
Journal of Marine Science and Application (2023) 22: 565-583
https://doi.org/10.1007/s11804-023-00366-2

RESEARCH ARTICLE

Lateral Loading Capacity of Jacket Foundation with Three Helical Piles for 
Offshore Wind Turbines

Hongyan Ding1, Jianhua Luo1, Puyang Zhang1,2 and Conghuan Le1

Received: 22 December 2022 / Accepted: 05 May 2023
© Harbin Engineering University and Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract
The rapid development of offshore wind power and the need to move to deeper sea areas while reducing costs per kilowatt necessitate the 
employment of a new jacket and helical pile combination. This new combination combines the advantages of both jacket structures and helical 
piles and provides a superior bearing capacity and installation efficiency compared to conventional pile foundations. Foundations account for 
25%–34% of the overall cost of construction, but the use of this new foundation would be highly significant for the further development of 
offshore wind power. This study presents numerical results for the horizontal bearing capacity when horizontal displacement is applied, 
focusing on the bearing capacity and characteristics of the helical pile jacket foundation as well as the differences between the bearing 
mechanisms and failure modes of normal pile and helical pile types. ABAQUS model parameters are obtained through trial calculations based 
on actual engineering data, and the finite element model (FEM) is validated using data from a model experiment. Subsequently, different FEMs 
are established, and numerical results are compared and presented. Through a comparison between a normal pile jacket foundation and a helical 
pile jacket foundation with different helical blade numbers, the differences in the bearing mechanisms and failure modes are revealed. The 
failure of the normal pile jacket foundation is instantaneous and sudden, whereas that of the helical pile foundation is incremental and 
accumulative. These data highlight the most significant contributions and vulnerabilities of the one-pile side of the foundation and suggest that 
the addition of blades on the one-pile side is the most effective way of improving the foundation’s bearing performance. In addition, the 
interaction between the compression side and tension side is analyzed in relation to differing the relative magnitudes of their bearing capacities.
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1  Introduction

Achieving carbon neutrality is becoming increasingly 

necessary as the world battles the effects of global warm‐

ing and sea level rise. The need to reduce carbon emis‐
sions has been agreed globally, and concerted action is 
necessary (Azarpour et al., 2022). Wind turbines have tra‐
ditionally been used to obtain energy from nature, and 
with the continuous development of theories and technolo‐
gies related to wind turbines and their construction, wind 
turbines are undoubted of great significance to the future 
of mankind in the context of achieving carbon neutrality. 
The energy potential of offshore wind power is greater 
than that of land wind power, and obtaining it is more envi‐
ronmentally friendly (Zhang et al., 2022; Zeng et al., 
2023). However, it is necessary to reduce the cost per kilo‐
watt of offshore wind power, and constructing the founda‐
tions accounts for 25% – 34% of the total construction 
costs. Therefore, innovative foundation designs are re‐
quired to improve associated costs.

Foundation schemes such as gravity type, single pile 
foundations, multipile cap foundations, and suction bucket 
foundations are generally used in the construction of wind 
turbines. However, the size of turbines is gradually increas‐
ing as obtaining wind power advances to the deep sea, and 
the load on the foundations is thus also increasing. There‐
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fore, these foundation schemes have certain limitations 
with respect to their bearing capacity and the ability to con‐
struct them, which increases associated costs (Chen, 2020; 
Wang, 2019). Helical piles are considered to be a competi‐
tive and potential alternative for use in the construction of 
offshore wind power in deep seas. Helical piles have advan‐
tages over traditional pile foundations with respect to their 
bearing capacity and construction efficiency.

The mainstream helical pile form has single or multiple 
helical blades welded onto circular steel pipes at certain 
spacings. The blades are used both for bearing and installa‐
tion. The bearing capacity of the helical pile, especially the 
axial bearing capacity, has been greatly improved due to 
the existence of the blades. When combined with a jacket 
with large rigidity, the structure has a natural ability to 
bear the bending moment load of the wind turbine, and 
this is particularly true with respect to large megawatt 
wind turbines. In addition to the bearing capacity, install‐
ing the helical pile is environmentally friendly and simple 
to construct compared with traditional pile foundations. 
Traditional pile foundations need to be constructed by pil‐
ing, whereas the helical blade has a three-dimensional spi‐
ral surface (like a submarine propellor), and the interaction 
between the helical blade and the soil in the process of ro‐
tation provides the power for pile penetration. Due to the 
construction characteristics of the helical pile, problems 
such as pile sliding, construction failure, and noise that af‐
fects the environment can be avoided.

Helical pile research has predominantly focused on the 
use of small-scale model experiments and finite element 
studies, and studies have mainly focused on the axial bear‐
ing capacity (Bak et al., 2021; Ding et al., 2018; Ghaly 
and Hanna, 2011; Livneh and Naggar, 2008; Wang et al., 
2020) and horizontal bearing capacity (Abdrabbo and 
Wakil, 2016; Mittal et al., 2010; Ding et al., 2019) of a sin‐
gle pile. Axial bearing capacity research focuses on the in‐
fluence of the geometric parameters of helical piles on the 
bearing capacity and bearing mode, and formulas for the 
bearing capacity under different bearing modes and differ‐
ent soil properties have been obtained. Some studies have 
researched the bearing capacity of helical pile groups 
(Emirler et al., 2020; Alwalan and Alnuaim, 2022), but the 
main focus of each study has been on the vertical bearing 
performance of the helical pile group (in terms of compres‐
sion and pullout resistance), with a focus on group efficien‐
cy, the settlement ratio, and the load transfer mechanism. 
The foundation type focused on in these studies is a group-
pile foundation with a pile cap and many piles. However, 
with respect to the load characteristics of a large megawatt 
unit with a large bending moment and large shear force, 
which are associated with offshore wind power plants, only 
a few relevant studies (Chen, 2020; Wang, 2019; Vignesh 
and Muthukumar, 2023) have investigated the horizontal 
bearing capacity of a multi-helical pile foundation with a 

jacket. In addition, in these papers, the authors have fo‐
cused on pullout resistance, and their results are mainly 
based on the group efficiency associated with the lateral 
bearing capacity.

As there is a lack of research focusing on the lateral 
loading capacity, it is necessary to compare it with a con‐
ventional pile foundation to analyze how they differ from 
the helical pile jacket foundation and determine the advan‐
tages of the latter. As such, this paper primarily focuses on 
comparing the horizontal bearing capacity of the helical 
pile jacket foundation (in terms of the bearing characteris‐
tics, bearing mechanism, and failure mode) and the con‐
ventional pile foundation. Jacket legs are typically con‐
structed as three or four piles. This study selected a three-
leg design to determine the advantages derived from manu‐
facturing a three-pile foundation, the materials used, and 
(most significantly) the ability of the helical pile to direct‐
ly increase the foundation bearing capacity by adding 
blades. Therefore, this study focuses on investigating the 
horizontal bearing capacity of the three-leg helical pile 
jacket foundation.

