
Citation: Emirler, B. Physical and

Finite Element Models for

Determining the Capacity and Failure

Mechanism of Helical Piles Placed in

Weak Soil. Appl. Sci. 2024, 14, 2389.

https://doi.org/10.3390/app14062389

Academic Editor: Tiago Miranda

Received: 19 January 2024

Revised: 2 March 2024

Accepted: 4 March 2024

Published: 12 March 2024

Copyright: © 2024 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

applied  
sciences

Article

Physical and Finite Element Models for Determining the
Capacity and Failure Mechanism of Helical Piles Placed in
Weak Soil
Buse Emirler

Department of Civil Engineering, Cukurova University, Adana 01250, Turkey; bemirler@cu.edu.tr

Abstract: The foundations of particular engineering structures, including marine and jetty structures,
mooring systems for submerged platforms or those on the ocean surface, and transmission towers,
are subjected to various external loads including compression, uplift, and lateral loads. In such cases,
to improve the soil resistance below foundations, pile foundations such as helical piles, anchored
piles, and batter piles are commonly preferred, depending on the in situ conditions. Helical piles,
increasingly used as an alternative foundation to conventional piles, are placed in the soil body by
rotating with torque. This paper deals with the contribution of a helical pile in improving loose
sandy soil, and the main purpose is to study the effect of the helix-buried depth on the load-bearing
capacity and failure mechanism. The investigated variables include the distance between helixes,
the number of helixes, and the diameter of the upper helix. Physical model tests were conducted,
and two- and three-dimensional numerical analyses were performed by using the finite element
method with an advanced soil model to illustrate the failure mechanisms of helical piles. The aim
was to reveal the efficiency of the finite element method in modelling helical piles placed in weak
sandy soil. A simplified linear geometry for helixes was established in a two-dimensional finite
element model whereas a real geometry for helixes, which was a more realistic approach, was created
in a three-dimensional finite element model. The results show that the three-dimensional model
indicates better agreement with the physical model compared to the two-dimensional model, and all
investigated variables highly affect the load-bearing capacity of helical piles.

Keywords: bearing capacity; failure mechanism; finite element model; helical pile; physical model test

1. Introduction

Helical piles, which are one of the special deep foundation types, are widely used in
many fields of geotechnical engineering due to their ease of application and functionality.
These types of piles that can resist various forces, such as compression and uplift forces, are
manufactured effortlessly and brought to the relevant region via preparation outside the
project site, and they are placed into the soil body by pushing or turning in an inclined or
perpendicular way through a hydraulic torque machine. Helical piles were recommended
by Alexander Mitchell in the first half of the 1800s with the idea of finding a solution for
safely anchoring ships in harbors and supplying strong foundations for lighthouses in weak
soil in shallow water [1]. Since that time, helical piles have been applied in the foundations
of marine structures (bridges, oceanfront piers, lighthouses, etc.), electricity transmission
and telecommunication towers, structures on slopes, buried pipelines, renewable energy
source structures such as solar panels and wind turbines, shoring structures, damaged or
long-term damaged structures, historical structures, and the construction of many other
structures [2–5]. Piles that support the offshore jacked/tripod structures are exposed to
combined axial (uplift and compression) and lateral forces (Figure 1). However, helical piles
are superior to conventional pile foundations [6–8] because they provide more resistance
due to the helix [9,10].
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Figure 1. A foundation system with a helical pile for an offshore wind turbine. 

Despite the abundance of usage areas of helical piles, the increase in application, and 
the advantages they provide, it can be seen that research and design methods for helical 
piles are relatively limited compared to conventional pile foundations, and previous 
studies mostly focus on the uplift behavior [11–19]. In addition, it can be expressed that 
numerical efforts regarding the failure mechanism of helical piles are quite limited [11,20–
28]. Therefore, since there is a necessity in the literature, albeit at a limited level, the 
compression behavior of helical piles has been investigated using physical model tests 
and two-dimensional (2D) and three-dimensional (3D) finite element models. 

