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Abstract. The offshore wind turbine single pile foundation structure is simple and easy to install, but in the

earthquake environment, large horizontal displacement is easy to occur, which affects the safe operation of

offshore wind turbines. For this reason, the bearing characteristics and influencing factors of large-diameter
single-pile offshore wind power under earthquake load are analyzed. The Mohr-Coulomb model is used as

the model. The ABAQUS is used to construct the large-scale single-pile finite element model of offshore

wind power. Loads and analysis of bearing characteristics and influencing factors of large-diameter single-
pile offshore wind power under seismic loading. It is found that the increase of pile foundation depth will

significantly reduce the horizontal displacement at the top of single pile. After increasing to a certain extent,
it has no significant effect on the development of horizontal deformation of large diameter single pile; with

the increase of pile diameter and wall thickness, The deformation of large diameter single pile foundation is
reduced, but the influence of the pile foundation thickness on the horizontal deformation of the large diame-

ter single pile foundation is no longer significant.

1 Introduction

With the rapid development of China's economy and
wind power technology, offshore wind power has be-
come an important part of the world's renewable energy
development. The single pile foundation is a common
basic form of offshore wind power in China [1]. It is
mainly supported by a single support column. It has a
simple structure, convenient processing and transporta-
tion, quick installation and clear force. It has a wide
range of applications in offshore wind power projects [2-
3]. However, the pile foundation diameter has high re-
quirements for construction equipment. The large diame-
ter single pile foundation is affected by earthquake, wind,
wave and other loads during service. Under this load, the
large diameter single pile foundation may be Large de-
formation will occur, affecting the normal operation of
offshore wind turbines.

In the earthquake, the lateral development of the soil
often causes damage to the pile foundation, and light
cracks occur, which in turn causes the upper structure to
tilt or flip [4-5]. A series of studies have been carried out
on the bearing characteristics and seismic loading char-
acteristics of large-diameter single-pile offshore wind
power. In theory, Hsiung (2003) and so on through theo-
retical analysis, proposed the calculation method of bear-
ing capacity of single pile foundation under horizontal
load [6]. In terms of experiments, Werasak Raongjant
(2011) carried out an experimental study on the seismic
behavior of single piles in sand [7]; Banerjee et al. (2013)
performed a centrifuge shaker test on a single pile em-

bedded in earthquake-inspired clay. The experimental
results show that The degree of soil pile interaction de-
pends on the seismic load on the pile top [8]. In terms of
numerical simulation, Yan Maotian, Lu Aizhong et al.
(2005) considered the interaction effect of pile-soil, es-
tablished a finite element calculation model for seismic
response analysis of pile foundation structures, and car-
ried out the overall finite element numerical calculation
in the time domain. The structural analysis method and
the finite element numerical calculation method verify
the validity of the finite element calculation model [9];
Liao. et al. (2006) studied the numerical simulation of
the parallel seismic test of single pile foundation and
established the axisymmetric finite element (FE). The
model explains the displacement performance of a single
pile foundation under seismic loading [10]. It can be
seen that the existing research mainly adopts two meth-
ods: theoretical analysis and finite element analysis. The
research content focuses on the bearing performance of
single pile foundation, but the large-diameter single pile
bearing of offshore wind power in complex environment
(earthquake, wind, wave, etc.) Characteristic studies are
still lacking. Therefore, based on the previous research
results, the ABAQUS finite element method is used to
study the bearing characteristics of large-diameter sin-
gle-pile offshore wind power under seismic loading, and
the factors such as depth, diameter and thickness of pile
foundation are analyzed to support large-diameter single-
pile offshore wind power. The influence of characteris-
tics provides reference and guidance for the design and
optimization of large-diameter single-pile offshore wind
power.
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2 The Establishment of Finite Ele-
ment Model

The main method is to use finite element numerical
simulation method to analyze the bearing characteris-
tics of large-diameter single-pile offshore wind power
with earthquake as load. Combined with the finite
element software ABAQUS, the constitutive model
construction, unit type selection, mesh division,
boundary condition setting, and seismic load are ap-
plied to complete the finite element model construc-
tion of large-diameter single-pile offshore wind power.

2.1 Constitutive Model

At present, the numerical analysis technology of the
horizontal bearing capacity of pile foundation is rela-
tively mature. Numerical simulation methods include
finite element, finite difference and discrete element
method [11-12], in which finite element numerical
simulation is widely used in pile foundation engineer-
ing. The Mohr-Coulomb model is used to calculate
the actual situation.