2  Methodology

2.1  Model experiment overview

A physical model of the foundation structure is shown 
in Figure 1. It measures 1/60 the size of the finite element 
model (FEM) and has the following dimensions: prop di‐
ameter and thickness of 18 mm and 2 mm, respectively; 
main rod diameter and thickness of 32 mm and 2 mm, re‐
spectively; pile body thickness of 3 mm; and helical blade 
thickness of 1 mm. The soil used in the soil experiments 
was reshaped for each experiment because soil damage oc‐
curred after loading. The soil body measurements were 
length, width, and depth of 1.9 m, 1.9 m, and 1.2 m, re‐
spectively. The studies were conducted in homogeneous 
medium-dense sand soil.

The foundation’s plane was a square triangle with a side 
length of 0.5 m. The foundation was buried at a maximum 
depth of 0.82 m, the pile diameter was 0.05 m, and the he‐
lical blade had a diameter of 0.1 m; therefore, the recon-

Figure 1　Schematic diagram of the experimental model
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figured soil body fitted the geometric requirements of the 
FEM, which was used to eliminate the boundary effect. 
The foundation was preburied due to the vulnerability of 
the sensors placed on the foundation during the rotating in‐
stallation proccess of the helical pile. The principal param‐
eters of the foundation are shown in Table 1.

The main steps of the experiment involved the follow‐
ing: (1) soil reshaping; (2) digging holes at predetermined 
locations to predetermined burial depths; (3) lifting and 
placing the foundation using a yellow crane above the 
model, followed by the even replacement of soil; (4) slow‐
ly releasing water into the soil box through the water pipe 
connected to the outlet network at the bottom of the box 
until it reached 5 cm above the soil surface; (5) resting the 
soil for 24 h; (6) applying horizontal displacement, and (7) 
releasing the water through the outlet pipe at the bottom of 
the soil box.

2.2  Numerical model

In this study, the commercial calculation software 
ABAQUS was used to model the three helical piles jacket 
foundation. ABAQUS provides powerful nonlinear calcu‐
lation functions and can be used with models that have 

complex contacts. It was, therefore, suitable for modeling 
the helical piles and for simulating the pile-soil contact in 
this study.

2.2.1 Model and mesh details
The pile, helical blade, soil, and jacket in the numerical 

model were all established by ABAQUS, in which the 
jacket, pile, and helical blade adopted S4R shell elements, 
and the C3D8R eight-node reduced integration unit was 
used to simulate the sand. The FEM is shown in Figure 2, 
where modeling and meshing details are evident. Due to 
the complex contact between the helical blade and the soil, 
the mesh was locally encrypted for the blade and shaft and 
the soil within a certain range around the pile body. Over‐
all, the grid size was gradually increased from the region 
close to the pile body to the model’s boundary, with the 
aim of minimizing the number of grids used in the model. 
With respect to the connection of the model parts, a tie 
was used to connect the helical blade and the pile body, 
the top of the jacket, and the transition section. In the actu‐
al project, the top of the pile and the bottom of the jacket 
were connected by grouting, which achieved the effect of 
fixation and enabled various forces to be effectively trans‐
ferred between them. In the FEM, the jacket and the top of 
the pile were connected by coupling.

As the helical pile foundation has not been used in an 
actual offshore wind power project, to ensure the rational‐
ity of the structural parameters in the process of selecting 
structural parameters, the size of the FEM was based on 
the working conditions and loads of a 10 MW generator 
in a certain sea area in Fujian Province, China. The steel 

Figure 2　Model layout and mesh details of helical pile jacket foundation and different parts and locations

Table 1　Principal parameters of foundation.
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consumption of the foundation of the 10 MW wind tur‐
bine and the buried depth and diameter of ordinary pile 
foundations were obtained, and the buried depth, diame‐
ter, wall thickness, blade outer diameter, jacket size, and 
other parameters were then determined by trial calcula‐
tions and iteration. On the basis of these parameters, the 
bearing characteristics of the helical pile jacket founda‐
tion were further studied by changing the FEM and load 
parameters. The overall structural parameters are shown 
in Table 2, and the specific component parameters are 
shown in Table 3.

The loading characteristics of offshore wind turbines 
differ from those of offshore oil platforms because they 
are primarily subjected to horizontal forces and bending 
moments caused by wind, waves, and currents. In this 
study, horizontal displacement was applied to the founda‐
tion, so the choice of the loading point height was crucial 
because different loading heights produce different over‐
turning moments. Therefore, to reflect the actual loading 
conditions, we used the loading condition of an actual 
wind turbine site in the sea area of Fujian, China, and the 
following parameters were collected: horizontal force 
(V1) with its equivalent loading point height (h1), bending 
moment (M) from the upper wind turbine and tower, and 
horizontal force (V2) with its equivalent loading point 
height (h2) from the waves and currents under load-bear‐
ing limit working conditions. The total bending moment 
and total horizontal force to the mud surface were then 
calculated to obtain the foundation loading point height 
h: h= (M+V1*h1+V2*h2)/(V1+V2), where the value of h ob‐
tained after calculation was approximately 63 m, as shown 
in Figure 3. During the loading process of the structure, 
we found that when the applied horizontal load to the heli‐
cal pile foundation model was approximately 1.5–2 m, the 

finite element calculation did not converge due to the com‐
plexity of the pile-soil contact. As this was detrimental to 
conducting an analysis of the structural bearing capacity 
and damage mode, a model idealization of a circular flat 
plate was used instead of one for the helical blade (Vi‐
gnesh and Muthukumar, 2023). Apart from this, all model 
settings remained the same.

To study the bearing performance of the foundation 
structure, the loading directions are described using 
three directions of x, y, and my, as shown in Figure 4. In 
direction x, pile L was under compression while pile P 
was under tension. In direction y, pile Y was under com‐
pression while piles P and L were in tension, while for 
direction my, pile Y was in tension while P and L were 
under compression.