This study may be assessed as a reasonable effort where the behavior of helical piles 
has been investigated via a physical model test first in the laboratory, and following that, 
2D and 3D numerical analyses have been performed in order to observe the performance 
of the finite element method. A simplified linear geometry for helixes was established in 
a 2D finite element model whereas a real geometry for helixes, which was a more realistic 
approach, was created in a 3D finite element model. It has been observed that the valuable 
previous efforts on the subject so far are generally concentrated in the theoretical and 
experimental framework. However, in addition to the limited number of 3D numerical 
studies on the subject, the number of parameters investigated in such studies was quite 
limited compared to experimental studies. Moreover, theoretical studies related to helical 
piles focused on determining the net value of the bearing capacity by considering several 
assumptions while experimental studies generally focused on the parameters that affect 
the bearing capacity (number of helixes, spacing ratio between helixes, helix diameter, soil 
density, etc.) [29–32]. In the experimental studies, where the effect of helix number on the 
bearing capacity was investigated, the helix diameter was generally kept constant, 
whereas the number of studies in which the effect of the location of the upper helix plate 
was investigated was quite limited. Therefore, it is thought that it is quite essential to study 
the effect of a large number of spacing ratios between helixes on the bearing capacity 
experimentally, and this effort provides notable novelty to the present study. In addition, 
it is believed that when this problem, which has been studied experimentally, is also 
successfully modelled numerically and valuable results are obtained, the originality of the 
study will improve. 

To briefly mention the scope of the study, it aims to assess the behavior of helical 
piles with the physical model tests and also to present the results obtained from 2D and 
3D finite element models. The behavior of single and multiple helical piles placed in loose 
sandy soil (RD = 30–35%) will be examined under the compression load; and in this 
regard, the effects of parameters such as helix number, helix distance, and upper helix 
diameter will be investigated in terms of bearing capacity and failure mechanism, 
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Despite the abundance of usage areas of helical piles, the increase in application, and
the advantages they provide, it can be seen that research and design methods for helical
piles are relatively limited compared to conventional pile foundations, and previous studies
mostly focus on the uplift behavior [11–19]. In addition, it can be expressed that numer-
ical efforts regarding the failure mechanism of helical piles are quite limited [11,20–28].
Therefore, since there is a necessity in the literature, albeit at a limited level, the com-
pression behavior of helical piles has been investigated using physical model tests and
two-dimensional (2D) and three-dimensional (3D) finite element models.

This study may be assessed as a reasonable effort where the behavior of helical piles
has been investigated via a physical model test first in the laboratory, and following that,
2D and 3D numerical analyses have been performed in order to observe the performance
of the finite element method. A simplified linear geometry for helixes was established in a
2D finite element model whereas a real geometry for helixes, which was a more realistic
approach, was created in a 3D finite element model. It has been observed that the valuable
previous efforts on the subject so far are generally concentrated in the theoretical and
experimental framework. However, in addition to the limited number of 3D numerical
studies on the subject, the number of parameters investigated in such studies was quite
limited compared to experimental studies. Moreover, theoretical studies related to helical
piles focused on determining the net value of the bearing capacity by considering several
assumptions while experimental studies generally focused on the parameters that affect
the bearing capacity (number of helixes, spacing ratio between helixes, helix diameter,
soil density, etc.) [29–32]. In the experimental studies, where the effect of helix number
on the bearing capacity was investigated, the helix diameter was generally kept constant,
whereas the number of studies in which the effect of the location of the upper helix plate
was investigated was quite limited. Therefore, it is thought that it is quite essential to
study the effect of a large number of spacing ratios between helixes on the bearing capacity
experimentally, and this effort provides notable novelty to the present study. In addition,
it is believed that when this problem, which has been studied experimentally, is also
successfully modelled numerically and valuable results are obtained, the originality of the
study will improve.

To briefly mention the scope of the study, it aims to assess the behavior of helical piles
with the physical model tests and also to present the results obtained from 2D and 3D
finite element models. The behavior of single and multiple helical piles placed in loose
sandy soil (RD = 30–35%) will be examined under the compression load; and in this regard,
the effects of parameters such as helix number, helix distance, and upper helix diameter
will be investigated in terms of bearing capacity and failure mechanism, experimentally
and numerically. As a result of this effort, the performance of the finite element models
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established with simplified linear geometry (2D) and real geometry (3D) was evaluated by
comparing the physical model test results.

