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Abstract: Helical pile foundations are a new foundation type for offshore wind power applications
with high bearing capacity and good recovery that can be quickly and easily constructed. In this study,
the finite element method was used to simulate the bearing characteristics of helical pile foundations
after installation. For simulations, a blade, deeply buried in a single layer of sand, was selected.
Through numerical simulations, the vertical bearing characteristics of a single helical screw pile and
an ordinary pile without blades were compared, and the compression and uplift characteristics of the
helical pile were revealed. In addition, the effects of pitch, blade diameter, inclination angle, number
of blades, and blade spacing on the bearing characteristics of a single helical pile were analyzed. The
results show that the single helical pile has the highest bearing capacity and bearing efficiency when
the pitch is 0.02 times the blade buried depth, the blade diameter is 2.5 times the pile diameter, the
multi-blade spacing is more than two times the blade diameter, and the number of blades is less than
or equal to three. However, compared with the straight pile, the vertical bearing capacity of the single
inclined helical pile did not improve significantly.

Keywords: helical pile; bearing capacity; numerical simulation

1. Introduction

Helical pile foundations have been successfully used for large civil engineering struc-
tures since the nineteenth century. Steel pipe piles with blades are generally buried into the
foundation by applying torque. Due to the additional bearing capacity provided by the
blades, early applications of helical pile foundations were often in soft soil areas such as
beaches [1], for example, the Maplin Sands Lighthouse. Helical pile foundations can solve
the problem of insufficient bearing capacity of traditional pile foundations, and they were
later used as foundations for offshore bridges [2].

With increasing installed capacity and the development of wind farms, from offshore
to deep sea, offshore wind foundations present additional challenges [3–8]. The jacket
foundation is suitable for sea areas with water depths greater than 30 m. The bottom of the
jacket is usually a multi-pile foundation, which forms a drawing system to resist the large
bending moment loads of offshore wind turbines [9]. In areas with soft foundations, the
length of traditional pile foundations must be considerable to provide sufficient bearing
capacity, resulting in huge costs. Moreover, pile sliding often occurs during the construction
process, posing a potential safety hazard [10,11]. The helical pile foundation not only
reduces pile sliding, but also provides a high enough bearing capacity and good economic
performance due to the lower quantity of steel required.

As the most common form of foundation in offshore wind power, monopile founda-
tions have been well studied worldwide for ultimate bearing capacity, long-term loading,
and response under seismic loading [12–16]. Since the first application of the helical pile
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foundation, its bearing characteristics have been a major focus of research, particularly its
vertical bearing capacity. For research purposes, early studies regarded the single-blade
helical pile as a circular plate anchor, and failure modes in sandy soil were divided into
shallow buried, transitional, and deep buried failure types. The shape of the sliding surface
can be determined by the depth of the anchor plate and the relative density of the soil. As
the shallow sliding surface penetrates the surface of the sand body, the failure modes can be
further divided into cylindrical, inclined, and curved failure modes [17–22]. Two methods
are commonly used to calculate bearing capacity: (a) Cylindrical shear method, which
assumes that soil between the blades moves with the pile and the axial bearing capacity can
be divided into three parts, including side friction of the upper pile, the friction of the outer
soil between the blades, and end resistance formed by the uppermost blade or lowermost
blade; (b) Independent bearing method, which calculates the reaction force of the pile body
and each blade, then determines the total vertical bearing capacity by summation [23].

Some scholars have estimated the vertical bearing capacity of the helical pile based
on the amount of torque generated during installation by assuming bearing capacity is
positively correlated with torque [24,25]. Through finite element simulations of a helical
pile in clay, Polishchuk et al. [26] showed that the bearing capacity of a double blade is
30% higher compared with a single blade. Interestingly, scholars have shown that simply
increasing the size of the blade is not the most reasonable way to increase the bearing
capacity of the spiral pile. Based on model tests of helical pile foundations in a soft clay
layer overlying a sandy soil layer, Hassan [27] concluded that the spacing between blades
is the main factor affecting the bearing capacity of double-blade helical piles, whereas
increasing the blade size has no obvious effect on bearing capacity.

Relatively few studies have been performed on horizontal bearing capacity helical
pile foundations. Prasad [28] directly compared the horizontal bearing capacity of an
ordinary pile and helical pile using the rigid model pile test in cohesive soil. The blade
increased the horizontal bearing capacity of the pile by 1.2–1.5 times. Ding [29,30] studied
the cyclic installation torque and bearing capacity of a single-blade helical pile foundation
in sand through model tests, considering the influence of both helical blade size and vertical
force during installation. Other scholars have considered the influence of axial load on
the horizontal bearing capacity of helical piles while ignoring soil disturbances due to
installation. The lateral bearing capacity of the pile was found to increase under axial
compressive loads and decrease under axial tensile loads [31].

Although research on the bearing capacity of helical piles has progressed considerably,
there is still a lack of systematic analysis, especially in the offshore wind turbine environ-
ment. Furthermore, research on helical piles under the action of large bending moments
or the inclined pile situation that may appear in pile group foundations is limited. In this
paper, the influence of pitch and diameter of a single spiral blade, diameter and number
of blades, and blade spacing of the helical pile on the compressive and tensile bearing
capacity were comprehensively analyzed for the case of a helical pile in sand. The bearing
characteristics of the helical pile and sensitivity of the blade arrangement were examined. In
this paper, a large number of finite element analyses have been carried out on the influence
of the helical blade arrangement on the bearing efficiency of helical pile foundations in
saturated sandy soils, and the influence of the size and arrangement of helical pile founda-
tions on bearing performance has been systematically studied, which can provide guidance
for the design and optimization of helical pile foundations in practical engineering.

2. Numerical Model
2.1. Model Parameters

In this study, ABAQUS software package was used to analyze a three-dimensional
finite element model of an offshore wind turbine helical pile foundation in sand. The
vertical bearing characteristics of different types of helical piles under various working
conditions were studied. Geotechnical media are highly complex, and their behaviors are
dependent on several geotechnical factors such as structure, density, and pore water. The
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mechanical properties of geotechnical media can be simulated in ABAQUS, including the
nonlinear stress–strain relationship, transient consolidation, stress-deformation behavior,
stability of the rock and soil, and bearing capacity of the pile [32].

