when the pile is fully
embedded within the expansive soil, it is not advisable to utilize high relative densities.
This is because high relative densities enhance the interaction between the pile and the
expansive soil, resulting in increased pile heave.
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Figure 29. Variations in heave for pile lengths of 4 and 7 m under different relative densities for
Case2: (a)L=4m,(b)L=7m.

4. Conclusions

The objectives of this study were to evaluate the performance of granular anchor piles
(GAP) and helical piles (HP) in expansive soils using Plaxis 3D simulation. The major
findings are as follows:

1.  Comparative Performance of Anchor Techniques:

e  GAP outperformed HP in pullout and compressive load resistance, with im-
provements of 17-22.5% and 0.5-19%, respectively, depending on the specific
pile length and diameters examined.

e  Both GAP and HP were effective in reducing heave, with reductions exceeding
90% under certain conditions.

e  High-rise cap piles exhibited significant reductions in heave compared to low-rise
cap piles.

2. Influence of Length, Diameter, and Cap Width:

e Increasing pile length improved pullout and compressive load resistance.
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e  Enlarging pile diameter enhanced frictional resistance, but beyond 0.6 m, further
increases had diminishing returns.

e Increasing cap width improved pullout and compressive bearing capacities but
led to elevated heave. To address the challenge of significant heave associated
with large-sized pile caps or mats, a potential strategy involves elevating these
caps above the expansive soil, known as a high-rise pile cap.

3.  Influence of Relative Density:

e  Higher relative density of the granular material increased upward load capacity,
with observed increases of 19% and 24% in 25 mm movement for pile lengths of
4 m and 7 m, respectively.

e  Higher relative density slightly improved compressive load for both 4 m and 7 m
pile lengths. The compressive load demonstrated marginal increments of 3% and
6.4% for the respective pile lengths.

e  Higher relative densities are recommended for significant embedment depth.

This study provides a comprehensive evaluation of GAP and HP performance in
expansive soils. The analysis considered multiple parameters and their impact on load
resistance and heave behavior. The findings provide crucial insights into the suitability
and performance of these techniques for stabilizing foundations on expansive soils. Future
studies can consider soil moisture content, temperature effects, and advanced modeling
techniques. Conducting field tests will be crucial in validating the numerical findings and
enhancing the applicability of the results. Furthermore, future research endeavors should
consider the implementation of advanced modeling techniques and address sustainability
aspects in the design and application of these pile techniques.
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