2. Materials and Methods
2.1. Physical Model Test

The physical model tests were performed in the Geotechnical Laboratory of the De-
partment of Civil Engineering of Iskenderun Technical University. In the physical model
tests, the compression force was applied by the load motor fixed to the test box. While
the loading device with speed control is employed, the loading arm can be moved up and
down in different directions. Whilst performing the tests, the load was applied gradually,
and the speed of the compression load was kept constant at each step.

A rectangular steel-framed test box with internal dimensions of 1500 mm (length),
1200 mm (width), and 1000 mm (depth) was used. During the tests, an electronic load cell
with a capacity of 20 kN was preferred to read the load values applied to model piles. The
displacements of the model piles were measured by employing two different displacement
transducers (LVDTs). The displacement values of the pile system were obtained for each
load stage by calculating the arithmetic mean of the displacement considered at two
different points that were equal distances to the center of the system.

During the tests, the displacement and load values saved by the data logger were
conveyed to the software, and they were converted into numerical values. In addition,
the test apparatus with all related attachments is presented in Figure 2 to show the test
setup consisting of the test box, loading system, sandy soil, model pile, load cell, and
displacement transducers. The shaft lengths of model steel pipe piles employed in the
tests were equal to 600 mm and the outer diameters of them were equal to 22 mm. Since
the effect of upper helix diameter on the bearing capacity was one of the parameters
investigated, the diameter of the lower helixes (D1) was kept constant at 60 mm while the
diameters of the upper helixes (D2) were considered as 60 mm, 80 mm, 100 mm, and 120
mm. The pitch of the helix for the lower and upper plates was accepted as 0.3D1 and 0.3D2,
respectively. To mention the investigated parameters and the test program, the number of
helixes (N = 0, 1, 2), the spacing ratio between helixes (S/D1 = 1–8), and the diameter of the
upper helix (D2 = 60 mm, 80 mm, 100 mm, and 120 mm) were considered as the variables.
The test program is given in Table 1, and the effects of these parameters on the bearing
capacity of the helical piles are presented in detail thereafter.
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Table 1. Test program.

Test No. Lower Helix Diameter
D1 (mm)

Upper Helix Diameter
D2 (mm)

Number of Helixes
N S/D1
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1
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* The value indicates the optimum spacing ratio between helixes. In all tests, shaft geometry, length (L), and
diameter (d) were selected as circular (pipe), 600 mm, and 22 mm, respectively. LT refers to the abbreviation
laboratory test.

Various methods are available to prepare a sand body in the laboratory like vibration,
compaction, and the raining technique. In physical model tests, having uniform strata is
significant to allow for the repeatability of tests [33]. Considering the foregoing methods,
the raining technique was selected to acquire the required relative density of the sand. In
the physical model tests, sand samples brought from Iskenderun sand quarry were used. In
accordance with ASTM D2487-11 [34], they were washed and sieved through sieve number
10 (2 mm dia.) and sieve number 80 (0.18 mm dia.). Following this, they were dried in
an oven at the end of the sieving process. Afterward, sand samples were sieved through
predetermined sieves, taking into account the standard mentioned above, and the grain
size distribution was determined (see Figure 3). The soil class was identified as SP based
on the grain size distribution curve. The sieve analysis results are presented in Table 2.
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Table 2. Results of the sieve analysis.

Parameters Values

Effective grain size, D10 (mm) 0.26
D30 (mm) 0.44
D60 (mm) 0.78

Coefficient of uniformity, Cu 2.97
Coefficient of curvature, Cc 0.96

Soil class (USCS) SP

To obtain the specific unit weight of the sand, the density bottle test was performed,
and γs was calculated to be 27.2 kN/m3. Dry unit weights of sandy soil for maximum
(γdmax) and minimum (γdmin) values were decided according to ASTM D4253-16 [35] and
ASTM D4254-16 [36]. In the shear box tests, the sand sample was placed into the box with
the relative density as RD = 30–35% (γdmin = 15.52 kN/m3) for the loose sand condition.
From the shear box tests repeated more than once, the internal friction angle of the loose
sand was between ϕ = 30–32◦.

