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ABSTRACT The methods employed to calculate the axial bearing capacity of a helical pile depend on the shear failure model around the pile, which
is also influenced by the spacing and diameter of the helical plates. However, studies on the transition of the failure mode and the load transfer
mechanism with the change of helical plate spacing and diameter in cohesionless soil subjected to axial compressive load were limited. Thus, this
paper investigated the effects of helix diameter and spacing on the axial compressive load-bearing capacity, shear failure model, and load transfer
mechanism of helical piles with two helical plates embedded in the homogeneous medium and dense sands, as well as in the stratified medium to
very dense sand. Axial loading tests on helical piles with various helix diameters and spacings were simulated using a two-dimensional finite element
program with axisymmetric modeling to obtain the load-settlement curve, which was later used to estimate the ultimate bearing capacity of the helical
piles. The ultimate bearing capacity of the helical piles was also computed using the conventional methods, i.e., the individual bearing and cylindrical
shear methods, and then compared to the numerical-based axial bearing capacity. The stress-strain behaviors of pile and soil were modeled using the
Linear Elastic and Mohr-Coulomb material models, respectively. The results show that the numerical-based ultimate bearing capacity of a helical pile
increased with increasing the diameter and spacing of the helix. However, the ultimate bearing capacity computed using conventional methods did
not show this trend. Then, the transition from the cylindrical shear to the individual bearing failure mechanism occurred at a spacing ratio (i.e., helical
plate spacing divided by its diameter) of about two. Ultimately, the load transfer curves indicate that the helical platesmainly supported the applied load.
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1 INTRODUCTION

A helical pile, also known as a screw pile, is a type of
drilled pile foundation consisting of helical-shaped cir-
cular steel plates, or helical plates, welded at specific
intervals along the steel pile shaft. It can be used in
various soil conditions and soft rock with an ultimate
bearing capacity of less than 7 MPa to support lateral,
pullout, and compressive loads (Livneh and El Naggar,
2008; Perko, 2009). In contrast to the conventional pile
foundation, the load-carryingmechanism of the helical
piles depends not only on the shaft and tip resistances
but also on the resistance of the helical plates (Mitsch
and Clemence, 1985; Rao et al., 1991).

Studies on the bearing capacity of helical piles indi-
cated two approaches to computing their ultimate ax-
ial bearing capacity, known as the cylindrical shear (CS)
method and the individual bearing (IB) method. Those
methods correspond to different shear failure models.
The IB model was initially introduced by Trofimenkov
and Mariupolskii (1965) for helical piles with a single
helical plate. Later, Adams and Klym (1972) extended
themethod to helical piles withmultiple helical plates.
In this approach, shear failure is assumed to occur at
each helical plate,meaning that each helical plate con-
tributes to determining the ultimate bearing capacity

of the helical pile in addition to the shaft and tip resis-
tances. As the number of helical plates increases, the
ultimate bearing capacity also increases. This IBmodel
is applicable to helical piles with one or more helical
plates.

The CS model for helical piles embedded in sands was
initially introduced by Mitsch and Clemence (1985),
while, Mooney et al. (1985) later, extended this model
to helical piles embedded in clay and silt soils. The
CS failure model assumes that shear failure occurs be-
tween the lowermost and uppermost helical plates,
forming a cylindrical shape (Vignesh and Mayakrish-
nan, 2020). Consequently, the total axial capacity of
the pile comprises the shaft, tip, and shear resistance
along the failure surface (Sakr, 2009, 2011; Vignesh
and Mayakrishnan, 2020). Unlike the IB model, the CS
model is suitable for helical piles with two ormore heli-
cal plates (Mohajerani et al., 2016). Figure 1 illustrates
the components of a helical pile that govern the ulti-
mate bearing capacity in the CS and IB methods. Al-
though the IB and CS models are fundamentally differ-
ent, it is worth noting that shear failure will still adhere
to the IB model if the spacing between helical plates is
large enough (Adams and Klym, 1972).
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(a) (b)

Figure 1 (a) Cylindrical shear and (b) individual bearing capacity
methods. Q is the applied load, Sh is the spacing between helical
plates, D is the helical plate diameter, Qs is the shaft resistance,
Qh is the individual helical plate resistance, Qcs is the resistance
developed along the CS failure surface, andQt is the bottom-end
helical and shaft tip resistance.