At present, the Mohr-Coulomb failure and strength
criterion is widely used in geotechnical engineering.
The Mohr-Coulomb failure model is shown in Figure
1.
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Figure 1. Mohr-Coulomb failure model.
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The damage criterion of the model:
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2.2 Parameter design

Combined with the application status, actual use re-
quirements and design requirements of large-diameter
single-pile offshore wind power, steel Q235 is used as
a single pile foundation structural material. The per-
formance parameters of the large-diameter single-pile
foundation structure of offshore wind power and its
contact with each layer of soil are shown in Tables 1
and 2.

Table 1. Single pile foundation material parameters.

Parame- Pile diame-  Wall thick- Buried Elastic Modu-  Poisson's  Density S trzllfldh /
ter ter /m ness /mm depth /m lus /GPa ratio kg/m’ MI%;
Q235 4 5 45 2.1x10° 0.3 7850 235

Table 2. Performance parameters of large-diameter single-pile foundation structure contact soil layer material.

Soil laver Severe Elastic Modulus Poisson's Thickness Shear strength
Y kN/m? /MPa ratio /m /kPa
Soft-slightly hard silty 76 302 020 73 17
clay

Medium dense silt 8.2 36.6 0.21 7.5 26
Fine sand and sandy silt 9.0 44.7 0.22 2.9 30
Dense silt 9.2 50.0 0.20 9 35
Medium dense silt 9.2 58.2 0.18 2.5 41
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Hard silty clay 9.3 63.5 0.15 10.8 100
. and Z displacement in three directions. The bottom of
2.3 Meshing the large-diameter single-pile foundation structure of

The three-dimensional finite element calculation
model of large-diameter single-pile foundation struc-
ture for offshore wind power is constructed. The di-
ameter of single pile foundation is 4m, the pile foun-
dation thickness is 0.05m, and the buried column
length is 45m.

The offshore wind power large-diameter single-
pile foundation structure analysis block adopts the
S4R analysis block in the finite element calculation
program ABAQUS unit library, and the pile surround-
ing soil analysis unit adopts the C3D8R unit. The
C3D8R device has freedom of motion and pore pres-
sure, which is beneficial to solve the problem of
stress/stress coupling in geotechnical engineering ['*],
The pile are obtained, as s

ST S g e e

Figure 2. Large-diameter single-pile foundation structure and
meshing of surrounding soil.

2.4 Boundary conditions

In the analysis of the bearing characteristics of large-
diameter single-pile offshore wind power under seis-
mic loading, the key is to limit the bottom soil X, Y

offshore wind power is considered to be fixed be-
tween the bottom and the seabed soil. Therefore,
when carrying out the bearing characteristics analysis,
the full constraint is imposed on the bottom of the
large-diameter single-pile foundation structure of the
offshore wind power 'Y, The diameter of the soil is
60m and the height is 50m. In order to reduce the
boundary conditions and the influence of various fac-
tors on the analysis results, the soil boundary is taken
as 5 times. In addition, in the seismic wave dynamic
analysis, the regional boundary may cause wave re-
flection, which affects the accuracy of numerical
analysis. Therefore, Rayleigh damping is used, and
the damping ratio is calculated as 0.01. Therefore, the
boundary conditions and constraints of the large-
diameter single-pile foundation structure of the off-
shore wind power and the finite element model of the
surrounding soil can be obtained.

2.5 Earthquake load application

Seismic waves are random fluctuations, and their in-
fluencing factors are numerous and complex. Differ-
ent earthquake ground motions and structural re-
sponses are also different [15]. Time-history analysis
proves that the same structure uses different seismic
wave input data to obtain different results [16]. The
seismic load is applied by artificial synthetic waves.
According to the Code for Seismic Design of Build-
ings (GB50011-2001) [17], the basic design parame-
ters are as follows:

Table 3. Application of seismic loads.

Seismic fortifica-  Seismic accel-  Site fea- Acceleration time Response spectrum level seismic
tion intensity eration ture cycle history curve peak influence coefficient maximum
8 degree 0.30g 0.25s 310cm/s? 0.24

The acceleration wave of the artificial wave ap-
plied to the seismic load is shown in Figure 3.

300

Acceler200

ation 10
m's

0

-100

-200

-300

t/s

Figure 3. Earthquake horizontal acceleration wave.

For viscoelastic boundary conditions, the input of
the boundary conditions must be in the (force) time
course ['8), First, the acceleration time history is con-
verted into a velocity time history by integration, and
then converted into a corresponding stress input.

Use formula to transform velocity time history into
stress time history:

o, ==2(pC, )V,
o, ==2(pC,)v,
In this part:
o Normal stress; 0

n

Density; C, —P

wave velocity of the medium; v, Vertical particle
velocity; 0, ——Shear stress; C, ——S wave velocity

of the medium; v, Horizontal particle velocity.