2.2. Finite Element Model

Conducting a laboratory test in geotechnical foundation engineering is both a difficult
and time-consuming procedure along with quite expensive. Nevertheless, the results
acquired from such tests are the closest to those procured from field tests. As a result,
establishing a numerical model that is less costly and not time-consuming, as well as being
in good consistency with the test results, can provide a significant benefit to geotechni-
cal designers. Therefore, a series of 2D and 3D numerical analyses were performed to
study the load–displacement behavior of helical piles and to demonstrate their failure
mechanisms. For numerical analyses, PLAXIS 2D (Version 2023.2) [37] and PLAXIS 3D
(Version 2023.2) [38] software, based on the finite element method frequently used by
researchers [39,40], were chosen due to some of their advantages. One of the advantages of
the software is that it includes the ability to create different complicated material models
to reflect soil behaviors; plus, it covers some specific structural elements for foundations,
piles, anchors, geogrids, retaining walls, etc. [41].

Two-dimensional and three-dimensional finite element models established for the
problem are presented in Figure 4, respectively. In the 2D model, it was enough to define
the length (x = 750 mm; half of the length was considered since the axisymmetric model
was used) and the depth (y = 1000 mm), whereas in the 3D model, the length (x = 1500 mm),
width (y = 1200 mm), and depth (z = 1000 mm) values must be entered into the model.
Within the scope of the study, the properties of the investigated loose sandy soil were
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introduced to the software, and the soil was assigned to the defined area for 2D modelling
and assigned to the defined volume for 3D modelling. Since it is essential to use an
appropriate soil model for the prediction of soil behaviors, the numerical analyses were
accomplished using the Hardening Soil model which can represent the behavior of different
soils, both soft soil and stiff soils [42]. The model was established in the frame of the theory
of elasticity, and the material behavior is non-linear before failure, but after failure, it is
considered based on Mohr–Coulomb strength parameters [43,44]. Following the definition
of soil properties, the properties of the pile element were introduced to the software, and
the relevant structural element was assigned to the relevant region.
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Figure 4. Numerical analysis models: (a) two-dimensional and (b) three-dimensional.

The helical pile element was modelled in both 2D and 3D using the plate element.
While in 2D modelling the axisymmetric approach was considered to create the finite
element model, in 3D modelling the finite element model was established identically to the
physical model test setup. In addition, in 3D modelling, SOLIDWORKS 2016 [45] software
was used to create the helix structure of the pile element identically, and then, the pile
element was transferred to the PLAXIS 3D software, where the analyses were performed.
The pile shaft with an outer diameter (d) of 22 mm, a thickness of 2.5 mm, and a length
(L) of 600 mm was created for the straight pile as it was compatible with the test. Helix
plates were modelled as well as the shaft for different diameters of helical piles such as
D2 = 60 mm, 80 mm, 100 mm, and 120 mm. The distance between the bottom and top
point of the plate (pitch) is related to the diameter of the relevant helix, and they were
determined for the lower and upper plates as 0.3D1 and 0.3D2, respectively. In the 2D
and 3D mesh procedures, the soil region is created using 15-node triangle elements and
10-node tetrahedral elements, respectively. Also, medium mesh density and enhanced mesh
refinement were selected for the finite element models to save computer effort and time.

The sandy soil and pile properties considered in the software are presented in detail in
Table 3. Several soil parameters (e.g., saturated and unsaturated unit weights, internal fric-
tion angle, specific unit weight, etc.) required by constitutive models were acquired through
conventional laboratory experiments based on the relevant ASTM standards. Moreover, for
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other sandy soil parameters related to the stiffness that require more comprehensive labora-
tory effort like secant stiffness, tangent stiffness, unloading/reloading stiffness, power for
the stress-level dependency of stiffness, and the failure ratio belonging to the Hardening
Soil model, they were determined by considering the values that are in best agreement
with the test data.

Table 3. Material properties used in the numerical analysis.