Sakr (2009) and Vignesh and Mayakrishnan (2020)
noted that a larger spacing between helices can shift
the failure mechanism from the CS model to the IB
model in helical piles. Previous studies showed that the
IB shear failure model occurred at a spacing ratio (the
ratio of helical plate spacing (Sh) to the helices diameter
(D)) ranging from 1.5 to 3, depending on the soil type
(Rao et al., 1991; Lutenegger, 2009; Sakr, 2009; Salhi
et al., 2013; Nabizadeh and Choobbasti, 2017). How-
ever, determining the precise transition point of the
shear failure model has been challenging, especially
for helical piles embedded in cohesionless soils. Perko
(2009) suggested that an ideal spacing of helical plates
is achieved when the bearing capacity computed using
the IB and CS methods is equal. Furthermore, the pro-
posed Sh/D ratio indicating the transition of the shear
failure is primarily estimated based on displacement
contours around thehelical plates (Alwalan andElNag-
gar, 2021; Salhi et al., 2013). Therefore, further inves-
tigation into shear failure in helical piles is necessary
to confirm the developed shear bands along the helical
plates, not only by studying deformation contours but
also by examining deviatoric shear strain contours. In
addition, as pointed out byMohajerani et al. (2016), fur-
ther research is needed to understand how the failure
mechanism changes due to helical plate spacing, as dif-
ferent studies have reported varying required spacings
to induce a change in the failure mechanism.

Furthermore, numerous studies have investigated the

load transfer mechanism of helical piles in cohesion-
less soil under axial load, utilizing various numeri-
cal approaches and laboratory model tests (Livneh and
El Naggar, 2008; Soltani-Jigheh and Zahedi, 2020; Al-
walan and El Naggar, 2021). However, most of these
studies have primarily focused on analyzing displace-
ment contours and load-settlement responses of the
pile to elucidate the load transfer behavior, particularly
concerning changes in the failure model due to varia-
tions in helical plate spacing. Consequently, there has
been limited exploration into the mechanism of load
propagation from the pile head to the helical plates and
the pile toe in previous research effort.

Thus, this paper aims to study the change in the ul-
timate bearing capacity of helical piles embedded in
sandy soils, as well as their shear failure and load trans-
fer mechanisms when subjected to axial compressive
load, due to the variations in helical plate diameter
and spacing. This research was conducted as follows:
Firstly, conventional methods for computing the ulti-
mate bearing capacity of a helical pile in sand soil were
first reviewed. Then, a series of axial loading tests on
helical piles embedded in homogeneous medium and
dense sands, featuring various helical plate diameters
and spacing, were simulated using a two-dimensional
finite element program, namely PLAXIS 2D. The re-
sulting load-settlement curves, displacement, and de-
viatoric shear strain contours around the helical piles
were then analyzed to describe the effects of helical
plate diameter and spacing on the helical pile’s ulti-
mate bearing capacity, later denoted as the numerical-
based ultimate bearing capacity and its failure mecha-
nism . Moreover, the numerical-based ultimate bearing
capacities were compared to those estimated using the
conventional methods to evaluate the suitability of the
assumed failure mechanism in the conventional meth-
ods against the obtained shear failure model in numer-
ical simulation. Subsequently, the load transfer mech-
anism in helical piles was discussed based on the pre-
sented load transfer curves in this paper. The results
were eventually verified using a loading test case his-
tory of a helical pile installed in cohesionless soil. This
study provides insight into load transfer and failure
mechanisms in helical piles embedded in cohesionless
soil. Additionally, this paper aims to serve as a refer-
ence for engineers in selecting the appropriate method
for estimating the bearing capacity of a helical pile.

2 METHODS

2.1 ConventionalMethod for Computing Helical Pile Axial
Bearing Capacity

2.1.1 Cylindrical Shear Method

Mitsch and Clemence (1985) proposed an equation to
compute the ultimate compressive bearing capacity
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(Qu) of a helical pile embedded in cohesionless soil as
follows:

Qu = Qcs +Qt +Qs (1)

where each component is illustrated in Figure 1 and can
be computed using the following equations:

Qcs =
1

2
πDaγ

′(H2
b −H2

t )Kstanφ
′ (2)

Qt = γ′HAHNq (3)

Qs =
1

2
PsH

2
effγ

′Kstanφ
′ (4)

Nq = 1 + 0.56(12φ′)φ
′/54 (5)

where Da is the average helix diameter, γ′ is the effec-
tive soil unitweight,Hb is the depth of the bottomhelix,
Ht is the depth of the top helix, Ks is the coefficient of
lateral earth pressure in compression loading, φ′ is the
effective soil friction angle,H is the embedment depth
of the pile,AH is the area of the bottom helix,Nq is the
dimensionless bearing capacity factor proposed in Sup-
portworks Technical Manual (Deardoff et al., 2021), Ps

is the perimeter of the helical pile shaft, and Heff is ef-
fective shaft length, which is equal to the depth to the
top helix minus the diameter of the top helix (D). Ac-
cording to Fitriana and Hamdhan (2018), the Ks value
can be estimated using the following equation:

Ks =
β

tanδ
(6)

where β is the skin friction coefficient based on the soil
type and pile constructionmethod (Canadian Geotech-
nical Society, 2006), and δ is the friction angle between
soil and pile. In this study, the δ value was equal to 0.6
φ′ (Kulhawy, 1986), whereas β was assumed to be 0.8
for medium sand and 1 for dense sand. It is important
to note that Equations (2) to (5) are applicable for heli-
cal piles with an embedment ratio H/D ≥ 5, where H is
the embedment length. For H/D < 5, the shaft friction
can be neglected (Nasr, 2004).

