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Abstract: The seismic safety of offshore wind turbines is an important issue that needs to be solved urgently. Based

on a unified computing framework, this paper develops a set of seawater-seabed-wind turbine zoning coupling analysis

methods. A 5 MW wind turbine and a site analysis model are established, and a seismic wave is selected to analyze

the changes in the seismic response of offshore monopile wind turbines under the change of seawater depth, seabed

wave velocity and seismic wave incidence angle. The analysis results show that when the seawater increases to a

certain depth, the seismic response of the wind turbine increases. The shear wave velocity of the seabed affects the

bending moment and displacement at the bottom of the tower. When the angle of incidence increases, the vertical

displacement and the acceleration of the top of the tower increase in varying degrees.
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0 Introduction

Vigorously developing renewable energy is an
important support for accelerating the construction
of ecological civilization. Among them, wind ener-
gy has developed rapidly with its abundant reserves
and high utilization rate'’. Offshore wind turbines
can capture richer and longer-lasting wind energy.
However, in the maritime areas of China, earth-
quakes are frequent in the seas. Undersea earth-
quakes and their induced secondary disasters can
cause devastating damage to offshore structures'™.
How to ensure the seismic safety of offshore wind
turbines is an important issue facing the develop-
ment of offshore wind turbines.

The seismic response analysis of offshore wind
turbines is an important part of ensuring their seis-
mic safety, and the coupling effect of seawater-sea-

bed-wind turbine under earthquake action needs to
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be considered. As an input to the seismic response
analysis of offshore wind turbines, the free-field re-
sponse is the basis for studying seismic wave scatter-
ing. Thomson et al."” gave the transfer matrix solu-
tion of the wave propagation problem in the layered
media, which is widely used in the reflection and
transmission problem of plane waves, but mostly
considered for dry soil. Moreover, the free field on
the side and bottom boundary of the sea field is sim-
plified: The effect of the free field is ignored by di-
rectly entering ground motion at the bottom'*'; Or
consider only one of the bottom and side free
fields ”*.

The implementation of artificial boundaries can
transform the infinite field fluctuation scattering
problem into a finite field problem. At present, arti-
ficial boundaries include transmission boundaries,

viscoelastic boundaries and viscoelastic boundaries,

How to cite this article: XU Xiaofeng, CHEN Shaolin, SUN Jie. Zonal coupling analysis method of seismic response of off-
shore monopile wind turbine[ J]. Transactions of Nanjing University of Aeronautics and Astronautics, 2024,41(S):103-110.

http://dx.doi.org/10.16356/j.1005-1120.2024.S.013



104 Transactions of Nanjing University of Aeronautics and Astronautics

Vol. 41

and the most widely used one is viscoelastic bound-

‘"8 However, the viscoelastic boundary is in-

aries
convenient to apply when the soil layer is saturated.
On this basis, the seawater-seabed-wind tur-
bine interaction analysis needs to be considered'* .
First, there is a coupling of solid-liquid phases on
the seabed itself, and secondly, there is a coupling
between the seabed, the overlying seawater layer
and the lower foundation of the wind turbine.
Among them, the seawater-structure coupling be-
longs to fluid-structure interaction, which is mostly

[13]

simplified to the Morison equation'”', the radiation

wave theory “'and the additional mass method""'.
Seabed-structure coupling belongs to soil-junction
interaction, which is mostly simplified into the
lumped parameter method, the substructure method
and the overall analysis direct method, which is
very inconvenient to solve. At present, most of the
domestic and foreign only consider one or two of the
three couplings of seawater-seabed, seabed-struc-

ture and seawater-structure, and it is one-way cou-

pling and simplified.

Based on this, this paper intends to unify the
seawater, saturated seabed and wind turbine founda-
tion into generalized saturated porous medium, so
as to achieve coupling, adopt centralized mass ex-
plicit finite element analysis for the site, the implicit
finite element analysis for the structure, realize the
time-step coupling through overlapping layer units
between the explicit and implicit, and implement
the efficient zoning analysis of seawater-saturated
seabed-fan interaction combined with the transmis-

sion artificial boundary conditions.