Parameters Values

Soil
Material model Hardening Soil
Drainage type Drained

Unit weight above phreatic level, γunsat (kN/m3) 15.2
Unit weight below phreatic level, γsat (kN/m3) 18.0

Secant stiffness, Eref
50 (kN/m2) 9000

Tangent stiffness, Eref
oed (kN/m2) 9000

Unloading/reloading stiffness, Eref
ur (kN/m2) 27,000

Power, m 0.68
Poisson’s ratio, v 0.3

Friction angle, ϕ (◦) 30
Dilatancy angle, Ψ (◦) 0

Failure ratio, Rf 0.99
Strength reduction factor, Rinter 0.4

Pile
Thickness, d (mm) 2.5

Unit weight, γ (kN/m3) 77
Young’s modulus, E (kN/m2) 2.1 × 108

Poisson’s ratio, v 0.3

The software employed in this paper offers negative and positive interface elements
to model the interaction between soil and helical piles (see Figure 4). The value of the
strength reduction factor (Rinter) changes from 0 to 1, and if the Rinter is accepted as 0, then
no interaction occurs between the soil and helical pile. On the other hand, if the Rinter is
accepted as 1, then the interaction between the soil and helical pile is rigid. In this study,
Rinter was accepted as 0.4 to successfully reflect the interaction between the loose sandy soil
and the helical pile, and as determined in a previous study [46], this value was determined
parametrically to give the most compatible result with the physical test results.

3. Findings and Discussion
3.1. The Effect of the Distance between Helixes

The effect of the distance between helixes was expressed with the spacing ratio between
helixes (S/D1), which is a dimensionless term, where S and D1 refer to the distance between
helixes and the diameter of the lower helix, respectively. The effect of this parameter on
the bearing capacity of the helical piles was investigated using physical model tests and
compared to the results obtained from 2D and 3D finite element models. In accordance
with this purpose, the multiple helical pile (N = 2) was used in this series of tests by
considering the diameters of helixes of D1 = D2 = 60 mm. While examining the spacing
ratio between helixes, the diameter of helixes was kept constant to eliminate the effect
of other parameters on the results. The physical model tests were conducted for eight
different spacing ratios as S/D1 = 1–8. The reason as to why such different spacing ratios are
considered in this study is that there is still uncertainty on the subject. Several researchers
have stated that if the buried depth is between 3 and 8 times the foundation diameter,
these types of foundations can be considered deep foundations. On the other hand, the
recommended minimum buried depth of helical piles was expressed as 5 times the upper
helix diameter [47]. Therefore, the aim of this section, both the optimum spacing ratio
between helixes and the efficient depth of the upper helix specified. In this study, the
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physical model tests were continued until the displacement of 10% of the helix diameter,
and the failure load was determined as the load corresponding to this displacement. The
results of the load–displacement relationship obtained from the physical model tests and
2D/3D finite element models are presented in Figure 5; also, the failure mechanism results
obtained from the 3D finite element model, which shows better agreement with the physical
model test results, are given in Figure 6.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 8 of 16 
 

the upper helix diameter [47]. Therefore, the aim of this section, both the optimum spacing 
ratio between helixes and the efficient depth of the upper helix specified. In this study, the 
physical model tests were continued until the displacement of 10% of the helix diameter, 
and the failure load was determined as the load corresponding to this displacement. The 
results of the load–displacement relationship obtained from the physical model tests and 
2D/3D finite element models are presented in Figure 5; also, the failure mechanism results 
obtained from the 3D finite element model, which shows better agreement with the 
physical model test results, are given in Figure 6. 

   

(a) S/D1 = 1 (b) S/D1 = 2 (c) S/D1 = 3 

   

(d) S/D1 = 4 (e) S/D1 = 5 (f) S/D1 = 6 

   

(g) S/D1 = 7 (h) S/D1 = 8 (i) Optimum S/D1 

Figure 5. The effect of the distance between helixes on the load–displacement relationship. 