Taking the model presented in this paper as an example, the modeling process for the
helical pile foundation can be divided into three parts, namely the helical pile, soil core
inside the pile, and soil outside the pile. The C3D8R element was used to model the soil,
and the S4R shell element was selected for the helical pile. The overall number of meshes
in the model ranges between 80,000 and 120,000. During mesh generation, a denser mesh
was used near the foundation in sand and the mesh in the periphery was sparser; the mesh
representing connection between the pile body and the blade was dense, and it became
sparser farther away; the inner and outer meshes of corresponding positions of the model
should be as consistent as possible to ensure transmissibility and calculation accuracy, as
shown in Figure 1.
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Figure 1. Mesh division for single helical pile model.

A schematic diagram of the helical pile foundation is shown in Figure 2, where d is
the pile diameter, D is the blade diameter, L is the blade buried depth, H is the distance
between the blade and the pile bottom, l is the blade spacing, p is the pitch, T is the pile
thickness, and t is the blade thickness.
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The stress–strain relationship of soil is complex. At present, no constitutive model can
accurately and comprehensively express the constitutive relations of the various properties
of soil under any loading mode. To analyze the bearing characteristics of helical pile
foundations, the Mohr–Coulomb constitutive model is most appropriate and was selected
in this study. In coastal areas, soil refers to sand. The soil parameters are listed in Table 1.

Table 1. Geotechnical properties of tested soil.

Items Properties

Saturated density (g/cm3) 2.2
Internal friction angle (◦) 34.4

Cohesion (kPa) 5
Compression modulus (MPa) 18

Poisson’s ratio 0.3

2.2. Boundary Conditions

The mechanical transfer characteristics of the contact surface between two types of
media can be directly defined in ABAQUS. The mechanical model and contact constraint
conditions of the contact surface force transfer can be established, and the contact con-
straint equation is then solved using the Lagrange multiplier method or penalty stiffness
method [32]. To establish the pile–soil contact model, the surface of a spiral pile with a
higher stiffness was selected as the main surface, and the soil surface in contact with the
pile body and blade was selected as the secondary surface. The normal interaction between
the two bodies is hard contact. Under compression, the normal stress between the surfaces
can be modeled according to the contact constraint conditions between master and slave
surfaces; under tensile stress, the contact surfaces are separated to produce a gap, contact
constraints and friction between the contact surfaces do not exist, and there is no limit on
the pressure transferred during contact.

Friction models are often used to simulate tangential mechanical behavior at an
interface, and the penalty function method can simulate tangential interaction. A penalty
stiffness function factor of elastic sliding was introduced to allow small elastic relative
sliding at the bonded interface. Based on experience, the friction coefficient between the
sand and the helical pile was set to 0.3.

The following boundary conditions were defined: a fully-fixed constraint
(U1 = U2 = U3 = UR1 = UR2 = UR3 = 0) was adopted at the bottom of the soil, and displace-
ment and rotation were not allowed in any direction; a radial constraint (U1 = U2 = UR3 = 0)
was adopted on the side of the soil body and only displacement and torsion in the vertical
direction were allowed; a free end was adopted at the upper part of the soil.

2.3. Loading Mode and Bearing Capacity Criterion

In this study, the displacement control method was selected. The displacement action
point was coupled with the center pile top on the soil surface, and the load-displacement
curve was obtained.

The ultimate bearing capacity of the pile foundation can be determined from the
load-displacement curve. According to relevant specifications, the pile top angle of the
offshore wind turbine foundation should be controlled within 0.005 radians, and the
vertical settlement should be controlled within 100 mm. Thus, the load produced by a
vertical displacement of 0.1 m was selected as the vertical ultimate bearing capacity of the
single pile.

2.4. Numerical Model Verification

The finite element model was verified by test results using a large-scale model of
a single-blade screw pile carried out by Wang [33]. The same soil and pile dimensions
were used in simulations, and the load and displacement were normalized. The soil is
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dense sand, the pile depth-to-diameter ratio L/D is 5, and the dimensionless uplift bearing
coefficient can be calculated as:

N0 =
V

γ′LA
(1)

where N0 is the dimensionless uplift bearing coefficient, V is the uplift load, γ’ is the
effective bulk density of the soil, and A is the single side area of the helical blade.

A comparison of the simulation results and experimental data is presented in Figure 3.
The experimental data fluctuates; however, overall, there is little difference between the
curves obtained by numerical simulation and experiment, indicating that the numerical
results are reasonable and representative of the bearing characteristics of the spiral pile
in sand.
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3. Study on Bearing Capacity of Single Helical Pile and Monopile
3.1. Calculation Conditions

The influence of the helical blade and range of soil displacement was studied by
comparing the displacement of a helical pile and monopile in single-layer sand. The
specific parameters and dimensions of the helical pile and monopile are presented in
Table 2. The dimensions of the helical pile and the ordinary pile were the same, except for
the blade.

Table 2. Dimensions of monopile and helical pile.

Items Helical Pile Monopile

Diameter (m) 2 2
Number of blades 1 0

Pile length (m) 25 25
Blade diameter (m) 5 -

Pitch (m) 1 -
Distance between blade and pile bottom (m) 1.5 -

3.2. Horizontal and Bending Moment Capacity

Load-displacement curves of the pile foundation were obtained by applying a dis-
placement far greater than the expected bearing capacity at the top center of the foundation
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pile. Then, the load and displacement at failure were determined in order to determine the
corresponding bearing capacity.