2.1.2 Individual Bearing Method

Perko (2009) defines the Qu value based on the IB
method as the sum of each helical bearing plate’s bear-
ing capacity plus the friction along the shaft. Equation
(7) expresses the equation to compute the IB-based Qu

value as follows:

Qu = ΣQh,i +Qt +Qs (7)

whereQh,i is the ultimate bearing capacity of the ith he-
lical bearing plate, and i is the number of helical bear-
ing plates. Qh can be calculated using Equation (3) with
AH as the bearing plate’s net area, which is equal to
0.25π(D2 – d2), where d is the shaft diameter. Similarly,
Equations (3) and (4) can be used to compute theQt and
Qs values of the IB method, respectively. Note that the
units used in Equations (1) to (7) must be consistent
and follow the unit system used in the calculation. For
example, if the depth is denoted in meters, the γ′ is in
kN m-3, and φ′ is in degrees, then the unit of Qu is kN.

2.2 Case Study

The case study used in this paper was based on an ax-
ial compressive load test on a double-helix pile, as de-
scribed by Sakr (2009). The helical pile had a 324 mm
round shaft diameter (d) and a 762 mm helix diame-
ter (D) with a shaft and helical plate thickness of 9.5
mm and 25.4 mm, respectively. The helical plates were
spaced at three times their diameter (3×D).The pile was
embedded in stratified sand soil layers to a depth of 9m.
Generally, the soil stratigraphy consisted of a medium
to very dense sand layer extending from the ground sur-
face to a depth of 11.4 m and a dense to very dense soil
layer located at 11.4 m to 33 m. The groundwater level
(GWL) was located 3.6 m below the ground surface.

2.3 Numerical Simulation and Back Analysis

This study utilized a two-dimensional finite element-
based program with axisymmetric modeling to simu-
late the axial compressive load test on helical piles. Ini-
tially, the horizontal and vertical boundaries were set
to 2 times the pile length (18 m) and 3.5 times the pile
length (31.5m) (Salhi et al., 2013), respectively, tomin-
imize the boundary effects on the load vs. settlement
curves. It was worth noting that due to limitations in
axisymmetric modeling, the helical plates in this study
were simplified to circular disks without pitch (i.e., the
vertical distance between two edges of a helical plate.

In the numerical simulation, the stress-strain behav-
ior of the helical pile structure was modeled using soil
elements with a linear elastic material model and non-
porous drainage type (Bentley, 2023; Salhi et al., 2013).
Given that the material used for the helical pile was
steel, the unit weight and Poisson’s ratio values were
assumed to be 78 kN m-3 and 0.3, respectively (Salhi
et al., 2013). The Young’s modulus of the helical pile
material was set to 2.1 × 108 kN m-2 (Look, 2007). To
model the interaction between the pile and soil, inter-
face elementswere also introduced on the outer surface
of the helical pile with an interface parameter (Rinter) of
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Figure 2 Helical pile model in the finite element program

0.67 (Bentley, 2023). Figure 2 illustrates the helical pile
model, the boundaries, the soil stratification, and the
mesh distribution in the finite element program.

Back analysis was then performed bymatching the load
vs. settlement curve obtained from the axial compres-
sive load test in the field with that obtained from the
numerical simulation to estimate the parameters of the
sand soil layers and to match the soil response to load-
ings. The simulation stages of the loading test mainly
consisted of the K0-procedure, helical pile installation,
and step loading. The K0-procedure involved generat-
ing initial stresses in the soil clusters. The helical pile
was then installed. It is important to note that the he-
lical piles in this study were wish-in-place piles; thus,
the installation torque was not considered in the sim-
ulation. After installation, the axial compressive load
was gradually applied to the top of the pile with an in-
crement of 5% of the design load. The settlement of the
pile for every load increment was eventually recorded
to obtain the load-settlement curve.

In the numerical analysis, the Mohr-Coulomb material
model (MC-Model)was adopted to represent the stress-
strain behavior of the sands due to the limited soil test
data. Although the MC-Model is recognized as a first
approximation of soil behavior (Bentley, 2023), it was
sufficient to closely predict the soil-pile responses to
axial loadings (Elsherbiny and El Naggar, 2013; Livneh
and El Naggar, 2008). The drained condition was uti-
lized for the sand layers to prevent excess pore wa-
ter pressure development. Table 1 lists the estimated
soil parameters, including the unit weight of wet soil
(γn), saturated unit weight (γsat), effective friction an-
gle (φ′), dilatancy angle (ψ′), and the effective Young’s

Table 1. Back-Analyzed Soil Parameters

Depth (m) γn
(kN/m³)

γsat
(kN/m³)

φ′ (°) ψ′ (°) E’
(kN/m²)

0.0-11.4 18 20 36 6 115,000

11.4-33.0 20 21 45 15 175,000

Table 2. Parameter Variations for Parametric Study

Variations Values

Spacing ratio (Sh/D) 0.5, 1, 1.5, 2, 2.5, 3, 3.5

Diameter ratio (D’/D) 0.75, 1, 1.25, 1.5

modulus (E’). The effective Poisson’s ratio (υ′) for all
sand soil layers was assumed to be 0.33. Additionally,
the ψ′ value could be estimated as φ′ - 30o according to
the PLAXIS 2Dmaterial model referencemanual (Bent-
ley, 2023).