0

100

200

300

400

500

600

700

0 1 2 3 4 5 6

Lo
ad

(N
)

Displacement (mm)

LT2
3D numerical analysis
2D numerical analysis

0

100

200

300

400

500

600

700

0 1 2 3 4 5 6

Lo
ad

(N
)

Displacement (mm)

LT3
3D numerical analysis
2D numerical analysis

0

100

200

300

400

500

600

700

0 1 2 3 4 5 6

Lo
ad

(N
)

Displacement (mm)

LT4
3D numerical analysis
2D numerical analysis

0

100

200

300

400

500

600

700

0 1 2 3 4 5 6

Lo
ad

(N
)

Displacement (mm)

LT5
3D numerical analysis
2D numerical analysis

0

100

200

300

400

500

600

700

0 1 2 3 4 5 6

Lo
ad

 (N
)

Displacement (mm)

LT6
3D numerical analysis
2D numerical analysis

0

100

200

300

400

500

600

700

0 1 2 3 4 5 6

Lo
ad

(N
)

Displacement (mm)

LT7
3D numerical analysis
2D numerical analysis

0

100

200

300

400

500

600

700

0 1 2 3 4 5 6

Lo
ad

(N
)

Displacement (mm)

LT8
3D numerical analysis
2D numerical analysis

0

100

200

300

400

500

600

700

0 1 2 3 4 5 6

Lo
ad

(N
)

Displacement (mm)

LT9
3D numerical analysis
2D numerical analysis

0

200

400

600

800

1000

0 1 2 3 4 5 6 7 8 9

Lo
ad

(N
)

S/D1

experiment
3D numerical analysis
2D numerical analysis

N=0 

Figure 5. The effect of the distance between helixes on the load–displacement relationship.
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The load–displacement results acquired from the physical model tests were more
consistent with the 3D finite element model results compared to the 2D finite element
model results (see Figure 5). The reason for this result can be shown in the more realistic
modelling for helixes in the 3D analyses compared to the 2D analyses. However, from all
results, it was seen that even if the approach of modelling the helix as a horizontal plate
in two dimensions is not good enough, this approach shows that it is possible to have a
rough idea about the behavior of helical piles. In addition, the pile capacity increased with
the increase in the distance between helixes, and this increase continued up to a certain
ratio. While the physical model test and 3D numerical analysis results showed similar
behavior, no significant capacity increase was found in the 2D numerical analysis results
(see Figure 5i). In other words, the optimum spacing ratio between helixes was obvious
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in the results of the physical model tests and 3D analyses, whereas this finding was not
observed in the results obtained from the 2D analyses.

Based on the physical model test results, a failure load of 359 N was obtained at
S/D1 = 1, 520 N was obtained at S/D1 = 3, and 364 N was obtained at S/D1 = 8, and
therefore, the maximum load was found at S/D1 = 3. In the 3D numerical analysis results,
the maximum pile capacity was determined to be S/D1 = 3–4. In other words, in the
case where the buried depth of the upper helix was more than 5D2, the pile capacity was
determined to be the maximum in both the physical model test and the 3D numerical
analysis. It was understood from the results that the effect of the soil zone over the upper
helix on the pile capacity is more important than the distance between the helixes. It can be
said that in helical piles at a buried depth of less than 5D2, a shallow foundation behavior
rather than a deep foundation behavior is effective for the upper helix, and therefore, the
contribution of the upper helix plate to the capacity is less. Plus, there was not a significant
capacity increment in the 2D analysis results as the spacing ratio between helixes increased.

According to these results, if the multiple helical pile is to be used, it is recommended
that the distance between the helixes and the buried depth of the upper helix be adjusted
to be more efficient. Therefore, the recommended buried depth of the upper helix for this
study is a value greater than 5D2.