A model of the helical pile jacket foundation with vari‐
ous blade numbers was studied, and a common pile jacket 
foundation model with identical pile and jacket parameters 
was established to conduct comparative research. To repre‐
sent different models, the helical pile jacket foundation 
models with different blade numbers are identified using 
the format YxLx. For example, Y1L3 means that pile Y has 
one blade while pile L and pile P have three blades each. 
Ordinary pile foundations are represented by p. Different 
loading directions are designated using the specified 
terms, using d-x to indicate the direction x, and d-y to indi‐
cate the direction y. For convenience, we refer to the three 

Table 2　Principal parameters of the foundation

Part (m)

Buried depth

Height

Spacing

Top spacing of legs

Story height of brace rod

Pile

50

—

30

—

—

Jacket

—

60

30

15

20

Table 3　Parameters of basic components

Component

Pile

Helical blades

Jacket legs (down)

Jacket legs (up)

Brace rod

Transition section

Diameter (m)

3

6

2.1

1.6

1

—

Height (m)

53

3

10

50

—

5

Thickness (mm)

70

60

75

75

40

60

Figure 3　Loading height of jacket foundation

Figure 4　Schematic diagram of different foundation loading directions

568



H. Y. Ding et al.: Lateral Loading Capacity of Jacket Foundation with Three Helical Piles for Offshore Wind Turbines

helical pile jacket foundation as THJ and the ordinary 
three-pile jacket foundation as TPJ.

2.2.2 Boundary effect and sensitive analysis
By establishing FEMs with different boundary condi‐

tions in this study, the influence of boundary conditions 
on the numerical results was eliminated. Figure 5 shows 
the load-displacement curves under different boundary 
conditions. 3D/2D indicates that when the outer edge of 
the helical blade to the model boundary is 3D, the blade 
bottom to the model bottom is 2D, where D is the diame‐
ter of the helical blade; there is a big difference between 
3D/2D and the other two boundary conditions. However, 
the difference is small when it is greater than 5D/3.5D. 
Therefore, the following models adopt a boundary dis‐
tance of 8.5D/6D.

Under the selected boundary size, the influence of the 
mesh size on the numerical results was studied using 
FEMs with different mesh numbers. In Figure 6, the result 
using 90 000 grids is compared with that using 150 000 and 
200 000 grids, respectively. The result with the 90 000 grid 
differed from the results of the other two, while the results 
of the 150 000 and 200 000 grids were similar. Therefore, to 
consider the calculation speed, models with 150 000 grids 
were chosen for subsequent numerical model establish‐
ment and calculations.

2.2.3 Model material properties
An ideal elastoplastic material was adopted for the jack‐

et and helical pile, with a material yield stress of 355 MPa, 
Young’s modulus of 210 GPa and Poisson’s ratio of 0.3. 
The material density of the pile body (underwater) was 
6 850 kg/m3, and the material density of the jacket was set 
as 7 500 kg/m3 (based on the volume above and below wa‐
ter surface).

To simulate the soil properties, this study adopted the 
ideal elastoplastic M-C model to represent the soil strength 
characteristics. This model is widely used in geotechnical 
engineering and helical pile-related research. It has few pa‐
rameters, each has a clear physical meaning, and the model 
accurately reflects the mechanical properties of sandy soil. 
The M-C model can also simulate the nonlinear strength 
characteristics of granular materials. For this study, the soil 
layer was set as follows: C=31° , φ=1 500 N/m2, density=
850 kg/m3, Young’s modulus=21 MPa, which makes the 
soil homogenous.

However, it should be noted that the geological condi‐
tions in actual engineering are often complex, different 
soil layers contain varying proportions of sand and clay, 
and the parameters of the same kind of soil vary across lay‐
ers. Furthermore, the zones of influence of different foun‐
dations on the surrounding soil layers vary; if the soil is 
not homogenous, the impact of the controlled variables on 
the studied problems and ultimate conclusions can be 
weakened or amplified.

2.2.4 Contact modeling
"Surface-to-surface contact" was used when setting pile-

soil contact, and the surface of the pile was chosen as the 
master surface and the soil surface as the slave surface. 
"Hard contact" pile-soil contact was used in the normal di‐
rection; this allowed the contact surface to separate when 
it was subjected to an external force. However, "Penalty 
function" contact was used in the tangential direction, as it 
is known to better simulate tangential friction behavior. 
The friction coefficient of the contact was empirically tak‐
en as 0.35 (Wang et al., 2020; Wen et al., 2020). For the 
boundary of the model conditions, six degrees of freedom 
were restricted at the bottom of the soil. For the lateral dis‐
placement boundary condition, vertical displacement of the 
soil was allowed, and lateral displacement was restricted, 
with the aim of ensuring normal vertical compression set‐
tlement when balancing the ground stress.

2.3  Comparison between FEM and experimental 
results

Figure 7 compares the FEM results and the experimen‐
tal results of model Y1L1 using the dimensionless method. 
In this respect, S represents the displacement of the load‐
ing point, D represents the diameter of the helix, d repre‐
sents the diameter of the shaft, and H represents the burial 

Figure 5　Comparison of models with different boundary conditions

Figure 6　Comparison of the use of different mesh numbers
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depth of the foundation in the horizontal axis. The vertical 
axis represents the ratio of the reaction force at the mo‐
ment to the maximum load value.

Overall, the curve of the FEM captures the curve charac‐
teristics of the experiment, and the two curves are largely 
consistent, especially in the initial elastic stage. However, 
the finite element curve is smoother and more representa‐
tive than the experimental curve. The experimental curve 
position is lower than the finite element curve after the lon‐
gitudinal axis value reaches 0.6, indicating that the FEM 
achieves base bearing capacity and enters the plastic devel‐
opment stage earlier than the experimental model.

This discrepancy may result from several factors, which 
include the following: a) in contrast to the experimental 
loading process, there is no change in the elastic modulus 
of the M-C model in the finite element loading process; b) 
the dilation angle was set to 0 in finite element modeling, 
and this disregards soil dilatancy. In contrast, dilatancy is 
often unavoidable in experiments, particularly when using 
deep foundations in relatively dense soil. Dilatancy can 
disrupt the continuity of the soil strain field and lead to lo‐
cal plastic deformation (Perić et al., 1992; Rice, 1976). 
However, the M-C model assumed that the soil’s plastic 
range was continuous and smooth.

3  Comparison between bearing mechanisms 
and failure modes of normal and helical pile 
foundations

Large moment loads and horizontal force loads are ap‐
plied to offshore wind turbine foundations, which causes 
vertical and horizontal movement of the piles in multipile 
foundations. To properly understand the differences be‐
tween the helical pile jacket foundation and common pile 
jacket foundation in terms of displacement and the bearing 
mode, it is necessary to investigate the horizontal and axial 
bearing performance of the pile in the foundation. In the 
sections that follow, the numerical outcomes of p, Y1L1, 
Y2L2, and Y3L3 are compared and explained.