2.4 Parametric Study

A series of parametric studies were also conducted to
investigate the effects of helical plate diameter and
spacing on the bearing capacity and failure mechanism
of a helical pile embedded in cohesionless soil, utilizing
both IB and CS methods. The study involved varying
the size and spacing of the helical plate. In this section,
double-helix piles with a 9 m embedment length were
employed. The parameters and simulated stress-strain
behavior of the helical piles were consistent with those
used in the back analysis. Table 2 shows the variations
of helical plate spacing and diameter, expressed as the
spacing ratio (Sh/D) and diameter ratio (D’/D), respec-
tively, where D’ represented the modified helix diame-
ter with the D value set at 762 mm. The variations in
Sh/D and D’/D ratios were determined based on typical
values used in previous studies (Perko, 2009; Rao et al.,
1991; Salhi et al., 2013). Additionally, the horizontal
and vertical boundaries of the model in the finite ele-
ment programweremaintained at 2 times and 3.5 times
the pile length, respectively.

To investigate the effects of helical plate spacing, para-
metric studies were conducted by varying the Sh/D ra-
tio for helical piles installed in homogeneous medium
and dense sands, as well as in stratified soil layers with
the parameters described in Table 1. Meanwhile, Ta-
ble 3 presents the soil parameters for the medium and
dense sands, estimated based on typical soil properties
for clean sand of appropriate density from Look (2007).
Additionally, the effects of helical plate diameter were
studied by varying the diameter ratio (D’/D). This anal-
ysis was specifically performed for helical piles embed-
ded in stratified soil conditions. For eachD’/D ratio, the
Sh/D ratiowas varied to 0.5, 1.5, 2.5, and 3.5. It is impor-
tant to note that in these parametric studies, the stress-
strain behaviors of the soils and piles remained consis-
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Table 3. Homogeneous Soil Parameters

Sand Den-
sity

γn
(kN/m³)

γsat
(kN/m³)

φ′ (°) ψ′ (°) E’
(kN/m²)

Medium 18 20 36 6 115,000

Dense 20 21 45 15 175,000

Figure 3 Load vs. settlement curve comparison

tent with those used in the back analysis. Furthermore,
the groundwater level in all studies was maintained at
a depth of 3.6 m below ground level, as shown in Figure
2, to ensure consistency in the analysis results.

The axial compressive load tests were conducted fol-
lowing the same procedure as in the back analysis. The
ultimate bearing capacity of a helical pile (Qu) was then
estimated using both the CS and IB methods, apply-
ing the formulas outlined in Equations (1) to (7). Ad-
ditionally, the Qu, value was also interpreted from the
load vs. settlement curve obtained from the numerical
simulation. In this study, the Qu value was defined in
accordance with the Federal Highway Administration
(FHWA)method (Reese andO’Neil, 1988),where drilled
shafts with a 5%D failure criterion were deemed ade-
quate for sandy soils (Elsherbiny and El Naggar, 2013).

3 RESULTS AND DISCUSSION

3.1 Back Analysis

Figure 3 presents the comparison between the load vs.
settlement curve obtained from the field (Sakr, 2011)
and the numerical simulation. The result depicted in
Figure 3 indicates that the soil response to axial load-
ing, considering the soil parameters in Table 1, closely
resembled the field condition.

3.2 Effects of Helical Pile Spacing

Figure 4 illustrates the comparison of the Qu values
in homogeneous medium and dense sands, as well as
in the stratified soil conditions. In the figure, the Qu

values estimated using the numerical approach are de-
noted as Qu,FE, and represented by circles and straight
lines. Meanwhile, the Qu values computed using the IB
(Qu,IB) and CS (Qu,CS) methods are depicted by diamond
and square symbols with straight lines, respectively.
Additionally, the red dashed line depicts the relation-
ship between the Sh/D ratio and the modified Qu,IB,
where the shaft friction between the helical plates was
considered in the bearing capacity calculation. Note
that the CS and IB methods were used to compute the
Qu values for all Sh/D variations in Figure 4, regard-
less of the occurred soil shear failure model around
the piles. In fact, it is essential to match the calcula-
tionmethod to the actual failure model observed in the
field.