The effect of the distance between helixes on the failure mechanisms obtained from
the 3D finite element model is presented in Figure 6. It is known that multiple helical
piles have cylindrical or individual failure mechanisms depending on the distance between
helixes [20,30,48]. Therefore, this situation was clearly confirmed when the failure mecha-
nisms were examined. While the failure mechanism in closely spaced multiple helical piles
exhibited cylindrical behavior, as the distance between the helixes increased, an individual
failure mechanism was obtained (see Figure 6). The intensity in the cylindrical failure
mechanism was more pronounced at the spacing ratio between helixes of S/D1 = 1. As
the distance between helixes increased (e.g., S/D1 = from 1 to 2), although the failure
mechanisms appeared to be roughly cylindrical, the intensity began to cluster around the
helixes, and this intensity decreased along the shaft between two helixes. It was observed
that at S/D1 = 3, the most intense zone was still around the helix, and this intensity around
the helixes was preserved at all increasing spacing ratios. It was noticed that the interaction
between the helixes decreased, and the failure mechanism reached the soil surface along
with the spacing ratio of S/D1 = 4. In other words, the failure mechanism showed a transi-
tion from a deep foundation to a shallow foundation at this spacing ratio. The decreases in
helical pile capacity occurring after these spacing ratios (e.g., S/D1 = 4, 5, 6, 7, and 8) can be
explained by this behavior change observed in the failure mechanisms.

3.2. The Effect of the Number of Helixes

The effect of the number of helixes (N = 0, 1, 2) was investigated in this section
considering the physical model tests and numerical analyses. In the case of the multiple
helical pile, the spacing ratio between helixes was constant at S/D1 = 3, which is the
optimum spacing ratio between helixes. The results for load–displacement obtained from
the physical model tests and 2D/3D finite element models are presented in Figure 7; also,
the failure mechanism results of the 3D finite element model, which is in better agreement
with the physical model test results, are given in Figure 8.

The capacity of the straight pile (N = 0; with no helix) was determined to be approx-
imately 86 N, and the effect of the presence of a helix on the capacity was interpreted
by comparing it with a straight pile in the test. In the case of using single (N = 1) and
multiple helixes (N = 2), the capacities were found to be 335 N and 520 N, respectively.
When compared to the straight pile, these situations offered a capacity increase of 3.9
and 6 times, respectively (Figure 7). In the transition from the straight pile to the helical
pile, the increase in capacity originated from the helix plate in a single helical pile, but in
a multiple helical pile, this increase originated from either the total bearing capacity of
the helix plates or the cylindrical region formed between the helixes depending on the
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distance between the helixes [49–51]. With the transition from a single helix to multiple
helixes, the pile capacity increased by approximately 55%. The level of this increase was
directly related to the distance between the helixes and the location of the upper helix plate
(buried depth). Hence, it was recommended to choose an optimum distance to achieve
maximum efficiency.
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Figure 7. The effect of the number of helixes on the load–displacement relationship.
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From the physical model test results, it could be seen that the capacity of the helical
pile increased significantly compared to the straight pile. When all results were examined,
it was determined that the physical model test and 3D finite element results had better
agreement; on the other hand, the 2D finite element results were slightly below the physical
model test results.

The effect of the number of helixes on the failure mechanisms obtained from the
3D finite element model is presented in Figure 8. In the case of N = 1 (single helical
pile), the displacement intensity on the failure mechanism occurred around the helix and
exhibited deep foundation behavior. At N = 2 (i.e., multiple helical piles), the displacement
intensity decreased significantly and dropped by almost half compared to N = 1. It can
be expressed that the use of multiple helixes caused a cylindrical formation on the failure
mechanism between the helixes. The presence of the upper helix plate ensured that the
failure mechanism was effective almost along the shaft and the mechanism moved towards
the soil surface. When the failure mechanisms of single and multiple helical piles were
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compared, it was observed that the upper helix plate belonging to the multiple helical
piles was positioned where the displacements originating from the single helical pile
disappeared. As a result of this, it was understood that the upper helix in the multiple
helical pile was placed at the optimum distance where the displacements were damped in
the failure mechanism.