After applying an excessive horizontal displacement and rotation angle, load-displacement
curves of the monopile and helical pile were obtained, as shown in Figure 4. The horizontal
bearing capacity and bending moment bearing capacity of the helical pile and the monopile
are almost the same because the spiral blade is deeply buried and therefore has little
influence. The screw pile foundation has the same horizontal load pattern as the monopile
foundation. Therefore, the rest of this paper will focus on the vertical bearing capacity and
bearing modes.
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3.3. Compressive Capacity

After applying excessive vertical downward displacement, compressive load-displacement
curves of the monopile and helical pile were obtained, as shown in Figure 5. When the
vertical displacement reaches 0.1 m, that is, 0.05 D, the compression bearing capacities of
the monopile and helical pile foundations are 3.77 MN and 9.38 MN, respectively. The
bearing capacity of the helical pile is 149% higher. When a compressive load is applied,
both types of foundation first enter the elastic stage, and the curve grows linearly. In the
plastic stage, the slope of the single pile curve is gentle, and the slope of the spiral pile is
slightly lower. The helical blade results in a higher bearing capacity.
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The displacement nephogram of the soil around the pile for an applied compressive
load of 7 MN is shown in Figure 6. The vertical displacement of the monopile foundation
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is 0.39 m, and that of the spiral pile is 0.055 m. The deformation of the helical pile is
much smaller than that of the monopile. Displacements of the helical pile and monopile
are largest at the bottom of the pile and develop into the surrounding soil. Due to the
anchoring effect of the spiral blade, the soil around the pile bears more load and provides a
certain bearing effect. The influence of displacement of the helical pile side soil is much
larger compared with the monopile.
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As shown in Figure 7, vertical stress changes slightly at the pile end, and stress
mutation occurs at the pile end, which is more obvious with the ordinary pile. Stress in the
upper part of the pile tip is larger than that in the lower part. Compared with the monopile
foundation, the area of concentrated stress in the helical pile foundation is smaller and the
stress is higher.
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Figure 7. Stress nephogram of soil around the piles. (a) Monopile; (b) Helical pile.

The variation of vertical stress in the soil on the side wall of the pile in the depth
direction is shown in Figure 8. The change in stress of the monopile is relatively sharp, first
increasing gradually with depth, then exhibiting a sharp increase or even mutation at about
25 m. The soil in the pile reached a maximum of 25 m. The maximum values were 0.54 MPa
and 2.75 MPa, for the helical pile and the monopile, respectively, representing a five-fold
difference. Locations of stress concentrations outside the pile are different. The stress of the
soil surrounding the pile reaches a maximum at the lower part of the pile bottom, whereas
the stress concentration of the helical pile is located at the blade. The maximum pressure of
the monopile was 2.02 MPa, and that of the helical pile was 0.81 MPa. The blade greatly
alleviates damage to the soil, thereby reducing the stress concentration.
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Displacement nephograms of soil around the pile with an uplift displacement of 0.1 
m are shown in Figure 10. When the pullout displacement reaches 0.1 m, the influence of 
soil displacement around the helical pile is much larger compared with the monopile. The 
helical blade drives soil around the pile upwards, while friction between the side wall and 
the end of the pile only drives a small portion of the soil displacement. 

Figure 8. Soil stress inside and outside the pile varies with depth. (a) Soil stress in pile; (b) Soil stress
outside pile.

3.4. Tensile Capacity

According to Figure 9, the blade greatly increases the vertical bearing capacity of the
pile. When the foundation bears an uplift load, the monopile reaches the ultimate bearing
capacity before the vertical displacement reaches 0.06 m, and the load remains stable, with
increasing displacement. Then, the helical pile still has a significant increase, and the uplift
capacity is significantly improved.
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Displacement nephograms of soil around the pile with an uplift displacement of 0.1 m
are shown in Figure 10. When the pullout displacement reaches 0.1 m, the influence of
soil displacement around the helical pile is much larger compared with the monopile. The
helical blade drives soil around the pile upwards, while friction between the side wall and
the end of the pile only drives a small portion of the soil displacement.

Uplift load-displacement curves of the monopile and the helical pile were obtained
under excessive vertical upward displacement, as shown in Figure 11. When the pullout
displacement is 0.1 m, the pullout bearing capacity of the monopile is 3.27 MN, and that of
the helical pile is 8.13 MN.
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The pull-out displacement depth curves of the soil inside the two piles are similar, as
shown in Figure 11. The displacement of soil within 20 m is about 0.07 m, and the displace-
ment below 20 m decreases and gradually tends to 0. The displacement of soil outside the
pile changes very little within 20 m, and the slope is gentle. The soil displacement increases
around 20–25 m, then gradually tends to 0.

Compared with the monopile, the maximum displacement of soil outside the helical
pile is 0.092 m, whereas that of the monopile is 0.018 m, representing a five-fold differ-
ence. Therefore, the blade results in more soil on the blade being pulled out, and the soil
disturbance due to the helical pile is greater under the same displacement.

4. Effect of Pitch on Bearing Capacity of Single Helical Pile
4.1. Calculation Conditions

To study the influence of pitch, p, of the helical pile, p = 1 m, 2 m, 3 m, 4 m, and
5 m; that is, pitch/blade diameters, p/D, of 0.4, 0.8, 0.12, 0.16, and 0.2, were studied. The
specific parameters used for each pitch condition are listed in Table 3. When an excess
vertical displacement is applied at the coupling point of the pile top, the loading direction
can be divided into upper and lower, and the compressive and uplift bearing capacities
were calculated.
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Table 3. Helical pile parameter for various pitch values.

Items P1 P2 P3 P4 P5

Pile diameter (m) 2 2 2 2 2
Number of blades 1 1 1 1 1
Blade depth (m) 25 25 25 25 25

Blade diameter (m) 5 5 5 5 5
Pitch (m) 1 2 3 4 5

Distance between blade and pile bottom (m) 1.5 1.5 1.5 1.5 1.5

4.2. Compressive Capacity

The compressive load-displacement curves of helical piles with different pitches were
obtained under excessive vertical downward displacement, as shown in Figure 12a. The
load-displacement curves have an obvious elastic section and inflection point. Larger
bearing capacities are obtained at the same displacement with P2, P3, and P4. When the
indentation displacement is 0.1 m, P1 results in a compressive capacity of 9.39 MN, and
P4 results in 9.93 MN, which represents an increase of 5.75%. Therefore, selecting the
appropriate pitch can improve the compressive bearing capacity of the helical pile.
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Increasing the pitch inevitably increases the blade area; therefore, the quantity of steel 
required increases. To eliminate this effect, the ratio of load to area was studied, as shown 
in Figure 12b. The abscissa represents vertical displacement, V, the positive direction rep-
resents pull-out, and the negative direction represents push-in. The ordinate represents 
the ratio of vertical force, V, to blade area, S, the positive direction represents tension, and 
the negative direction represents pressure. Variations of the V/S-displacement curves of 
the helical pile with pitch are similar. When the displacement of the pile top is 0.1 m, the 
V/S of each pitch helical pile is about 0.4–0.5 MPa. In terms of bearing capacity, P2 and P3 
were better than other conditions, especially P2, which led to a higher bearing capacity. 
That is, when the pitch is 2 m, the bearing capacity of the helical pile is better, and the 
helical pile structure is more economical. 