The results depicted in Figure 4 illustrate how the
spacing between helical plates impacts the Qu value
of the helical pile, with differing effects observed for
each soil density. Specifically, denser soil, indicated by
higher soil shear strength, resulted in a higherQu value.
The reason was that dense soil promoted more inter-
particle contact areas and higher soil frictional resis-
tance, resulting in a higher load that the pile could sup-
port. In medium sand, the Qu,CS, Qu,IB, and the modi-
fiedQu,IB values for helical piles exceeded theQu,FE val-
ues. On the contrary, the Qu,FE values closely aligned
with the Qu,CS values, particularly in the case of dense
sand and stratified soil conditions. This discrepancy
may arise from differing interpretations of the Qu val-
ues. It is worth noting that Qu,CS and Qu,BS’s repre-
sent the bearing capacity of a helical pile under condi-
tions where soil shear strength around the pile is fully
mobilized, and the pile is rigid. However, such condi-
tions may not always be realistic. Fully mobilizing the
soil shear strength typically requires significant set-
tlement, especially in dense sand, which could dam-
age upper structures. Conversely, the failure criterion
of 5%D settlement used to define the finite element-
based pile ultimate capacity is a practical settlement
level that accounts for pile flexibility and serviceabil-
ity rather than necessarily representing the settlement
at failure (Elsherbiny and El Naggar, 2013).

Then, the Qu,FE, and Qu,CS values in Figure 4 increased
with increasing Sh/D ratio, but, this trend did not ap-
ply to the Qu,IB values. The Qu,IB values decreased as
the spacing between helices increased. Initially, it was
assumed that this was due to not considering the shaft
friction between the helical plates. However, as shown
by the red dashed line in Figure 4, the trend of themod-
ified Qu,IB still tended to decrease with increasing Sh/D
ratio. Thus, the reason was that, as the upper helical
plate moved closer to the ground surface because of
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(a) (b) (c)

Figure 4 Ultimate bearing capacity (Qu) comparison concerning the variations of Sh/D ratio of helical piles in (a) homogeneous medium
sand, (b) homogeneous dense sand, and (c) stratified cohesionless soil

increasing in the helical plate spacing, the upper heli-
cal plate (Qh,top) and upper shaft bearing capacities (Qs)
reduced, while the Qt remained constant. This phe-
nomenon resulted in a lower Qu,IB for a larger Sh/D ra-
tio. Meanwhile, for the increasing trend of Qu,CS, in-
creasing the Sh/D ratio theoretically produced higher
Qcs and lower Qs values. The decrease in Qs values was
smaller than the increase in Qcs, causing an increase
in Qu,CS values. In this study, the Qcs increment with
increasing Sh/D ratio was almost three times the Qs

decrement. Eventually, the relationship between Qu,FE

and Sh/D ratio was relatively similar to the trend of the
Qu,CS vs. Sh/D,where larger Sh/D promoted higherQu,FE.
Similar findings were also found in Salhi et al. (2013)
and Fitriana and Hamdhan (2018). However, this re-
sult did not imply that the failure mechanism observed
in the numerical simulation was the same as the as-
sumed failure mode by the conventional method. The
helical pile failure mechanism based on the numerical
approach will be further discussed in subsequent para-
graphs. Furthermore, as shown in Figure 4, that con-
sidering the shaft friction between the helical plates in
the Qu,IB calculation shifted the optimum helical plate
spacing ratio,marked byQu,IB =Qu,CS (i.e., the intersec-
tion between Qu,CS vs. Sh/D and Qu,IB vs. Sh/D curves).
Perko (2009) suggested that if the Sh/D ratio exceeded
the optimum one, it would lead to an excessively long
shaft; otherwise, it caused the helical bearing plates to
be wasted. In this study, the intersection occurred at
Sh/D = 1.5 and 2.2 for the homogeneous medium and
dense sand cases, respectively, whereas for the strat-
ified soil condition, it was at Sh/D = 1.7. Meanwhile,
when the modified Qu,IB was adopted, the intersection
moved to Sh/D = 2.9 for the homogeneousmedium sand
case, and Sh/D = 3.5 for the dense sand case. For the
stratified soil conditions, the optimum spacing became
Sh/D = 2.9. This finding emphasizes that the optimum
spacing for helical plates was unique to different site
conditions. Additionally, the shaft friction between the
helical plates also affected the justification of the the-
oretical optimum spacing for helical plates. The im-
portance of considering shaft friction between the heli-
cal plates will be discussed later. However, such an ap-

proach could not be used for determining the optimum
helical plate spacing based on the Qu,FE values. There
was no clear distinction between the Qu values for the
CS and IB shear models. The shear failure developed in
response to the axial load application in the numerical
analysis and it could be determined based on the shear
strain and/or deformation contours.

It is important to note that the spacing of helical plates
also affects the shear failure development in soil. If the
spacing between helices is small enough (i.e., Sh/D is
less than 1.5 to 3), theCS failuremodel is likely to occur,
while the IB failure model would occur for Sh/D greater
than 1.5 to 3 (Lutenegger, 2011; Salhi et al., 2013).
Based on Perko (2009) findings, it is also interesting
that, in addition to estimating the optimum spacing,
the intersection between Qu,CS vs. Sh/D and Qu,IB vs.
Sh/D curves could be used to indicate the change of
helical pile shear failure mode from the CS to the IB
models. Perko (2009) compared the measured capac-
ity to the predicted capacity, which was determined by
the smallest value between Qu,IB and Qu,CS, known as
the limit state analysis, and found that the measured
and the predicted capacities were in good agreement.
This finding could indicate that the conventional IB and
CS methods could predict the actual Qu, and the as-
sumed shear failure model in the conventional meth-
ods was close to the actual failure in the field. However,
as shown in Figure 4, the Qu,FE values were not close to
the theoretical minimum Qu values. The Qu,FE values
were generally smaller than the minimum Qu values
for the medium sand case, whereas, for the dense sand
case and the stratified soil condition, the Qu,FE’s were
larger than the minimum Qu values. Moreover, even
though the Qu,FE values were close to the Qu,CS values,
especially for the dense sand case and the stratified soil
condition, the closeness of the Qu,FE values to the Qu,CS