3.3. The Effect of the Upper Helix Diameter

In this section, the effect of the upper helix diameter was investigated using the
physical model tests and 2D/3D finite element models. In accordance with this purpose,
the multiple helical pile (N = 2) was considered in this series of tests. While examining
the upper helix diameter, the distance between helixes was kept constant at S/D1 = 3,
which is the optimum spacing ratio, to eliminate the effect of other parameters on the
results. The physical model tests were carried out for four different upper helix diameters
such as D2 = 60 mm, 80 mm, 100 mm, and 120 mm. The results of the load–displacement
relationship obtained from the physical model tests and 2D/3D finite element models
are presented in Figure 9; also, the failure mechanism results acquired from the 3D finite
element model, which is in better agreement with the physical model tests, are given in
Figure 10.
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With the increase in the upper helix diameter, the pile capacity increased significantly.
When the lower and upper helix diameters were the same, the helical pile capacity was
approximately 520 N. As the upper helix diameter increased, the capacity was determined
to be 580 N, 690 N, and 875 N, respectively. When the upper helix diameter was twice the
lower helix diameter, the capacity increased by approximately 70% (Figure 9). This increase
in capacity can be explained by the growth of the soil zone which the upper helix plate
resists while compressive load is being applied. Thus, the upper helix plate in the multiple
helical piles became a determining parameter for the capacity. Based on this result, in cases
where multiple helical piles will be used in loose sandy soils, it may be recommended to
make the upper helix plate larger compared to the lower helix plate to obtain maximum
efficiency from the helical pile and to generate the required torque/capacity. When the
results obtained from the physical model tests and finite element models were examined, it
was determined that the physical model test and 3D finite element model results were in
good agreement, and therefore, it can be expressed that the 3D model quite successfully
reflected the physical model test behavior. On the other hand, the results of the 2D model
were slightly below the test results.

The effect of the upper helix diameter on the failure mechanisms obtained from the
3D finite element model is presented in Figure 10. When the failure mechanisms were
examined, it was seen that in the helical pile with helixes of equal diameter, the failure
mechanism showed an individual intensity around the helixes but created a cylindrical
behavior with low intensity along the shaft between the helixes. As the upper helix diameter
increased, the increase in capacity was reflected in the failure mechanism as a decrease
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in displacement intensity. With the upper helix diameter of D2 = 80 mm in the helical
pile, there was displacement intensity around the helix plates even though it was not as
intense as with the diameter of D2 = 60 mm. This intensity reached its minimum level at
D2 = 120 mm. It can be stated that the increase in plate diameter caused a change in the
failure mechanism behavior. As a result of this, the cylindrical formation changed to an
hourglass appearance that widens in the area where the upper helix is located and narrows
in the area where the lower helix is located.

4. Conclusions

This paper focuses on behavior of helical piles placed in weak (loose sandy) soil. With
this purpose, the effects of the spacing ratio between helixes (S/D1 = 1–8), the number
of helixes (N = 0, 1, 2), and the upper helix diameter (D2 = 60 mm, 80 mm, 100 mm, and
120 mm) on the load–displacement and failure mechanism were investigated using physical
model tests and 2D/3D finite element models.

Based on the outputs acquired from this effort, the following conclusions are provided.

• The Hardening Soil model employed successfully demonstrates the behavior of the
helical pile placed in weak soil.

• The 3D finite element model is quite successful in replicating the behavior of helical
piles but the 2D finite element model remains slightly less successful in reflecting the
physical model test results.

• The distance between helixes is quite an important parameter, and the helical pile
capacity increases as the distance between helixes increases until the S/D1 = 3–4.

• In the case of multiple helical piles, the buried depth of the upper helix should be
selected as a value greater than 5D2.

• The displacement intensity in the cylindrical failure mechanism is more pronounced
at S/D1 = 1. Also, at S/D1 = 3, the most intense zone is still around the helix, and
this intensity around the helixes is preserved at all increasing spacing ratios. The
interaction between the helixes decreases and the failure mechanism reaches the soil
surface along with the spacing ratio of S/D1 = 4.

• The capacity of the helical pile increases with the increase in the number of helixes.
At N = 2, the displacement intensity decreases significantly and drops by almost half
compared to N = 1.

• With the increase in the diameter of the upper helix, the capacity of helical piles
increases significantly.

• As the upper helix diameter increases, the increase in capacity is reflected in the failure
mechanism as a decrease in displacement intensity. The increase in helix diameter
causes a change in the failure mechanism behavior. As a result of this, the cylindrical
formation changes to an hourglass appearance.
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