1 Theory

The seawater-saturated seabed-wind turbine in-
teraction analysis problem is essentially a seismic
wave scattering problem. The specific solution pro-
cess 1s a free field analysis and an implementation of
artificial boundaries. Environmental media-structure

interaction analysis is shown in Fig.1.
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1.1 Free field analysis

The free field response, which is the site re-
sponse under seismic excitation when there is no
structure, provides input to the wave scattering
problem. The general assumption is horizontal lay-
ered half-space, which has less impact on the seis-
mic response of the wind turbine structure of inter-
est. According to the seismic motion of the control

point at the known water-soil interface, the seismic

Schematic diagram of wind turbine seismic response analysis

excitation at the input of the half-space control point
of bedrock is obtained by inversion using the trans-
fer matrix method. After obtaining the incident
wave at the bedrock input, the free field response of
the transmission boundary zone can be obtained and

shown as u; and U,.
1.2 Site analysis in the sea area

Site analysis is divided into artificial boundary
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node area and internal node area: The former is cal-
culated by the multiple transmission formula, and
the latter is calculated according to the theory of gen-
eralized saturated porous media.

The solid and liquid phase displacement recur-

sive formulas for the internal junction are as follows
(p+1) (p—1)
PED = 2yt — gl —
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At )
(%(F?"+Tf"*5?é’;*s?";) (1)
m;
U,-(er”:ZUZp* U](pfl)i
At )
(3fW+Wb¥%¥M (2)
m;

where u; and U, are the solid and liquid phase dis-
placements of the nodes; m; and m," the solid and
liquid phase masses of the nodes, respectively; F;
and F." the solid and liquid constitutive forces of the
node, respectively; 77 and T," the solid and liquid
viscosity resistance of the node, respectively; super-
scripts p — 1, p and p + 1 the three adjacent mo-
ments of the node, respectively; S¥ and S¥ the in-
terfacial normal force and the interface tangential
force acting on the solid phase at the junction, re-
spectively; and S¥ and S*% the interfacial normal
force and interfacial tangential force acting on the
junction liquid phase at all time. Az is the time step.

According to the interfacial continuity condi-
tions, the interfacial force acting on the solid and liq-
uid phases of the junction i at the time of p can be
derived. According to the interface force, the dis-
placement response of the interface point can be ob-
tained.

The total displacement fields u and U of the
boundary nodes are divided into scattering fields «.,
U, and free fields u;, U; by wave field decomposi-
tion, that is

u=u,+ u (3)
U=U,+ U (4)

Among them, the free field displacements u;
and U, can be obtained according to Section 1.1. Us-
ing the multiple transmission technique, the out
ward scattering of the layman wave is simulated,
and the scattering field displacement of the boundary

node 7 can be obtained as
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Node £ is the point pointing in the normal direc-
tion at boundary node i towards the interior of the
calculation area, and its scattering displacement can
be obtained by Egs.(3) and (4) , which are the
transmission order.

After obtaining the scattering field displace-
ments u, and U, of the boundary point from Egs.(5)
and (6) , the total displacements u and U of the

boundary points can be obtained from Eqs. (3) and (4).
1.3 Wind turbine structure analysis

The offshore wind turbine structure is calculat-
ed using the Newmark implicit integral method. If
the response of the p + 1 time node of the boundary
node of the wind turbine calculation area is obtained
from the field calculation area of the sea area, the
dynamic balance equation of the p + 1 time in the

calculation area is

1
K+ M+ lw'=
B(ALY BAL
ooy e ap%—(l—-1 it |+
pacy T 2s
c"up+(71)w+3ylamp 8)
BAL B 2p3

where K is the stiffness, M the mass, C the damp-
ing, F the external force, u the velocity, and @ the
acceleration. y, /3 are the Newmark integral format

parameters.
1.4 Coupling analysis

The seawater-saturated seabed-wind turbine
coupling analysis is realized by the zonal parallel
method, that is, seawater, seabed and wind turbine
foundation are analyzed by centralizing mass explicit
finite element as display areas. The superstructure
of the wind turbine is analyzed by implicit finite ele-

ments as an implicit calculation area. The coupling
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analysis between the wind turbine superstructure
and the sea site is achieved by setting up a layer of

explicit and implicit overlapping elements.
2 Example Analysis

2.1 Model and ground motion input

Taking the northeast sea area of Jiangsu prov-
ince as an example, the size of the calculation area
is 40 m X 40 mX70 m, of which the seawater layer
thick is 20 m, the saturated seabed layer is 40 m,
and the bedrock layer is 10 m. Select a fan with a
rated power of 5 MW. The diameter of the wind
wheel is 126 m, the hub height is 90 m, and the
number of blades is 3. The fan foundation adopts a
large-diameter monopile foundation, and the fan
monopile penetrates 60 m deep into the soil layer
and exposes 10 m above the water. The site and

foundation medium parameters are shown in Ta-
ble 1.