values did not imply that the occurred failure model in
the numerical simulation tended always to follow the
CS failure mechanism. Therefore, using conventional
methods to predict the failure mechanism was not suf-
ficient. The actual failure mechanism should be inves-
tigated using either a numerical approach or laboratory
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(a) (b) (c) (d)

Figure 5 Shear bands around the helical piles embedded in medium sand with D = 762 mm and Sh/D = (a) 0.5, (b) 1, (c) 2, and (d) 3 at the
pile head load equals 1114 kN

tests by observing the change of shear strain and/or de-
formation contours to the change of the Sh/D ratio.

The total deviatoric strain (γs) contours around the he-
lices were then investigated to further study the devel-
oped shear failure around a helical pile under compres-
sive load. The γs contours could indicate the develop-
ment of a shear band along a helical pile. Figures 5, 6,
and 7 display the shear band around the helical plates
with Sh/D ratios of 0.5, 1, 2, and 3 in medium sand,
dense sand, and stratified soil conditions, respectively.
The shear bands for the Sh/D ratios of 1.5, 2.5, and 3.5
cases are not shown in this paper due to the space limi-
tation. Each figure also depicts the shear band at a par-
ticular load at the pile head. The offset in Figures 5 to
7 denotes the distance from the pile axis.

This study found that the transition of the shear failure
occurred at Sh/D = 2. As shown in Figures 5 to 7, parts
a and b, for Sh/D ≤ 2 cases, the shear band formed from
the pile tip to the outer edge of the lower helix (sec-
ond helix) of the helical pile, then propagated to the
outer edge of the upper helix (first helix), and eventu-
ally extended to the pile shaft. It was evident that the
propagated shear band from the upper to the lower he-
lices formed a cylindrical shape. This form of the shear
band was considered a type of CS failure. Furthermore,
as the Sh/D ratio increased to Sh/D > 2, the IB shear fail-
ure model became more apparent. The shear band for

the IB model typically developed at each helical plate,
forming from the outer side of the helical plates to the
pile shaft, creating a triangle-like form (i.e., in a two-
dimensional perspective) as shown in Figures 5 to 7,
parts c and d.

The results presented in Figures 5 to 7 were relatively
consistent for the helical piles with the same diame-
ter of the helices embedded in all soil densities. How-
ever, the shear bands depicted in Figures 5 to 7 were
notably different from the assumed shear band in the
conventionalmethods illustrated in Figure 1. The shear
bands below the lower helix and above the upper he-
lix in Figure 1 were presumably over simplified in the
conventional methods. Furthermore, the Sh/D ratio at
which the transition of the shear failuremodel occurred
in this study (i.e., Sh/D = 2) was still within the range
reported by Lutenegger (2011) and Salhi et al. (2013).
Lutenegger (2011) conducted a series of loading tests
on helical piles embedded in sand soils and found that
the failure mode of helical piles in sand changed from
the CS model to the IB model at Sh/D = 3. Meanwhile,
Salhi et al. (2013) used a numerical approach and found
that the transition from the CS model to the IB model
for helical piles embedded in sand soil occurred at Sh/D
about 1.5 to 2.
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(a) (b) (c) (d)

Figure 6 Shear bands around the helical piles embedded in dense sand with D = 762 mm and Sh/D = (a) 0.5, (b) 1, (c) 2, and (d) 3 at the
pile head load equals 3341 kN

(a) (b) (c) (d)

Figure 7 Shear bands around the helical piles embedded in stratified sand with D = 762 mm and Sh/D = (a) 0.5, (b) 1, (c) 2, and (d) 3 at
the pile head load equals 2227 kN
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(a) (b) (c) (d)

Figure 8 Changes of the ultimate bearing capacity (Qu) for D’/D ratio (a) 0.75, (b) 1, (c) 1.25, and (d) 1.5

3.3 Effects of Helical Pile Diameter

Figure 8 illustrates the changes in the Qu value corre-
sponding to the variation ofD’/D and Sh/D’ ratios. Note
that the Sh values in this section were kept consistent
with those used in the previous analysis (see. Figure
4), but the helices diameter was varied. The results in-
dicate that for each Sh/D’ value, the Qu values gener-
ally increased with the D’/D ratio. Conversely, for the
same D’/D ratio, the Qu,FE and Qu,CS values increased
with Sh/D’ ratio, while the Qu,IB decreased as Sh/D’ ra-
tio increased. Additionally, the Qu,FE values were rela-
tively close to the Qu,CS values, but it should be noted
again that the shear failure model did not necessarily
follow the CS failure model. These results were rela-
tively similar to the previous findings presented in Fig-
ure 4. Referring to Equations (2) and (3), it is evident
that if the diameter of the helical plates increased, then
theQcs andQt values would also increase, leading to an
increase in Qu as well. Similar findings were also re-
ported by Sprince and Pakrastinsh (2010).