3.1  Comparison between axial load and 
settlement in models

Figure 8 presents the load-displacement curves of mod‐
els p, Y1L1, Y2L2, and Y3L3 in the y, my, and x directions. 
It should be noted that due to the limited material of the 
structure, the structure is not close to being rigid, but this 
is unlikely to occur in reality. In addition, the displace‐
ment-load curve of the foundation does not exhibit a hori‐
zontal or declining stage due to the local limit state of both 
the foundation soil and structure. Despite this, the load-dis‐
placement curve grows very slowly in the later stages. The 
advantage of THJ is not noticeable in the early pahse due 
to the deep burial of the blade, which means that the pile 
body has to exert its bearing capacity prior to the helical 
blades. However, an increase in the helix number high‐
lights a visible difference between the models, which be‐
comes more apparent as the loading process advances and 
the ultimate capacity is significantly increased; this show 
how the helices contribute significantly to the ultimate 
bearing capacity. However, the increase is not proportional 
to the helix number in all three directions. There is also a 
significant difference between Y1L1 and p, as opposed to 
the relatively minor difference between Y2L2 and Y3L3, 
which indicates that the blades do not work independently; 
this may be due to the helix spacing, which is set as 1.5 in 
this article. Furthermore, the slope of the displacement-
load curve for THJ is greater than that of TPJ, even when 
the load-displacement curve of TPJ is almost horizontal in 
the late loading stage. This difference implies that the soil 
does not fully enter a plastic state due to the presence of 
the helical blade.

The axial performance of piles throughout the loading 
procedure is shown in Figure 9. In particular, Figures 9(a) 
and 9(b) show the axial force and vertical displacement in 
d-y plotted against the lateral force of the loading point. 
Here, y means direction y, and Y represents pile Y, and this 
is presented consistently throughout the text. The Y-pile and 
L-pile curves of Figure 9(a) can be broken down into two 
stages of development: a linear growth stage in the early 
stage and a rapid growth stage in the later stage. With an 
increase in the number of blades, both the Y-pile and the 
L-pile’s linear growth stages lengthen, while the later 
stage’s rapid growth rate declines as the blade number rises.

These results indicate that, in comparison to the helical 
pile, the ordinary pile has a lower soil contact range, and it 
thus enters the plastic strain stage of soil earlier. Notably, 
there is a clear difference between the axial force of a com‐
pressed pile and a tensioned pile in terms of their relative 
magnitudes and growth rates. The tensioned pile experi‐
ences a lengthy, slow-growing, linear period after the first 
loading, during which the axial force of the tensioned piles 
in all models is essentially the same. In addition to having 
a higher axial force gap between the compressed piles of 

Figure 7　Comparison between FEM and experimental results
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TPJ and those of THJ, the compressed piles expand at a 
clearly faster rate than tensioned piles. It is evident that the 
increased bearing capacity of the compression pile, which 
widens with the number of blades, is the source of the 
bearing capacity gap between the two types of founda‐
tions. Therefore, the compressed pile is more important for 
the bearing capacity in d-y.

The performance of the pullout capacity is detrimental 
to the foundation due to the overturning. Compared to the 
compressed pile, the tensioned pile has a smaller load un‐
der the same horizontal force, as shown in Figure 9(a). 
The most significant difference between the pile types is 
that during the tensioned pile’s uplift phase, the axial force 
growth of the common pile foundation is slower, and it 
nearly disappears at the end, whereas the corresponding 
helical pile foundation has a faster growth rate and a great‐
er capacity potential; this becomes more obvious with an 

increase in the number of blades.
A comparison of the growth curve of axial displacement 

in Figure 9(b) shows that the failure modes of TPJ and 
THJ are similar; both exhibit a quick increase in the axial 
displacement of the compressed pile followed by a rapid 
uplift with the tensioned pile. As shown in Figures 9(a) 
and 9(b), the helical blades cause two relative changes: the 
first is to delay the rapid increase in the axial displacement 
phase and to reduce its rate and magnitude, especially for 
the tensioned pile, which is crucial for the pullout of the 
foundation; and the second is that the simultaneously larg‐
er bearing capacity and smaller axial displacement result 
in greater lateral stiffness and greater structural stress.

In Figures 9(c) and 9(d), the axial force and vertical dis‐
placement of the d-my piles are compared to those of the 
d-y piles. Significant similarities and differences are ob‐
served, and these are listed as follows: in terms of axial 
force development, the similarities include: a) the smallest 
growth rate of the pile L side during the initial linear 
growth stage; b) a long linear increase phase with a rough‐
ly equal axial force for tensioned piles, where the differ‐
ence in the axial force of the tensioned piles is only reflect‐
ed in the final fast pullout stage, while the bearing capaci‐
ty differences between compressed piles are observed in 
the initial stage. c) the bearing capacity gap among the dif‐
ferent models commonly stems from the Y-pile, and there 
is insufficient bearing capacity development on the L-pile 
side caused by the difference in the number of piles on 
two sides of the three-pile foundation, which is unavoid‐
able. The differences include: a) d-y has a greater L-pile 
bearing capacity which increases the foundation’s bearing 
capacity; b) the different d-y models show a bearing capac‐
ity gap in the earlier stage.

In terms of axial displacement and damage, as shown in 
Figure 9(d), there are critical differences between TPJ and 
THJ. TPJ was destroyed by the rapid displacement of the 
tensioned pile, where the force reached a limit value and 
the foundation relied on the rapidly increasing axial force 
of the compression pile, leading to foundation failure. THJ 
differed from TPJ during the pullout process: a) the verti‐
cal displacement of the tensioned helical pile grew more 
slowly than that of TPJ, the displacement accumulated 
gradually, and this trend became more prominent with an 
increase in the blade number; b) the fast growth of dis‐
placement of the tensioned helical piles corresponded to 
the rapid development of axial force; however, there was 
no room for the axial force of ordinary piles to increase 
with rapid pullout; c) within the loading range, the dis‐
placement of the compressed helical piles did not increase 
as quickly as that of the ordinary piles, partially due to 
their higher bearing capacity and the lack of rapid pullout 
damage exhibited by the tensioned helical pile.

Figures 9(e) and 9(f) show only piles L and P. This is be‐
cause for d-x, the Y-pile essentially had no effect on axial 

Figure 8　 Comparison between load-displacement curves in three 
directions
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displacement and axial force, and there was an enormous 
gap between its performance and that of the other two 
piles. The overall axial performance of d-x was similar to 
d-y and d-my, but d-x contained the following distinctive 
features: a) the Y-pile showed no bearing in the axial direc‐
tion; b) unlike d-y and d-my, both the compressed pile and 
tensioned pile are where the bearing capacity advantage 
over the TPJ or THJ with less blade numbers originates; c) 
the fact that the axial displacements of the tension pile and 
compression pile were relatively similar and that no one 
side of the pile experienced a particularly big displacement 
proves that they have approximately identical axial stiff‐
ness; d) for the foundation damage mode in d-x, the ten‐
sion pile and compression pile both reached the limit state 
at the same time, and the axial force and displacement of 
both sides of the pile developed similarly.