The speed time history curve of the power input is
shown in Figure 4.
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According to the theoretical analysis of the bearing
capacity characteristics of large-diameter single-pile
offshore wind power, the vertical bearing capacity of
0 large-diameter single piles is generally easier to meet

£ > 15 20 the requirements. Therefore, the focus is on the analy-
o1 sis of the horizontal bearing capacity of large-
-0.2 diameter single-pile offshore wind power.

t/s

Figure 4. Speed time history curve of ower input. . . .
g P Y P 3.2 Influencing factors of bearing capacity of

Referring to the research results of Li Guangming large diameter single piles in offshore wind
191 the seismic load is applied in the X direction of a power.
single machine foundation such as soil thickness 30m. i )
After the load is applied, the transient analysis module It can be seen from Figure 5 that the maximum stress
of ABAQUS is used to analyze the dynamic time his- value of the large-diameter single-pile foundation

tory of the large-diameter single-pile foundation struc- structure of the offshore wind power reaches 13.766
ture of offshore wind power. MPa, and the maximum displacement value is 0.720

m. The finite element model constructed above is used
as a reference to increase the amount of steel used for

3 Analysis of Bearing Capacity of large-diameter single-pile foundations by 5% and
Large Diameter Single Piles of Off- 10%. When the seismic load is applied, by changing
shore Wind Power Under Earth- the size of one part and controlling the other dimen-

sions, the influence of the depth of the pile foundation,
the diameter of the pile foundation and the wall thick-
ness of the pile foundation on the bearing capacity of
3.1 Time history analysis results under seismic the large-diameter single-pile offshore wind power
load can be obtained. The model design dimensions and
steel consumption are shown in Table 4.

quake Load.

Table 4. Large-diameter single-pile model size table for offshore wind power.

Model Pile foundation Pile diame- Pile foundation Increase in steel

number depth L/m ter D/m wall thickness t/m consumption /% Description
MXO0 45 4 0.05 0 Reference model
MX1 50 4 0.05 5%
MX2 55 4 0.05 10% Incr@ase the depth of
MX3 60 4 0.05 50, pile foundation
MX4 45 5 0.05 5%
MXS 45 6 0.05 10% Increase pile diameter
MX6 45 7 0.05 5%
MX7 45 4 0.06 5% Increase the wall thick-
MXS8 45 4 0.07 10% ness of the pile founda-
MX9 45 4 0.08 5% tion
s —e— MX1 MX2 —a&—MX3
3.2.1 Analysis of bearing capacity of different 5
pile foundations in soil depth. g"
‘_3; 3
This section mainly analyzes the influence of differ- Sz
ent pile foundation depth on the bearing capacity of 1
large-diameter single-pile offshore wind power, and s o : s )
sets the pile diameter D to 4m, the pile foundation - Displacement/m )
thickness t is 0.05m, and the offshore wind power Figure 5. Load-displacement curve of large-diameter single
large diameter single with different pile foundation pile with different pile foundation depth
depth. The pile bearing displacement curve is shown

It can be seen from Figure 5. That with the in-
crease of pile foundation depth, the offshore wind
power has a large diameter. The horizontal displace-
ment of a single pile is gradually reduced. The time
history curve of the pile top displacement under seis-
mic load is shown in Figure 6.

in Figure 5.
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Figure 6. Time-history curve of pile top displacement

It can be seen from Figure 5. and Figure 6. that the
horizontal deformation displacement of the pile foun-

dation decreases as the pile foundation depth increases.

This is because, with the increase of the depth of pile
foundation, the horizontal displacement of the pile
under the horizontal load is not easy to be deformed
due to the hindrance of the subsoil. The horizontal
displacement of the large-diameter single pile founda-
tion of the offshore wind power is controlled, and the
basic horizontal bearing capacity is controlled. Im-
proved. However, after the depth of pile foundation is
increased to a certain extent, increasing the depth of
pile foundation will no longer have a significant im-
pact on the development of horizontal displacement of
large-diameter single-pile foundations.