Figure 12. Compression bearing characteristic curves of helical pile with various pitches. (a) Load-
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Increasing the pitch inevitably increases the blade area; therefore, the quantity of steel
required increases. To eliminate this effect, the ratio of load to area was studied, as shown
in Figure 12b. The abscissa represents vertical displacement, V, the positive direction
represents pull-out, and the negative direction represents push-in. The ordinate represents
the ratio of vertical force, V, to blade area, S, the positive direction represents tension, and
the negative direction represents pressure. Variations of the V/S-displacement curves of
the helical pile with pitch are similar. When the displacement of the pile top is 0.1 m, the
V/S of each pitch helical pile is about 0.4–0.5 MPa. In terms of bearing capacity, P2 and
P3 were better than other conditions, especially P2, which led to a higher bearing capacity.
That is, when the pitch is 2 m, the bearing capacity of the helical pile is better, and the
helical pile structure is more economical.

As shown in Figure 13, the range of displacement varies with helical pitch. The
displacement range of the pile is greatly extended in the longitudinal direction when the
helical pitch is large; however, there is little difference in the horizontal direction. The
displacement nephograms for P1 and P5 are similar, and the displacement contour of soil
outside the pile radiates along the vertical direction of the pitch. The larger the pitch,
the more inclined the displacement contour and the larger the range of influence in the
longitudinal direction.
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the displacement and stress values outside the pile along the depth direction are shown 
in Figure 15. The displacement first increases, then decreases along the depth direction, 
and tends to zero at infinite depth. The peak displacement depth appears at the top of the 
helical blade; thus, the larger the pitch, the higher the peak value. The peak displacement 
is about 0.1 m. The displacement drops sharply in the five curves at a depth of 25 m. The 
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Figure 13. Displacement nephograms of soil around a pile with displacement of 0.1 m. (a) P1; (b) P5.

The von Mises stress nephograms of both pile types are shown in Figure 14. There
is a sudden change in stress at the position of the helical blade, resulting in a stress
concentration. The stress distribution is layered; however, small uplifts can be observed on
the upper and lower sides of the spiral blade. The lower soil of the blade is subjected to a
large compressive load, while the upper soil is suspended and settled; therefore, the stress
is very small in the upper soil and very large in the lower soil.
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Figure 14. Von Mises stress nephograms of P1 and P2 under the same indentation displacement.
(a) P1; (b) P5.

The distance from the helical pile close to the inner wall is 0.02 m, i.e., 0.004 D, and
the displacement and stress values outside the pile along the depth direction are shown
in Figure 15. The displacement first increases, then decreases along the depth direction,
and tends to zero at infinite depth. The peak displacement depth appears at the top of the
helical blade; thus, the larger the pitch, the higher the peak value. The peak displacement
is about 0.1 m. The displacement drops sharply in the five curves at a depth of 25 m. The
stress–depth curve reaches a second peak at the top and a maximum at the bottom of the
blade. The first peak value is about 0.6 MPa and the second peak value is about 0.5 MPa.

Further calculations were performed with pitch p = 1.5, 6, and 10 m, and compared
with the above results. As shown in Figure 16a,b, the bearing capacity of P10 is much lower
than those of other conditions, and the compressive bearing capacity of P6 is also smaller,
whereas the compressive stress gradually decreases. Therefore, the increase in bearing
capacity is limited, and the bearing capacity will begin to decrease when the pitch reaches
a certain value.
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4.3. Tensile Capacity

Uplift load-displacement curves of helical piles with different pitches after excessive
uplift displacement were obtained, as shown in Figure 17a. The pull-out load increases
with increasing pull-out displacement, and no obvious inflection point is observed on the
curves. Under the same displacement, P4 and P5 result in higher uplift capacities. When
the pullout displacement is 0.1 M, the P1 value is 8.13 Mn and the P4 value is 8.88 MN,
representing an increase of 9.23%.

To eliminate the influence of steel consumption, the ratio of bearing capacity, V, to
blade area, S, was studied. As shown in Figure 17b, P2 and P3 result in a larger pull-out
force per unit area at the same displacement, while those of P1 and P5 are smaller. When
the displacement of the pile top is 0.1 m, the pull-out force per unit area of the helical pile
with each pitch is about 0.5 MPa. Combined with uplift and compression, P2 offers the best
bearing capacity, with a larger bearing capacity per unit area. Therefore, the increase in
pitch has a limited effect on bearing capacity. If a certain limit is exceeded, the increase in
pitch will reduce the bearing capacity of the structure.
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The displacement and stress under each working condition were extracted along the
depth direction outside the pile at 0.02 m away from the pile, as shown in Figure 18.

J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 14 of 26 
 

 

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.140

2

4

6

8

10

12

Te
ns

io
n 

lo
ad

/M
N

Vertical displacement/m

 P1
 P2
 P3
 P4
 P5

 
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.140.0

0.1

0.2

0.3

0.4

0.5

0.6

V/
S 

/M
Pa

Vertical displacement/m

 P1
 P2
 P3
 P4
 P5

 
(a) (b) 

Figure 17. Uplift bearing characteristics of helical pile with different pitches. (a) Load-displace-
ment curves; (b) V/S-displacement curves. 

To eliminate the influence of steel consumption, the ratio of bearing capacity, V, to 
blade area, S, was studied. As shown in Figure 17b, P2 and P3 result in a larger pull-out 
force per unit area at the same displacement, while those of P1 and P5 are smaller. When 
the displacement of the pile top is 0.1 m, the pull-out force per unit area of the helical pile 
with each pitch is about 0.5 MPa. Combined with uplift and compression, P2 offers the 
best bearing capacity, with a larger bearing capacity per unit area. Therefore, the increase 
in pitch has a limited effect on bearing capacity. If a certain limit is exceeded, the increase 
in pitch will reduce the bearing capacity of the structure. 

The displacement and stress under each working condition were extracted along the 
depth direction outside the pile at 0.02 m away from the pile, as shown in Figure 18. 