In conclusion, the deterioration of THJ occurred consid‐

erably more gradually than that of TPJ, and it underwent a 
cumulative process with a more moderate displacement 
growth rate, especially with an increase in the number of 
blades and a slow growth in the rate of pile displacement. 
It is also obvious that the damage relating to the ordinary 
pile foundations occurred suddenly and rapidly. This is be‐
cause, in the absence of helical blades, the pile circumfer‐
ence provides a soil-bearing capacity that is close to its lim‐
it, and it thus readily reaches the limit state. In this paper, 
the blade spacing was set as 1.5; if the value was greater, 
the linear variation characteristics of the displacement of 
the foundation loading process would be more apparent be‐
cause of the individual bearing mode of the helical pile.

The effectiveness of the blades directly infers that the he‐
lical piles are effective; therefore, to fully reveal the bearing 
characteristics of the foundations, the average Mises of ev‐
ery blade was calculated after the Mises stress of each ele‐

Figure 9　Axial performances of different foundation piles in three loading directions with lateral load
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ment of the blade was extracted. In the figures, for the des‐
ignation of different helical blades, there are 3 blades on 
pile L of Y3L3, and L1, L2, and L3 represent the blades in 
order of bottom to top, which is the same for other piles.

As shown in Figure 10(a), for the tensile pile, the aver‐
age stress of L1 decreases first and then increases, and the 
stress of L2 and L3 undergoes continuous growth, which 
indicates that the lower blades primarily bear the vertical 
load when it is small. For the compression pile, the se‐
quence of the different blades is not the same: Y1 and Y2 
first unleash the bearing capacity, but the stress of Y3 be‐
gins to reduce when the foundation is laterally loaded. 
This demonstrates that the upper blade is subject to down‐
ward soil pressure. A blade yielding order of succession 
for Y1>Y2>Y3 can be observed, but it is notable that the 
stress of Y3 is not totally yielded.

Figure 10(b) shows how the blades at various locations 
carry the external load sequentially. By comparing Y1 of 
Y1L1 with Y1 and Y2 of Y2L2, Figure 10(b) shows that by 
increasing the number of blades, the external load is 
shared and that the yielding of the lower blades is post‐
poned. Figure 10(c) shows the blade stress evolution of the 
piles on the same side of several models with the loading 
point reaction force. As the number of blades increases, 
the area of overall contact with the soil also increases. The 
external load increases with the number of blades when 
they reach the yielding point. It is possible to further ex‐
plain the bearing characteristics of THJ shown in Figure 9. 
Initially, when the bearing capacity of a certain blade and 
the surrounding soil reaches a specific displacement and 
stress state, another helical blade will step in to play a cru‐
cial function. The helical blades exert their capacity in a 
specific order. Therefore, the movement of the foundation 
is progressive rather than abrupt as a result of the superpo‐
sition of the different limit stages of each blade.

It is important to analyze the stress and displacement 
states of the soil to assess the bearing performance of the 
foundation. Figures 11(a) and 12(a) show the stresses of the 
soil in TPJ and THJ, respectively. The stress and strain of 
the ordinary pile are concentrated near the end of the pile, 
while the stress level of the helical pile as a whole is lower, 
and it shows a larger effective soil-bearing range. The fail‐
ure mode of the helical pile differs significantly from the or‐
dinary pile due to the presence of the blade. The bearing 
mode can be divided into individual bearing and cylindri‐
cal shear bearing modes according to the different blade 
spacing (Mohajerani et al., 2016). The spacing ratio was 1.5 
in this study; theoretically, this belongs to the individual 
bearing mode for the monopile. The comparison between 
Figures 11(c) and 12(c) show that the helical pile exhibits 
an integral damage mode for both the tensile pile and com‐
pressive pile. This mode indicates that the range of soil 
driven by the common pile is restricted to the diameter of 
the pile, whereas the range of the helical pile is much larger.

3.2  Lateral bearing characteristics of pile

The blade is believed to have a positive effect on the 
horizontal bearing capacity (Sakr, 2009; Tappenden et al., 
2009; Mittal et al., 2010), and the results of this study 
show that the horizontal bearing capacity of the helical 
pile is greatly improved when the buried depth is eight 
times the size of the blade’s outer diameter. Foundations 
can achieve lateral displacement at the loading point 
through horizontal pile displacement, axial pile displace‐
ment, and bending. THJ had a smaller axial dispalcement 
compared to TPJ, which implies that the upper strucuture 
is subjected to greater stress and lateral displacement. Al‐
though the axial force weakens and strengthens the lateral 
stiffness of the tension and compression piles in TPJ, the 
current design of the API-recommended p-y curve does 
not consider this effect. The blades of the helical piles af‐
fect the axial force distribution, which alters the interac‐
tion between the pile shaft and soil around the pile. There‐
fore, more research is required to analyze the horizontal 

Figure 10　Average mises of different helical blades
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performance of both foundation types.
According to Figures 13(a), 13(c), and 13(e), the hori‐

zontal bearing capacity of the helical pile is greater than 
that of the ordinary pile. The horizontal force of the ten‐
sioned pile is more sensitive to an increase in the blade 
number, but for the compressed helical piles, the gap be‐
tween the horizontal bearing capacity of the compressed 
helical piles of different blade numbers is smaller, the hori‐
zontal bearing capacity of the compression piles is much 
higher than that of the tension piles, and its lateral stiffness 
is larger due to the disturbance of tensile force to the soil 
around the tension pile.

According to Figures 13(b), 13(d), and 13(f), the horizon‐
tal force distribution between TPJ and the various THJ mod‐
els is nearly identical under the same horizontal force. How‐
ever, for d-my and d-x, as the piles approach their ultimate 
bearing capacity, the horizontal force is redistributed be‐
tween different pile bases, resulting in a reduction in the dis‐
tributed horizontal force of the tensioned pile. This is be‐
cause the pullout of the tensile pile has a stronger impact on 
the horizontal rigidity when it approaches the limit state than 
the press-in of the compressed pile, and also to the effective‐
ness of the blades, where an increase in the number of 
blades results in the redistribution occurring later. In d-x and 
d-y, the horizontal force distribution of the compressed pile 
is the largest, while in d-my, pile Y ’s horizontal force distri‐
bution is initially greater than that of the compressed pile.

Figure 14 illustrates the horizontal displacement and dis‐
placement gap of piles in various models under lateral force. 

The horizontal displacement of piles in d-y compressed piles 
is greater than that of tensioned piles, and the horizontal dis‐
placement of d-x and d-my compressed piles is smaller. The 
horizontal displacement of the piles is reduced with an in‐
crease in the blade number under the same horizontal force, 
as observed in Figures 14(a), 14(c), and 14(e).