Table 1 Environmental media parameters

~ Shear mod- Poisson’s Density/  Shear wave
Material ) .
ulus/Pa ratio  (kgem ™) velocity/(mes™')
Seawater — 0.05 1 000 0
Seabed 2.50E8 0.30 2 000 445
Bedrock  4.80E9 0.20 2 643 1348
Monopile  8.08E10 0.30 7 850 3208

ANSYS software is used to model with
BEAMI189 elements for the nacelle and tower,
SHELLG3 elements for the blades, and SOLID185
elements for the foundation. The site and foundation
are modeled by self-programmed programs, using
hexahedral solid elements. The unitsizeis I m X 1m X
1 m, the perpendicularly polarized shear vertical
(SV) wave is incident vertically, and the time step
is 4X107° s, which meet the accuracy requirements
of wave simulation. The wind airfield ground model
is shown in Fig.2.

In order to consider the influence of three fac-
tors, seawater depth, seabed wave velocity and inci-
dence angle on the seismic response of offshore
wind turbines, 12 working conditions are designed

through control variables, as shown in Table 2.
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Fig.2 Schematic diagram of the wind turbine model site

Table 2 Working conditions of different cases

Seabed wave  Angle of inci-

Case Sea depth/m

speed/(mes ') dence/(°)
Case 1 10 445 0
Case 2 15 445 0
Case 3 20 445 0
Case 4 25 445 0
Case 5 20 445 0
Case 6 20 753 0
Case 7 20 953 0
Case 8 20 1128 0
Case 9 20 445 0
Case 10 20 445 15
Case 11 20 445 25
Case 12 20 445 35

According to the results of seismic safety as-
sessment in Rudong Sea, Jiangsu, the acceleration
response spectrum of the target located on the sur-
face of the seabed is obtained. According to the
NGA-West ground motion database, a seismic
wave consistent with the site characteristics is select-
ed for time history analysis, and the seismic wave is
inverted to the bottom of the bedrock. Seismic
waves are incident perpendicularly as SV waves.
Seismic waves are recorded by Corinth Station of
the 1981 Corinth_Greece earthquake with a duration
of 41.29 s. The seismic recording horizontal acceler-
ation time history plot and spectrogram are shown in
Fig.3.
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Fig.3 Horizontal acceleration time history plot and spectro-

gram

2.2 Result analysis

The changes of seawater depth H,, from 10 m
to 15 m, 20 m, and 25 m are controlled, and the re-
sponses of monitoring points A and B (shown in
Fig.2) are analyzed to explore the influence of sea-
water depth on the seismic response of offshore
wind turbines.

Seismic response results under different water
depth conditions are shown in Table 3. It can be
seen from the results of Table 3 that the absolute
displacement of the fan tower first decreases and

then increases with the increase of water depth. The

absolute velocity and bending moment peak of the
fan tower increase or decrease slightly when the wa-
ter depth changes from 10 m to 15 m, significantly
increase at 20 m, and decrease sharply at 20 m to
25 m. The absolute acceleration peak of the top
point of the tower changes with the bending moment
of the water depth, but the acceleration peak of the
top point of the tower does not change significantly
when the water depths are 10 m, 15 m, and 20 m,
while significantly smaller at 30 m. The displace-
ment, velocity, acceleration and bending moment
of the top and bottom points of the wind turbine tow-
er peak at a sea depth of 20 m, which should be
closer to the excellent frequency of seismic input at
a water depth of 20 m.
The displacement response of monitoring
point A and the bending moment response of moni-
toring point B at different seabed wave velocities w,
are shown in Fig.4. It can be found that with the
increase of seabed shear wave velocity, the peak
value of the displacement time history diagram first
increases and then decreases, the maximum bend-
ing moment first increases and then decreases, and
the bending moment time history graph has obvi-
ous high frequency, because the bending moment
is related to acceleration and the acceleration signal
is sensitive to high frequency. And as the wave
speed slowly increases, the overturning bending
moment at the bottom of the tower first increases

slightly and then gradually decreases.