0

5

10

15

20

25

30

35

0.00 0.02 0.04 0.06 0.08 0.10 0.12
Pull out displacement/m

D
ep

th
/m

 P5
 P4
 P3
 P2
 P1

 

0

5

10

15

20

25

30

35

0.00 0.08 0.16 0.24 0.32 0.40
Vertical stress/MPa

D
ep

th
/m

 P5
 P4
 P3
 P2
 P1

 
(a) (b) 

Figure 18. Displacement and stress distribution of soil outside pile along the depth direction. (a) 
P2; (b) P3. 

The displacement and stress first increase then decrease, and the main changes are 
concentrated in the position of the spiral blade. The two peaks in the figure appear at the 
two ends of the spiral blade. Therefore, the larger the screw pitch, the larger the helical 
pile disturbance to the soil. 

Further results were obtained for pitch p = 1.5 m, 6 m, and 10 m. As shown in Figure 
19a,b, the uplift bearing capacities in the front section with P6 and P10 are slightly larger 

Figure 17. Uplift bearing characteristics of helical pile with different pitches. (a) Load-displacement
curves; (b) V/S-displacement curves.

J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 14 of 26 
 

 

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.140

2

4

6

8

10

12

Te
ns

io
n 

lo
ad

/M
N

Vertical displacement/m

 P1
 P2
 P3
 P4
 P5

 
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.140.0

0.1

0.2

0.3

0.4

0.5

0.6

V/
S 

/M
Pa

Vertical displacement/m

 P1
 P2
 P3
 P4
 P5

 
(a) (b) 

Figure 17. Uplift bearing characteristics of helical pile with different pitches. (a) Load-displace-
ment curves; (b) V/S-displacement curves. 

To eliminate the influence of steel consumption, the ratio of bearing capacity, V, to 
blade area, S, was studied. As shown in Figure 17b, P2 and P3 result in a larger pull-out 
force per unit area at the same displacement, while those of P1 and P5 are smaller. When 
the displacement of the pile top is 0.1 m, the pull-out force per unit area of the helical pile 
with each pitch is about 0.5 MPa. Combined with uplift and compression, P2 offers the 
best bearing capacity, with a larger bearing capacity per unit area. Therefore, the increase 
in pitch has a limited effect on bearing capacity. If a certain limit is exceeded, the increase 
in pitch will reduce the bearing capacity of the structure. 

The displacement and stress under each working condition were extracted along the 
depth direction outside the pile at 0.02 m away from the pile, as shown in Figure 18. 

0

5

10

15

20

25

30

35

0.00 0.02 0.04 0.06 0.08 0.10 0.12
Pull out displacement/m

D
ep

th
/m

 P5
 P4
 P3
 P2
 P1

 

0

5

10

15

20

25

30

35

0.00 0.08 0.16 0.24 0.32 0.40
Vertical stress/MPa

D
ep

th
/m

 P5
 P4
 P3
 P2
 P1

 
(a) (b) 

Figure 18. Displacement and stress distribution of soil outside pile along the depth direction. (a) 
P2; (b) P3. 

The displacement and stress first increase then decrease, and the main changes are 
concentrated in the position of the spiral blade. The two peaks in the figure appear at the 
two ends of the spiral blade. Therefore, the larger the screw pitch, the larger the helical 
pile disturbance to the soil. 

Further results were obtained for pitch p = 1.5 m, 6 m, and 10 m. As shown in Figure 
19a,b, the uplift bearing capacities in the front section with P6 and P10 are slightly larger 

Figure 18. Displacement and stress distribution of soil outside pile along the depth direction. (a) P2;
(b) P3.

The displacement and stress first increase then decrease, and the main changes are
concentrated in the position of the spiral blade. The two peaks in the figure appear at the
two ends of the spiral blade. Therefore, the larger the screw pitch, the larger the helical pile
disturbance to the soil.

Further results were obtained for pitch p = 1.5 m, 6 m, and 10 m. As shown in
Figure 19a,b, the uplift bearing capacities in the front section with P6 and P10 are slightly
larger than those with P1.5 and P3; however, the uplift bearing capacities of P10 after a
displacement of 0.04 m and P6 after a displacement of 0.08 m are smaller than those of P1.5
and P3, and that of P10 decreases greatly. The pull-out stresses of P1.5 and P3 are consistent,
whereas those of P6 and P10 are much smaller.

When the displacement reaches 0.1 m, V/S values were obtained for each condition.
As shown in Figure 20, V/S first increases then decreases with pitch, the compressive stress
reaches a peak value at a pitch of 2 m, and the tensile stress reaches a maximum value
at a pitch of 3 m. Therefore, in order to reduce costs, the pitch should not be too large.
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The comprehensive compressive bearing capacity and uplift bearing capacity of the P2
condition result in a higher bearing capacity per unit blade area. That is, when the pitch
is 0.4 times the blade diameter, the helical pile balances both the economic and bearing
capacity factors. Therefore, the helical pile with 0.4D was selected for further analysis.
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5. Effect of Blade Diameter on Bearing Capacity of Single Helical Pile
5.1. Calculation Conditions

To explore the influence of helical blade diameter on the bearing characteristics of the
helical pile, blade diameters D = 3 m, 4 m, 5 m, 6 m, and 7 m, i.e., D/d = 1.5, 2, 2.5, 3, and
3.5, were considered. The specific pile parameters are listed in Table 4.

Table 4. Helical pile parameters for various spiral blade diameters.

Items D3 D4 D5 D6 D7

Pile diameter (m) 2 2 2 2 2
Number of blades 1 1 1 1 1
Blade depth (m) 25 25 25 25 25

Blade diameter (m) 3 4 5 6 7
Pitch (m) 2 2 2 2 2

Distance between blade and pile bottom (m) 1.5 1.5 1.5 1.5 1.5
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5.2. Compressive Capacity

The compressive load-displacement curves of helical piles with different spiral blade
diameters after applying excessive vertical downward displacement were obtained, as
shown in Figure 21. The curves can be divided into two sections, and the trends of the
curves in the first section were consistent under the five conditions. In the second section,
the bearing capacity of conditions D3, D4, and D5 increase, in turn, with decreasing slope,
with small differences among conditions D5, D6, and D7. When the displacement is 0.3 m,
The compressive capacity of D3 is 13.75 MN and D6 is 17.14 MN, resulting in an increase in
compressive bearing capacity of 24.65%.
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tial circle decreases gradually. Therefore, the larger the diameter, the smaller the load per 
unit soil, and D5 exhibits the best bearing characteristics. 