The difference between the horizontal displacement of 
the piles in each loading direction is related to the distribu‐
tion of the number of piles. d-y has only one compressed 
pile, and displacement is, therefore, larger than that of the 
tensioned piles, despite its higher lateral stiffness. d-my has 
only one tensioned pile, which results in a larger difference 
in horizontal displacement between the compressed and tes‐
ioned piles than d-y as there is less lateral stiffness for the 
tensined pile in d-my. By contrast, the number of tensioned 
and compressed piles is the same in d-x, which results in a 
smaller disparity in horizontal displacement than the other 
two loading directions. The horizontal displacement gap be‐
tween the piles on both sides of the foundation increases 
gradually with loading. The horizontal displacement gap of 
all models except Y3L3 in d-y decrease as they reach the 
maximum bearing capacity. The horizontal displacement 
gap between the piles on the tensile and compressive sides 
of THJ in d-x and d-my is smaller than that of TPJ, which 
shows that the helical blade improves the load-bearing per‐
formance of tensioned piles compared to compressed piles.

Figures 15(a) and 15(b) show the distribution of hori‐
zontal force and horizontal displacement of the pile body 
at a horizontal force of 50e6 N, respectively. There is a 

Figure 11　Soil stress and vertical displacement of soil with TPJ in d-y

Figure 12　Soil stress and vertical soil displacement with Y3L3 in d-y
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stronger interaction between the common pile and the soil 
because its horizontal displacement is larger. As a result, 
the horizontal force distribution of TPJ is similar to that of 
Y3L3, as evidenced by the previous paper and Figure 15(b). 
However, the horizontal displacement of the helical pile 
gradually reduces as the number of helical blades increases. 
The specific law of each helical pile is that the point where 
the horizontal force of the pile body is 0 is closer to the soil 
surface, and the overall lateral stiffness of the common pile 
foundation is comparatively smaller due to the absence of 
helical blades. The lateral force is more dependent on the 
upper soil layer, while the helical pile is more dependent 
on the deep soil layer. In addition, the greater the number 
of blades, the smaller the horizontal displacement, soil 
heave and disturbance.

The soil pressure in front of the pile provides the hori‐
zontal bearing capacity, and different pile models exhibit 
distinct performance characteristics that warrant analysis. 
The depth of the top blade in Y3L3 is 30 m below the soil 
surface; therefore, we analyze the soil stress in front of the 

pile within a depth of 0–30 m for each model, as shown in 
Figure 16(a). Soil stresses in front of the pile increase to 
their maximum value with depth and then gradually de‐
crease, with the compression pile exhibiting greater soil 
stresses than the tension pile. The change rate of soil stress 
before and after the maximum value of the compressed 
pile is greater than that of the tensioned pile. Additionally, 
an increase in the number of helical pile blades leads to a 
higher curve rate along the depth. At a depth greater than 
17 m, the soil stress in front of the compressed pile of 
Y3L3 is at its minimum, while the rate of decrease of the 
soil stress curve after reaching the extreme value of the 
tensioned pile is lower than that of the compressed pile.

The stress situation in front of the pile is crucially influ‐
enced by the displacement and deformation of the pile, and 
it is directly related to the variation of displacement and de‐
formation of the pile body. Therefore, the pile body and 
soil deformation require further investigation. Figure 16(b) 
presents variations in the pile top plane angle with horizon‐
tal force at the loading point. Based on this and the pile 

Figure 13　Horizontal force of pile section at mud surface with the development of pile horizontal displacement (left) and lateral force (right)
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body horizontal displacement shown in Figure 15(b), it 
can be inferred that: a) the common pile exhibits greater 
horizontal displacement and deflection of the pile body, 
with the bending of the pile body mainly concentrated at a 
burial depth of around 15 m. The horizontal displacement 
of the common pile is greater at both the upper and lower 
parts of the moment concentrated point. Comparatively, 
the deformation of the helical pile differs due to the helical 
blade in the lower part of the pile, which results in the pile 
body being more firmly anchored in the soil. As a result, 
the horizontal displacement at the bottom and top of the 
helical pile is much smaller than that of the common pile, 
with the deformation of the pile body mainly relating to 
deflection, while lateral displacement remains negligible. 
Furthermore, an increase in the number of blades leads to 
smaller horizontal displacement, higher verticality of the 
lower pile body, and greater pile body bending. Therefore, 

at the bearing capacity limit state, the different pile models 
display different deflection and horizontal displacement 
compositions in relation to the soil stress change rate in 
front of the pile. The difference in the stress region of the 
soil in front of the pile from Figures 11(a) and 12(a) shows 
that bending deformation primarily dominates the upper 
part of the helical pile, and lateral deformation of the soil 
in front of the upper part of the pile has a lower effect.

Figure 17 presents the moment distribution along the 
pile, which shows that the flexing behavior of the compres‐
sion pile demands careful consideration. The left curves in 
Figures 17(a) and 17(b) correspond to tension piles, while 
the right curves pertain to compression piles. The square 
symbol represents the moment distribution under a lateral 
load of 10e6 N at the loading point. The moment distribu‐
tion of the pile gradually increases along the burial depth, 
with a gradual decrease in the bending moment after reach‐

Figure 14　Horizontal displacement and displacement gap between different piles with the development of horizontal force in different directions
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ing the extreme value. The maximum bending moment ap‐
pears between 15 m and 20 m below the soil surface, 

which is approximately three times the measurement of 
the pile diameter from the soil surface.

There are two main differences between the moment dis‐
tribution of tensioned and compressed piles. First, the mo‐
ment value of tensioned piles is smaller than that of com‐
pressed piles because the presence of tension reduces the 
bending of the structure. Second, the moment of com‐
pressed piles is larger than that of tension piles at the soil 
surface because maximum tension is located at the soil sur‐
face. Ordinary piles and helical piles exhibit notable differ‐
ences in their bending moments. At small loads, the bend‐
ing moments of compression and tension piles are similar 
for both ordinary and helical piles. However, as the load 
increases, the bending moment difference between them 
appears first with respect to compression piles (20e6 N). 
The moment of the helical pile is greater than that of the 
ordinary pile, and this difference increases with further 
loading. The bending moment between helical piles also 
varies, with Y3L3 exhibiting a greater moment than Y1L1 
(30e6 N). As the load continues to increase, the difference 
between the ordinary pile and the helical pile diminishes 
(50e6 N). A noteworthy finding is that the bending mo‐
ment of the compression helical pile in the deep soil layer 
is always greater than that of the ordinary pile. Additional‐
ly, for tension piles, the bending moment gradually in‐
creases and becomes greater than that of the helical pile 
when approaching the limit state of ordinary pile founda‐
tions (50e6 N), as shown in Figure 17(b).