3.2.2 Analysis of bearing capacity of different
pile foundation diameters.

The horizontal load displacement curve of large-
diameter single-pile foundation of offshore wind
power with different pile foundation diameter is
shown in Figure 7.
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Figure 7. Displacement curve of large diameter single pile
single foundation with different pile foundation diameter

It can be seen from Figure 11 that increasing the
diameter of the pile foundation can significantly re-
duce the deformation of the large-diameter single pile
foundation of the offshore wind power. Taking the pile
foundation depth L of 45m and the pile foundation
thickness t of 0.05m as an example, when the pile
foundation diameter is increased from 4m to 7m, the
horizontal displacement of the large-diameter single-
pile foundation of offshore wind power is reduced by
60%. , reaching 1.4m, the displacement level of the
large-diameter single pile foundation of offshore wind
power is shown in Figure 8.
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o
L80%
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Pile diameter/m
Figure 8. Offshore wind power large pile foundation displace-
ment level.

It can be seen from Figure 8. that as the diameter
of the pile foundation increases, the displacement of
the large-diameter single-pile foundation of the off-
shore wind power decreases gradually, and the pile
foundation diameter increases from 4m to Sm. The
displacement of the large-diameter single-pile founda-
tion of the offshore wind power is reduced. 32.5%,
while the pile foundation diameter increased from Sm
to 6m, and the displacement of the large-diameter sin-
gle-pile foundation of offshore wind power was re-
duced by 10%. Obtain the time history curve of the
top displacement of the single pile foundation under
seismic load, as shown in Figure 9.
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Figure 9. Top displacement time history curve of foundation
diameter.
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It can be seen from Figure 8. and Figure 9. that
with the increase of the diameter of the single pile
foundation, the horizontal bearing capacity of the
large-diameter single pile foundation of the offshore
wind power is obviously improved.

3.2.3 Analysis of bearing capacity of different
pile foundation wall thickness.

The pile foundation depth L is 45m, the single pile
foundation diameter D is 4m, and the pile founda-
tion thickness t is set to 0.06m, 0.07m, 0.08m, re-
spectively. The horizontal load displacement of the
large-scale single-pile foundation of offshore wind
power with different pile foundation thickness See
Figure 10.
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Figure 10. Displacement curve of large- curve of foundation
diameter. diameter single pile foundation with different pile
foundation wall thickness.

It can be seen from Figure 10. that the thicker the
pile base wall thickness, the smaller the deformation
of the offshore wind power large diameter single pile
foundation. Because the wall thickness of the pile
foundation increases, the elastic modulus and bending
stiffness of the large-diameter single-pile offshore
wind power are increased, and the deformation of the
large-diameter single-pile offshore wind power is re-
duced under the same horizontal load, but the wall
thickness of the pile foundation is increased. Large
pairs of piles will increase the resistance during the
piling process and increase the difficulty of piling 2.
The time history curve of the pile top displacement of
the single pile foundation under seismic load is shown
in Figure 11.
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Figure 11. Time-history curve of pile top displacement of
foundation wall thickness.

It can be seen from Figure 10. and Figure 11. that
the increase of the wall thickness of the pile founda-
tion is not proportional to the decrease of the horizon-
tal deformation of the large diameter single pile at sea.
As the wall thickness of the pile base continues to
increase, the wind power large diameter single pile
The rigidity of pile foundation increases, and the in-
fluence on the horizontal deformation of large diame-
ter single-pile wind power is less and less. Therefore,
in engineering application, the difficulty of pile driv-
ing and the deformation control of pile foundation
should be considered 'l and the reasonable pile
foundation wall should be selected. thick.

4 Conclusion

The ABAQUS finite element software is used to ana-
lyze the bearing characteristics and influencing factors
of large-diameter single-pile offshore wind power
under seismic loading. The main conclusions are as
follows:

(1) The increase of pile foundation depth will sig-
nificantly reduce the horizontal displacement at the
top of large-diameter single pile. When the pile foun-
dation depth increases to a certain extent, it will con-
tinue to increase the depth of the soil to the horizontal
deformation of large-diameter single pile.

(2) The choice of the diameter of the pile founda-
tion has a great influence on the horizontal defor-
mation of the large-diameter single pile foundation.
With the increase of the pile foundation diameter, the
deformation of the large-diameter single pile founda-
tion is reduced.

(3) With the increase of the pile foundation thick-
ness, the horizontal displacement of the large-
diameter single pile foundation gradually decreases,
and the increase of the pile foundation wall thickness
directly increases the bending rigidity of the large-
diameter single pile, and the pile foundation wall
thickness increases to After a certain degree, its influ-
ence on the horizontal deformation of large-diameter
single pile foundation is no longer significant.

Based on the above conclusions, in the design of
large-diameter single-pile offshore wind power, it is
necessary to meet the horizontal displacement re-
quirements of pile foundation under seismic load, se-
lect the pile-base design parameter combination of
large-diameter buried depth, and select a reasonable
pile foundation wall thickness to improve the large
diameter single pile operation reliability, reducing the
overall cost of the project.
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