Figure 21. Compressive load-displacement curves of helical pile with various diameters.

When a bearing load of 9 MN is applied, the displacements are 0.1108 m, 0.0786 m,
and 0.0797 m under conditions D3, D5, and D7, respectively.

The region most prone to damage is the connection between the helical blade and the
straight rod. Displacements of the soil under conditions D3, D4, and D5 were extracted and
compared. The depth was 25.02 m and the radial distance from the center was 1.02 m. The
displacement of soil around the pile under the same pile top displacement of 0.1 m and the
same load of 9 MN is taken, as shown in Figure 22. The position of the helical blade has
a greater impact on soil displacement. Soil disturbance caused by the lower edge of the
blade on the soil can be observed. When the displacement of the same pile top is 0.1 m, the
soil displacement for D3 and D4 are similar and larger than that of D5. When the load is
9 MN, the displacements of D3, D4, and D5 decrease, in turn, and the circumferential circle
decreases gradually. Therefore, the larger the diameter, the smaller the load per unit soil,
and D5 exhibits the best bearing characteristics.
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5.3. Tensile Capacity

The pull-out load-displacement curves of helical piles with different helical blades
were obtained after applying excessive vertical upward displacement, as shown in Figure 23.
There is no obvious inflection point in the pull-out load-displacement curves, and the
bearing load is similar for each working condition. The curves for D5, D6, and D7 almost
coincide, and no obvious differences can be observed. However, the bearing capacities
increase gradually with D3, D4, and D5, suggesting that the uplift bearing capacity increases
with increasing blade diameter.
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Figure 23. Uplift load-displacement curves of screw piles with various blade diameters.

When the displacement is 0.12 m, the uplift load is 8.70 MN and 9.38 MN for D3 and
D5, respectively, representing an increase in uplift capacity of 7.82%.

6. Study on Bearing Capacity of Multi-Blade Helical Pile
6.1. Calculation Conditions

The influence of various conditions, such as blade diameter, blade spacing, and number
of blades, on the vertical bearing capacity were analyzed. Diameter D = 3 m, 4 m, and 5 m,
i.e., D/d = 1.5, 2 and 2.5, and various spacing and multiple blades were studied. Specific
parameter values for each working condition are listed in Table 5.

Table 5. Multi-blade finite element model.

Condition Number of Blades Diameter (m) Blade Spacing (m)

N1-D3 1 3 0
N1-D4 1 4 0
N1-D5 1 5 0

N2-D3-L3 2 3 3
N2-D3-L5 2 3 5
N2-D3-L8 2 3 8
N2-D4-L3 2 4 3
N2-D4-L5 2 4 5
N2-D4-L8 2 4 8

N2-D4-L12 2 4 12
N2-D5-L3 2 5 3
N2-D5-L5 2 5 5
N2-D5-L8 2 5 8
N3-D5-L3 3 5 3
N3-D5-L5 3 5 5
N4-D5-L3 4 5 3
N5-D5-L3 5 5 3
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6.2. Bearing Capacity of Two-Blade Helical Pile
6.2.1. Compressive Capacity

Regarding the study of blade spacing in Section 5.1, the compressive load-displacement
curve obtained using the finite element method is shown in Figure 24. The compression
efficiency coefficient of the multi-blade spiral pile is introduced here as ηc, which can be
calculated as:

ηc =
Qc

n·Qcs
(2)

where Qc is the ultimate compressive bearing capacity of the multi-blade spiral pile, Qcs
is the ultimate compressive bearing capacity of the single-blade spiral pile, and n is the
number of spiral blades.
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To study the relationship between compression efficiency coefficient and blade spac-
ing, i.e., l/D, the compressive load-displacement curves were obtained for various blade 
diameters by comparing the conditions D = 3 m and D = 5 m in Section 6.1, as shown in 
Figure 25. The ultimate bearing capacity was extracted, and the compression efficiency 
coefficient was calculated, as shown in Table 7. 
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Figure 24. Compressive load-displacement curves (D/d = 2, n = 2).

The ultimate bearing capacity under a compressive displacement of 0.1 m was ex-
tracted under each working condition, and the compression efficiency coefficient was
calculated, as shown in Table 6. The compression efficiency gradually increases with blade
spacing from 0.75D to 2D; however, the change is small when the blade spacing is greater
than 2D, indicating that critical spacing, in terms of ultimate compression bearing capacity,
is reached at around 2D. Further increasing the spacing will have no positive effect on the
increase in bearing capacity. Thus, to improve the overall bearing capacity, another method
must be used. The bearing capacity of the double-blade screw pile with a spacing of 1.25D
is 6.40% higher compared with a spacing of 0.75D, and 12.19% higher than with a spacing
of 2D.

Table 6. Compression efficiency coefficient (D/d = 2, n = 2).

Conditions Compressive Bearing Capacity (MN) Compression Efficiency Coefficient

N1-D4 9.2997 —
N2-D4-L3 11.6647 0.6272
N2-D4-L5 12.4115 0.6673
N2-D4-L8 13.1939 0.7094

N2-D4-L12 13.0872 0.7036

To study the relationship between compression efficiency coefficient and blade spac-
ing, i.e., l/D, the compressive load-displacement curves were obtained for various blade
diameters by comparing the conditions D = 3 m and D = 5 m in Section 6.1, as shown in
Figure 25. The ultimate bearing capacity was extracted, and the compression efficiency
coefficient was calculated, as shown in Table 7.
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Table 7. Compression efficiency coefficient with various blade spacing l/D.

Condition Compressive Bearing Capacity (MN) Compression Efficiency Coefficient l/D

N1-D3 8.6113 — —
N2-D3-L3 10.5038 0.6099 1.00
N2-D3-L5 12.0406 0.6991 1.67
N2-D3-L8 12.6503 0.7345 2.67

N1-D5 9.8307 — —
N2-D5-L3 12.1016 0.6155 0.60
N2-D5-L5 13.1990 0.6713 1.00
N2-D5-L8 13.9001 0.7070 1.60

The correlation between the compression efficiency coefficient and the blade spacing
was obtained by comparing the conditions in Section 5.1. The fitted curve is shown in
Figure 26. The overall correlation is good. The fitting formula, which can only be applied
in the case of small spacing, is:

ηc = 0.6503·
(

l
D

)0.1299
(3)

J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 20 of 26 
 

 

Table 7. Compression efficiency coefficient with various blade spacing l/D. 