Table 3 Seismic responses result under different water depth conditions

Monitoring " Absolute displacement Absolute speed  Absolute acceleration ~ Absolute maximum
point peak/m peak/(mes™") peak/(mes™?) bending moment/(Nem)
H,=10m 0.069 0 0.537 9 12.466 7 2.773 5E8
H,=15m 0.064 0 0.556 4 11.524 3 2.600 7E8
A H,=20m 0.082 0 0.834 8 19.2107 4.101 8E8
H,=25m 0.063 3 0.451 8 12.195 2 2.819 4E8
Trend VAN J\ N\ N
H,=10m 0.100 0 0.903 7 17.8810 1.573 3E9
H,=15m 0.090 8 0.936 5 17.267 2 1.376 9E9
b H,=20m 0.104 6 1.662 4 17.634 3 2.816 5E9
H,=25m 0.099 5 0.7379 13.872 4 1.443 5E9

Trend \/\

A e A
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Fig.4 Seismic response of wind turbine towers under different seabed wave velocity conditions

As the angle of incidence a changes, both the
horizontal and vertical displacements change, as
shown in Fig.5. It can be found that with the in-
crease of the angle of incidence, the vertical dis-
placement and acceleration response are getting big-

ger and bigger, the horizontal displacement and ac-
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Fig.5 Seismic recording of the seismic response of wind

turbine towers at different angles

celeration response are generally getting smaller and
smaller, and the maximum bending moment is get-
ting smaller and smaller. The above variation law
occurs because as the incidence angle increases in
the x-z plane, the x-direction component gradually
decreases, and the z-direction component gradually
increases. Therefore, the displacement and accelera-
tion in the x-direction and the bending moment af-
fected by the force in the z-direction decrease,

while the acceleration in the z-direction increases.

3 Conclusions

Based on the unified calculation framework of
generalized saturated porous media, this paper pro-
poses a set of efficient zoning analysis methods for
seawater-seabed-offshore monopile wind turbine
coupling. The methods comprehensively consider
the soiljunction interaction effect and fluid-structure
interaction effect. Moreover, this paper analyzes the
seismic response of offshore monopile wind turbines
on a site in a sea area in the East China Sea, and the
effects of seawater depth, seabed wave velocity and
incidence angle on the seismic response of offshore
wind turbine towers. The following conclusions are
drawn.

(1) The variation of seawater depth, on the
one hand, changes the free field (seismic input) in
the sea area, and on the other hand, changes the
self-vibration characteristics of the overall system of
the sea site-wind turbine, thereby affecting the reac-
tion of the wind turbine structure. Therefore, seawa-
ter depth has a great influence on the seismic re-
sponse of wind turbines. When the seawater increas-

es to a certain depth (such as 20 m in the example in
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this paper) , the fan reacts the most when the self-
resonance frequency of the overall system of the sea-
site-wind turbine is close to the frequency of the in-
put seismic wave.

(2) The influence mechanism of seafloor shear
wave velocity on the seismic response of wind tur-
bines is essentially the same as that of seawater
depth, both of which change the free field and the
self-vibration characteristics of the system. Relative-
ly, the seabed shear wave velocity has a greater in-
fluence on the overturning moment of the wind tur-
bine than the displacement at the top of the tower.

(3) With the increase of the incidence angle of
seismic waves, the horizontal displacement, acceler-
ation and overturning moment decrease in varying
degrees, and the vertical displacement and accelera-
tion increase in different degrees.

The example in this paper is only a linear case,
and does not consider the nonlinearity of the seabed
and the nonlinearity of the wind turbine structure. In
the nonlinear situation, the influence of seawater
depth, shear wave velocity, incidence angle and oth-
er factors on the fan response should be different,
such as oblique incidence will increase the vertical
acceleration of the tower top. If the second-order ef-
fect is considered, it will increase the horizontal re-

action of the structure, which needs further study.
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