The differences determined here demand a rational ex‐
planation. With respect to tension piles, it has been estab‐
lished that when the foundation’s limit state is approached, 
the axial and horizontal displacements of the tension pile 
rapidly increase. However, at the limit value of axial force, 
the variation of tensile force is minimal, whereas the 
growth rate and capacity for growth of the tensile force for 
helical piles greatly exceed that of ordinary piles. For com‐
pression piles, the presence of blades enhances the anchor‐
age between the lower section and the soil, which results 
in greater stiffness. The lateral force becomes increasingly 
reliant on deep soil, whereas the upper soil remains less dis‐
turbed and more robust, leading to larger bending moments 
and smaller horizontal displacements of the helical pile 
body. The gradual minimization of the gap between the he‐
lical pile and the ordinary pile’s bending moment in the lat‐
er loading stage is attributable to the pile body’s bending, 
which is provoked by the significant lateral displacement 
of the ordinary pile. The horizontal bearing capacity poten‐
tial of helical piles surpasses that of ordinary piles.

Figures 17(c) and 17(d) show the variations in the bend‐
ing moment of the pile body section at a burial depth of 
15 m and at the soil surface, respectively. The difference at 
the moment is noteworthy. First, the negative value of the 
bending moment signals the presence of the bending mo‐
ment reversal point; and second, the reversal point of the 

Figure 15　Bearing characteristics along the shaft in d-y

Figure 16　Different horizontal performances of different models
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compression helical pile exists above the soil surface, while 
that of the ordinary pile is lower than that of the helical pile.

It is of note that wind turbine pile foundations are typi‐
cally more slender than barrel foundations. Under loads, 
pile deformation manifests in superposed horizontal dis‐
placement and pile bending. Pressurized piles are subjected 
to axial pressure due to self-weight and foundation bend‐
ing moment. In addition, the substantial horizontal dis‐
placement of piles leads to the P-Δ effect, and the bending 
moment on the pile section is, therefore, larger due to the 
axial force and horizontal displacement and deflection. 
However, this effect is not considered in the finite element 
calculation. Figure 14 shows the horizontal displacement 
of the different piles, where the displacement of ordinary 
piles is almost double that of helical piles. Although there 
are smaller differences between the axial forces of the two-
pile types, the larger horizontal displacement of common 
piles results in a greater bending moment. Moreover, the 
larger inclination of the normal pile foundation causes ex‐
tra bending moment due to the P-Δ effect induced by the 
upper fan and tower, which leads to increased axial force 
and additional bending moment superposition that is signif‐
icantly greater than that of helical piles. As a result, the fail‐
ure of normal pile foundations accelerates abruptly and sud‐
denly, in contrast to the stable performance of helical piles.

The displacement damage patterns of different founda‐
tions in the limit state are evident in the displacement vec‐
tor diagram of Figure 18. For d-y, the interaction between 

the compressed pile and the tensioned pile is enhanced 
with an increase in the number of blades. The deformation 
range of the deep soil of the compressed pile is larger, 
whereas the deformation range of the upper soil is smaller. 
For d-my, the increase in the number of blades improves 
the interaction between the tensioned pile and the pile-soil, 
while such an improvement is small for the compressed 
pile. Therefore, the differences in the interaction between 
the pile and soil around the tensioned pile are the main 
source of the bearing capacity difference, and this is also 
demonstrated through the axial force development charac‐
teristics presented in the previous section.

3.3  Internal force distribution

It is necessary to discuss the interrelationships between 
the shaft and the blade to clarify the bearing characteristics 
of both. In Figure 19, H and pf represent the helix and the 
shaft above the helix, respectively, and the gravity of the 
pile body is eliminated from the drawing. During the load‐
ing process, the growth rate of the shaft axial force of the 
compressed pile in the y and my directions is greater than 
that of the blade in the initial stage, but it then gradually 
shifts when the load is big enough for d-y. However, the 
axial force of the helical blade is not fully unleashed with 
d-my because the axial force of the compression pile is not 
big enough, while for the tension pile, the growth rates of 
the shaft and the blade in the y and my directions are close; 

Figure 17　Moment of piles of different models in d-y
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therefore, the helix is of greater significance for the tensile 
pile than for the compressive pile with respect to the 
growth rate and load increments.

Figure 20 depicts the ratio between the axial force exerted 
by the helix and the shaft above the helix to the total axial 
force at the pile top of Y1L1. The contributions from the he‐
lix and shaft to the compression and tension piles are evident 
throughout the loading process. For compression piles, when 
the load is small, the helix and shaft exert an equally impor‐
tant force. However, as the load increases, the helix’s contri‐
bution to the total axial force rises and reaches roughly 70% 
at ultimate capacity. The situation is similar for tension piles, 
but the helix accounts for a larger proportion of the axial 
force, although the ratio of shaft contribution slightly in‐
creases in the final stage. Thus, the significance of blades is 
greater for tension piles than for compression piles.

Figure 21 shows the contribution from each component 
of the pile segment below the top helix to the axial force 

of the pile segment in Y2L2, with respect to axial force. PB 
represents the pile section between the two blades, H1 for 
the lower blade and H2 for the upper blade. The bottom he‐
lix is more significant for the compression pile than for the 
tension pile, but the top and bottom helix are equivalent in 
the bearing of axial force with the tension pile, as indicat‐
ed in the picture. The blade contribution differs for tension 
and compression piles.

In Figure 22, Y1L1-C represents the moment provided 
by the compression side of the foundation, and Y1L1-T rep‐
resents the moment provided by the tension side of the 
foundation. The moment is the multiplication of the varia‐
tion in the total axial force at the top of the pile and the ef‐
fective distance between the centroids of the pile and the 
foundation. The sum of all the compressed piles results in 
the moment provided by the compression side, and it is the 
same for tension piles.

With respect to d-y and d-my, pile Y provides the most 
significant contribution from a single pile, which indicates 

Figure 19　 Axial force development curves of the helix (H) and 
shaft above the helix ( pf )

Figure 20　Ratio of axial force of helix and shaft to total axial force 
for different piles in d-y

Figure 18　Displacement vector of the soil of different models in d-y and d-my
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that the opposing two piles do not contribute as much. The 
inclusion of additional helices improves the foundation ca‐
pacity of the one-pile side, although the proportion of the 
capacity from the two-pile side increases at the limit stage. 
However, Figure 22(a) reveals a different scenario for TPJ. 
The incorporated helices alter the moment distribution, 
which implies that the two-pile-tension side of TPJ is high‐
ly susceptible to pulling out. This situation is similar in d-x 
and in d-y, but the difference between the compression 

side and tension side is much smaller.