Condition Compressive Bearing 
Capacity (MN) 

Compression Efficiency 
Coefficient l/D 

N1-D3 8.6113 — — 
N2-D3-L3 10.5038 0.6099 1.00 
N2-D3-L5 12.0406 0.6991 1.67 
N2-D3-L8 12.6503 0.7345 2.67 

N1-D5 9.8307 — — 
N2-D5-L3 12.1016 0.6155 0.60 
N2-D5-L5 13.1990 0.6713 1.00 
N2-D5-L8 13.9001 0.7070 1.60 

The correlation between the compression efficiency coefficient and the blade spacing 
was obtained by comparing the conditions in Section 5.1. The fitted curve is shown in 
Figure 26. The overall correlation is good. The fitting formula, which can only be applied 
in the case of small spacing, is: 

0.1299

0.6503c
l
D

 η = ⋅ 
 

 (3)

0.5 1.0 1.5 2.0 2.5 3.0
0.60

0.62

0.64

0.66

0.68

0.70

0.72

0.74

l/D

C
om

pr
es

sio
n 

ef
fic

ie
nc

y 
co

ef
fic

ie
nt

 
Figure 26. Correlation between compression efficiency coefficient and blade spacing. 

6.2.2. Tensile Capacity 
The curve of uplift load displacement was obtained by applying excessive vertical 

uplift displacement, as shown in Figure 27. The curves for helical blade spacing greater 
than 5 m almost coincide, indicating that the critical adjacent blade spacing is reached at 
1.25D. The uplift efficiency coefficient of the multi-blade helical pile, ηu, can be introduced 
and calculated as: 

u
u

us

Q
n Q

η =
⋅

 (4)

where Qu is the ultimate uplift bearing capacity of the multi-blade helical pile, Qus is the 
ultimate uplift bearing capacity of the single-blade helical pile, and N is the number of 
helical blades. 

The ultimate uplift bearing capacity at 0.1 m uplift displacement under the compari-
son condition was extracted and the uplift efficiency coefficient was calculated, as shown 
in Table 8. When the blade spacing is more than 5 m, the pullout efficiency coefficient is 
between 0.62 and 0.63, which is 9.06–10.98% higher than with a blade spacing of 3 m. The 
drawing efficiency coefficient is clearly less than the compression efficiency coefficient, 

Figure 26. Correlation between compression efficiency coefficient and blade spacing.



J. Mar. Sci. Eng. 2022, 10, 889 19 of 24

6.2.2. Tensile Capacity

The curve of uplift load displacement was obtained by applying excessive vertical
uplift displacement, as shown in Figure 27. The curves for helical blade spacing greater
than 5 m almost coincide, indicating that the critical adjacent blade spacing is reached at
1.25D. The uplift efficiency coefficient of the multi-blade helical pile, ηu, can be introduced
and calculated as:

ηu =
Qu

n·Qus
(4)

where Qu is the ultimate uplift bearing capacity of the multi-blade helical pile, Qus is the
ultimate uplift bearing capacity of the single-blade helical pile, and N is the number of
helical blades.
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Figure 27. Uplift load-displacement curves (D/d = 2, n = 2).

The ultimate uplift bearing capacity at 0.1 m uplift displacement under the comparison
condition was extracted and the uplift efficiency coefficient was calculated, as shown in
Table 8. When the blade spacing is more than 5 m, the pullout efficiency coefficient is
between 0.62 and 0.63, which is 9.06–10.98% higher than with a blade spacing of 3 m. The
drawing efficiency coefficient is clearly less than the compression efficiency coefficient,
which indicates that increasing blade spacing is more helpful in improving the compressive
bearing capacity, and the uplift bearing capacity is improved slightly. This is because the
soil between the two blades forms a cylindrical block, which significantly improves the
compressive bearing capacity. In the case of drawing, the soil cylinder on the blade is
the main resistance, and the soil cylinder on the upper part of the multi-blade is more
consistent with that of the single blade. That is, the soil cylinder on the blade changes with
the increasing number of blades. The extra bearing capacity may be due to expansion of the
failure surface beyond the range of the blade diameter, as described by other failure modes.

Table 8. Uplift efficiency coefficient (D/d = 2, n = 2).

Condition Uplift Bearing Capacity (MN) Uplift Efficiency Coefficient

N1-D4 8.2430 —
N2-D4-L3 10.6562 0.5729
N2-D4-L5 11.6215 0.6248
N2-D4-L8 11.7104 0.6296

N2-D4-L12 11.8247 0.6358

To study the relationship between the uplift efficiency coefficient and blade spacing,
i.e., l/D, uplift load-displacement curves were obtained using conditions N1 and N3 in
Section 5.1 and by varying the blade diameter, as shown in Figure 28. The ultimate uplift
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capacity was extracted, and the uplift efficiency coefficient was calculated, as presented in
Table 9.
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Figure 28. Uplift load-displacement curves for various blade spacing l/D. (a) D/d = 1.5, n = 2;
(b) D/d = 2.5, n = 2.

Table 9. Uplift efficiency coefficient for various blade spacing l/D.

Condition Uplift Bearing Capacity (MN) Uplift Efficiency Coefficient l/D

N1-D3 8.0271 — —
N2-D3-L3 9.5893 0.5568 1.00
N2-D3-L5 11.3548 0.6593 1.67
N2-D3-L8 11.5326 0.6696 2.67

N1-D5 8.5732 — —
N2-D5-L3 11.3421 0.5769 0.60
N2-D5-L5 12.2693 0.6240 1.00
N2-D5-L8 12.3201 0.6266 1.60

Correlation between the compression efficiency coefficient and blade spacing was
obtained by comparing the conditions in Section 5.1. The fitted curve is shown in Figure 29.
The fitting formula, which is only applicable in the case of small spacing, is:

ηu = 0.5998·
(

l
D

)0.1110
(5)

J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 22 of 26 
 

 

Figure 28. Uplift load-displacement curves for various blade spacing l/D. (a) D/d = 1.5, n = 2; (b) 
D/d = 2.5，n = 2. 

Table 9. Uplift efficiency coefficient for various blade spacing l/D. 