The effects of helix diameter on the developing shear
band were also examined by observing the γs contours
around the helical piles. Figure 9 illustrates the shear
band around the helical piles embedded in the strat-
ified soil condition with Sh/D’ = 2 and D’/D = 0.75, 1,
1.25, and 1.5. The results demonstrate that changing
the helix’s diameter influenced the transition of the he-
lical pile failuremechanism. Specifically, the transition
of the shear failure mechanism for a helical pile with a
larger helix diameter occurred at a larger Sh/D ratio. As
depicted in Figures 9a and 9b, for the cases with D’/D
= 0.75 and 1, the transition of the shear band from the
CS to IB failure model occurred at Sh/D’ = 2. However,
the developed shear band at Sh/D’ = 2 for theD’/D = 1.25
and 1.5 cases, as shown in Figures 9c and 9d, formed a
cylindrical shape following the CS failuremodel and re-
mained apparent at Sh/D’ ≥ 2. The shear failure model
started to become the IB failure model at Sh/D’ = 2.5 for
the D’/D = 1.25, whereas, for the D’/D = 1.5, the CS fail-
uremodel was still evident at Sh/D’ = 2.3. It is important
to note that the numerical simulation for helical piles
with D’/D = 1.5 in this study was only conducted up to
Sh/D’ = 2.3.

3.4 Helical Pile Load Transfer Mechanism

In this paper, the axial load transfer mechanism of the
helical piles embedded in medium sand, dense sand,
and the stratified soil conditions with various Sh/D ra-
tios, as shown in Table 2, was also studied. The helical
plate diameter (D) in this section was kept at 762 mm.
The helical pile load transfer curves were then com-
pared to those of the conventional piles where the pile
had no helices, and the diameter of the pile was consis-
tent with the helical pile shaft diameter, d = 324 mm.

Figures 10 to 12 display the axial compressive load
transfer curves along the pile shaft for various applied
loads at the pile head (Q) of the conventional piles and
the helical piles with Sh/D = 0.5, 1, 2, and 3. The load
transfer curves for helical piles with Sh/D = 1.5, 2.5, and
3.5 are not presented in this paper due to space limita-
tions. In each figure, the same line color indicates the
same loadmagnitude at the pile head,while the contin-
uous line and the dashed line represent the load trans-
fer curves for the helical pile and conventional pile, re-
spectively. It is worth noting that there are no load
transfer curves for the conventional pile with Q = 1114
kN in Figure 10 because the numerical simulation of the
loading test on the conventional pile could not reachQ
= 1114 kN.

The results depicted in Figures 10 to 12 revealed a rel-
atively consistent trend. Analysis of the load transfer
curves of the conventional piles in these figures indi-
cates that the pile tip primarily carried the load at the
pile head. On average, approximately 92% of the ap-
plied load (Q) was borne by the tip of the shaft (Qtip),
with the remainder supported by shaft resistance (Qs).
This relatively low shaft resistance may be attributed
to a relatively low Rinter value and limited shaft surface
area. Furthermore, Figures 10 to 12 demonstrate that
the magnitude of the load transferred along the heli-
cal pile shaft above the upper helix was comparable to
that observed for conventional piles. This finding sug-
gests that the helices had aminimal or negligible effect
on the magnitude of the load transferred to the heli-
cal pile shaft above the upper helix (first helix). The
load carried by the shaft then significantly decreased at
the helical plate locations, indicating that some of the
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(a) (b) (c) (d)

Figure 9 Shear bands around the helical piles embedded in stratified sand with Sh/D = 2 and (a) D’/D = 0.75, (b) D’/D = 1, (c) D’/D = 1.25,
and (d) D’/D = 1.5 at the pile head load equals 2227 kN

load had been transferred to the helical plates (Figure
10b,c,d, Figure 11b,c,d, and Figure 12b,c,d). Notably,
there was a smaller decrease in load observed at the
upper helix compared to the lower helix (second helix),
implying that the lower helix bore a larger load than the
upper helix . This study estimated that, on average, the
load carried by the upper helix (Qh,2) was 31.3% of the
applied load, while the load carried by the lower helix
(Qh,2) was 51.7% of the applied load. This finding sug-
gests that approximately 83.1% of the applied load was
borne by the helical plates. However, it is noteworthy
that when Sh/D = 0.5 (Figure 10a, Figure 11a, and Figure
12a), the load carried by the pile shaft near the two he-
lical plates steadily decreased, indicating that both of
the helical plates behaved as one thick plate in carrying
the load. It was estimated that the average load carried
by the helical plates-soil combination was 73.4% of the
applied load, while the shaft resistance supported the
remainder. Ultimately, there was a significant decrease
in themagnitude of the load transferred to the tip of the
pile shaft, ranging from 8.3% to 17.4% of the load at the
pile head. The typical measurements of Qtip, Qh,1, and
Qh,2 are illustrated in Figures 10 to 12.