4  Research to improve bearing capacity by 
adding helices

In actual projects, foundations are subjected to loads 
from all directions, making the direction of the combined 
force uncertain. Consequently, it is crucial to ensure that 
there is a small foundation bearing capacity gap between 
each bearing direction. However, the bearing capacity of 
different loading directions is not equal. Nevertheless, in‐
creasing the number of helical blades may improve the 
short board limitation. A three-leg foundation is commonly 
employed in sea areas where the main wind and wave direc‐
tions are established, which makes it necessary to increase 
the bearing capacity of a certain direction. However, achiev‐
ing this involves not only increasing the bearing capacity of 
 a certain loading direction by boosting the tension pile or 
compression pile capacity, but also affecting the overall 
bearing capacity by any of these. Therefore, it is essential to 
examine the effect of the distribution of the number of 
blades on the foundation bearing capacity, where blade 
spacing is maintained at 1.5 times the measurement of the 
outer diameter of the helical blade.

4.1  Effect of blade number on load-displacement 
curves in different loading directions

Figures 23(a) and 23(b) indicate the following: (a) that 
Y3L1 is very close to Y3L3 in d-y and d-my, and the two-
blade increase in pile Y significantly enhances the founda‐
tion’s bearing capacity. However, for d-x, pile Y plays a 
small role in the axial force, resulting in minimal improve‐
ments for d-x. (b) For Y1L3, the bearing capacity in d-y and 
d-my is close to that of Y1L1, suggesting slight improve‐
ments in these two directions, and from Figure 23(c), the 
bearing capacity for d-x is seen to be similar to Y3L3. (c) 
Consequently, the bearing capacity of the two-pile side 
(whether under compression or tension) is inadequate, and 
foundation damage is mainly controlled by a single pile. In‐
creasing the blade on the single pile side is, therefore, the 
most effective solution, while increasing the blade on the 
two-pile side increases the bearing capacity gap between d-x 
and the other two loading directions. (d) Enhancing the pile-
bearing capacity in normal pile foundations requires increas‐
ing the pile diameter and wall thickness; however, this ap‐
proach significantly increases material consumption.

Figure 24 demonstrates the variations in the strong and 
weak axes depending on the distribution plan of blade num‐
ber abd positions. All directions benefit when blades are 
added to a certain side of the foundation, and it is not simply 
beneficial for one particular axis. However, for Y1L3, the gap 
between d-x and the other two directions increases, whereas 

Figure 22　Ratio of anti-overturning moment provided by different 
sides in different loading directions

Figure 21　 Proportion of axial force relating to each part of helix 
segment.
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for Y3L1, the advantages are as follows (Figure 24(b)): a) the 
added blades on the Y-pile increase the load carrying ca‐
pacity on d-y and d-my; b) the added blades reduce the gap 
between d-my and d-y; c) the added blades mean that d-y 
is the strong loading direction of the foundation.

4.2  Pile-soil interaction and deformation 
characteristics of unequal blades with helical 
pile foundation

4.2.1 Axial load-bearing characteristics
Due to variations in the blade numbers, the axial and 

horizontal bearing capacity and deformation of each pile 
also differ. It is thus necessary to further evaluate the im‐
pact of including different blade numbers. Figure 25 
shows that the axial bearing performance of Y3L1 and Y1L3 
differs from that of Y1L1. By increasing the blade number 
of the tension pile, as in Y1L3, the tension pile plays a more 
significant role than that in Y1L1. This results in the bearing 
capacity being exerted earlier than that of Y1L1, which 
makes the foundation more reliant on the tension pile. In ad‐
dition, the added blade on pile L decreases axial displace‐
ment while improving the pile bearing capacity. However, 
when the load is small, the compression pile’s displace‐
ment in Y1L3 is slightly larger than that of Y1L1, indicating 
that the tensioned pile’s bearing capacity must depend on 
the compressed pile. The addition of blades to a pile pro‐
duces a global effect, and it does not only affect that pile. 

Figures 25(c) and 25(d) suggest the following: (a) that the 
impact of adding a blade on the foundation’s bearing ca‐
pacity is less for d-my than for d-y, (b) Y1L3’s pile bearing 
capacity contributes almost nothing to the foundation, as 
the foundation’s limitations lie on the one-pile side, which 
gives Y3L1 the largest bearing capacity.

4.2.2 Horizontal bearing characteristics
Figures 26(a) and 26(b) depict the development of the lat‐

eral load and horizontal force for different foundation models 
in d-y and d-my. Although differing helical blade numbers re‐
sult in varying stiffnesses for different piles in the horizontal 
direction, this does not drastically alter the horizontal force 
distribution between the foundation’s piles, which remains 
comparable to TPJ’s distribution. This result is attributed to 
the fact that the difference in lateral stiffness between the 
two-pile side and the one-pile side is substantial, and the hori‐
zontal displacement disparity resulting from the pile body 
stiffness difference caused by different blade numbers is neg‐
ligible with the coordination of a jacket with high rigidity.

Figures 26(c) and 26(d) suggest that the horizontal dis‐
placement of d-y decreases after adding the blade, and this 
reduces not only for the pile with the added blade but also 
for the unchanged pile. This reduction occurs because add‐
ing a blade leads to a decrease in axial displacement, there‐
by reducing soil disturbance around the pile, and a de‐
crease in horizontal displacement reduces the shadow ef‐
fect between piles. In addition, the jacket’s stiffness has a 

Figure 23　Load-displacement curves of different models in the same loading direction

Figure 24　Load-displacement curves of unevenly distributed blades

581



Journal of Marine Science and Application 

coordinating effect on the displacement of both sides of 
the foundation. The horizontal displacement of Y3L1 is 
shown to be the smallest in Figure 26(c) due to the signifi‐

cant decrease in axial force under tension after increasing 
the blade in pile Y. It is of note that Y1L3 has no notable ef‐
fect on horizontal displacement.

Figure 25　Axial performance of pile

Figure 26　Development of horizontal force and displacement of pile section at mud surface with the lateral force of different models
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5  Conclusions

A comparative analysis of conventional pile foundations 
and helical pile foundations with various blade distribution 
schemes was conducted. The study analyzed the data of 
the structure and soil and investigated the bearing capaci‐
ty, bearing mechanism, and failure mode of helical pile 
foundations and conventional pile foundations under dif‐
ferent loading directions while exploring the contribution 
of blade number increases to the bearing characteristics. 
The use of an uneven blade distribution on the foundation 
as a means of enhancing the bearing capacity and perfect‐
ing the helical pile jacket foundation was then discussed. 
The study further explored the interaction characteristics 
between the compressed and tensioned piles and analyzed 
the principle associated with the increased bearing capacity.
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