Condition Uplift Bearing Capacity (MN) Uplift Efficiency Coefficient l/D 
N1-D3 8.0271 — — 

N2-D3-L3 9.5893 0.5568 1.00  
N2-D3-L5 11.3548 0.6593 1.67  
N2-D3-L8 11.5326 0.6696 2.67  

N1-D5 8.5732 — — 
N2-D5-L3 11.3421 0.5769 0.60  
N2-D5-L5 12.2693 0.6240 1.00  
N2-D5-L8 12.3201 0.6266 1.60  

Correlation between the compression efficiency coefficient and blade spacing was 
obtained by comparing the conditions in Section 5.1. The fitted curve is shown in Figure 
29. The fitting formula, which is only applicable in the case of small spacing, is: 

0.1110

0.5998u
l
D

 η = ⋅ 
 

 (5)

0.5 1.0 1.5 2.0 2.5 3.0
0.56

0.58

0.60

0.62

0.64

0.66

0.68

l/D

C
om

pr
es

sio
n 

ef
fic

ie
nc

y 
co

ef
fic

ie
nt

 
Figure 29. Relationship between pullout efficiency coefficient and blade spacing. 

A worse degree of fit was obtained with the uplift formula compared with the com-
pression formula, and the coefficient value in the formula was also slightly smaller, which 
is related to differences in the failure modes due to soil compression and uplift. 
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A worse degree of fit was obtained with the uplift formula compared with the com-
pression formula, and the coefficient value in the formula was also slightly smaller, which
is related to differences in the failure modes due to soil compression and uplift.

6.3. Bearing Capacity of Multi-Blade Helical Pile
6.3.1. Compressive Capacity

To compare the effects of different blade numbers in Section 5.1, the load-displacement
curves were obtained after applying excessive downforce displacement, as shown in
Figure 30. As the number of blades increases, the bearing capacity also gradually improves.
To consider the economic benefits of the foundation bearing capacity, the ultimate bearing
capacity at a downforce displacement of 0.1 m was extracted and the downforce efficiency
coefficient was calculated, as shown in Table 10.
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Figure 30. Compressive load-displacement curves of multi-blade helical pile. (a) D/d = 2, l/D = 0.6,
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Table 10. Compression efficiency coefficient of multi-blade helical pile.

Conditions Compressive Bearing Capacity (MN) Compression Efficiency Coefficient

N1-D5 9.8307 —
N2-D5-L3 12.1016 0.6155
N3-D5-L3 13.7629 0.4667
N4-D5-L3 15.3937 0.3915
N5-D5-L3 16.7807 0.3414
N2-D5-L5 13.1990 0.6713
N3-D5-L5 15.1041 0.5121

From Table 10, it can be seen that, as the number of blades increases, the compression
efficiency coefficient decreases; that is, increasing the number of blades also increases the
amount of steel required. Therefore, material is wasted to a certain extent because the
compressive bearing capacity does not significantly increase.

6.3.2. Tensile Capacity

To compare the effects of different blade numbers in Section 5.1, load-displacement
curves after applying excessive uplift displacement were obtained, as shown in Figure 31.
The foundation bearing capacity increases with the increasing number of blades; however,
the growth in bearing capacity slows down considerably with five and six blades, and the
effect is no longer significant. The uplift efficiency coefficient was calculated, as shown in
Table 11.
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Figure 31. Uplift load-displacement curves of multi-blade helical pile. (a) D/d = 2, l/D = 0.6, n = 1–5; 
(b) D/d = 2, l/D = 1, n = 1–3. 
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Figure 31. Uplift load-displacement curves of multi-blade helical pile. (a) D/d = 2, l/D = 0.6, n = 1–5;
(b) D/d = 2, l/D = 1, n = 1–3.

Table 11. Uplift efficiency coefficient of multi-blade helical pile.

Condition Uplift Bearing Capacity (MN) Uplift Efficiency Coefficient

N1-D5 8.5732 —
N2-D5-L3 11.3421 0.6615
N3-D5-L3 13.0618 0.5079
N4-D5-L3 14.6317 0.4267
N5-D5-L3 15.6681 0.3655
N2-D5-L5 12.2693 0.7156
N3-D5-L5 14.4335 0.5612

From Table 11, it can be seen that the pullout efficiency coefficient decreases with the
increasing number of blades. The pullout capacity with five blades is only 38.14% higher
than with two blades; however, much more steel is required for five blades. Therefore,
selecting two blades will have a positive effect on improving the bearing capacity while
minimizing the cost.

7. Conclusions

This paper analyzed the bearing characteristics of a helical pile and an ordinary
pile without blades. The advantages of the helical pile in resisting vertical load were
highlighted. When the single-blade helical pile is long and the blade is deep, the horizontal
load-displacement curves and moment rotation curves of the single-blade helical pile and
ordinary pile are almost coincident. Under vertical compression, the bearing capacity of
the helical pile increases by 149% compared with the ordinary pile. With vertical drawing,
the bearing capacity increases 1.49-fold.

The results show that the highest bearing capacity per unit area is obtained when
pitch p = 2 m and p = 3 m, that is, 0.08 or 0.12 times the pile length. If the pitch is too large,
installing and constructing the pile is inconvenient. Moreover, the bearing capacity will be
greatly reduced.

Blade diameter has a large influence on vertical bearing capacity. When the diameter
is too large, material resources are wasted and the bearing capacity is not significantly
improved. Through calculations, it was found that when the diameter of the helical blade
is 2.5D, the bearing capacity is higher and the compression and pullout characteristics are
fully utilized.

In general, the higher the number of blades, the higher the bearing capacity of the
foundation; however, the efficiency of the helical blades is closely related to the spacing.
The results show that the critical value of double-helical blade foundation capacity in single-
layer sand is reached when the blade spacing L = 2D, and further increasing L has little
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effect on bearing capacity. As the number of blades increases, the bearing capacity of the
multi-blade helical pile foundation gradually increases; however, the efficiency gradually
decreases. It is recommended that the number of blades should not exceed three, to ensure
the bearing efficiency remains high. The results provide a reference for further analysis of
pile group foundations.

It should be noted that the paper does not take into account the effect of cyclic loading,
which involves issues such as stiffness problems and cumulative deformation, which could
be the subject of subsequent research. There is also a lack of research on the foundation
load bearing characteristics under different soil properties, which will also be included as a
subsequent study.
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