The distribution of the load transferred along the pile
shaft, as depicted in Figures 10 to 12, was insufficient
for a clear classification of the helical pile failuremech-
anism (i.e., IB or CS models). The load transfer curves
in Figures 10 to 12 demonstrate a relatively consistent

trend, as explained earlier, except for the Sh/D = 0.5
cases, regardless of the occurred shear failure model.
However, it is noteworthy that based on the presented
load transfer curves, both the upper and lower helical
plates continued to transfer the axial load from the pile
head, evenwhen the failuremechanism followed theCS
model for the Sh/D ≤ 2 cases. This finding suggests that
the upper helix still contributed to the load-bearing ca-
pacity of a helical pile in the CSmodel. Furthermore, as
the Sh/D ratio increased, it was also observed that the
upper helix transferred a larger load, particularly evi-
dent in Figures 10d, 11d, and 12d,corresponding to the
development of the IB shear failure model. This phe-
nomenon was likely attributed to the closer proximity
of the upper helix to the pile head, causing it to receive
a larger load compared to other upper helices with a
smaller Sh/D ratio.

Furthermore, Figures 10 to 12 demonstrate that a rel-
atively small load was distributed along the pile shaft
between the helical plates, which became larger for the
Sh/D > 2 cases, where the IB failure model was indi-
cated. This finding suggests that the pile shaft between
the upper and lower helices transferred the load from
the pile head to adjacent soil, and as a response, the soil
provided frictional resistance. Thus, it was proposed to
consider the shaft resistance in theQu calculations, es-
pecially in the Qu,IB formula. Considering the shaft re-
sistance between the helices could increase the overall
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(a) (b) (c) (d)

Figure 10 Load transfer curves on the shaft of the helical piles embedded in medium sand with D = 762 mm and Sh/D = (a) 0.5, (b) 1, (c)
2, and (d) 3

(a) (b) (c) (d)

Figure 11 Load transfer curves on the shaft of the helical piles embedded in dense sand with D = 762 mm and Sh/D = (a) 0.5, (b) 1, (c) 2,
and (d) 3

Qu values, as illustrated in Figure 4 by the red dashed
line.

4 CONCLUSION

This paper presented a series of numerical paramet-
ric studies on the effects of the spacing and diameter
of helices on the ultimate bearing capacity and shear
failure and load-transfer mechanisms of several heli-
cal piles embedded in cohesionless soils. The results
showed that the helical pile’s ultimate bearing capac-
ity increased with the spacing and diameter of the he-
lices. However, it was noted that the theoretical ulti-
mate bearing capacities computed either by the indi-
vidual bearingmethod or themodified equation tended
to decrease with an increasing spacing of the helices
due to the decrease of the bearing capacity of the up-
per helix as the spacing ratio increased.

Furthermore, the transition of the failure mechanism

of the helical piles from cylindrical shear to individ-
ual bearing models for the cases with the same helical
plate diameter occurred at a spacing ratio of two. Then,
increasing the diameter of helices shifted the spacing
ratio where the failure transition occurred to a larger
value, indicating a complex interplay between geomet-
ric parameters and failure mechanisms. It was thus
suggested to directly observe the transition of the fail-
uremechanism through either numerical simulation or
laboratory model test.

The axial load transfer curves demonstrated a signif-
icant reduction in the load transferred to the pile tip
with the addition of helical plates, as these plates par-
tially carried the load. It was observed that the lower
helix bore a larger load than the upper ones. Addi-
tionally, the load transfer curve was not clear enough
to identify the failure mechanism of the pile. Despite
indications of cylindrical shear failure, helical plates,
particularly the upper helix, continued to transfer load
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(a) (b) (c) (d)

Figure 12 Load transfer curves on the shaft of the helical piles embedded in stratified sand with D = 762 mm and Sh/D = (a) 0.5, (b) 1, (c)
2, and (d) 3

to the soil . However, when the spacing ratio was suffi-
ciently small, such as less than half of the helical plate
diameter, the helical plates and soil between them be-
haved as a unified structure in carrying loads. As the
spacing increased, leading to the development of the
individual bearing failuremodel, the pile shaft between
the helical plates transferred the load to the surround-
ing soil layer. Therefore, it was recommended to also
consider the shaft friction between the helical plates
in the calculation of the bearing capacity of a helical
pile using the individual bearing method. Finally, the
results of this study are applicable to helical piles with
twohelical plates embedded in relatively homogeneous
cohesionless soil conditions. Further research, either
through model tests or field tests, is necessary to vali-
date the conclusions drawn in this paper.
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