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Fig. 1. Centrifuge test done by Yu et al. [9]
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Fig. 2. Input Motion of test done by Yu et al [9].
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Parts Dimension (m)
Tower head  L79%1.75x 1.25
wind tower L=13,D=05

Piles L=3,D=05

Table 1. Model properties of test done by Yu et al. [9]
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Fig. 4. Schematic diagram of model

5 01 Sl 5 lejim T LS 35 o 55 ) glae o
.J)lb b LS'BL““‘ u:.~>_- J} &L?L’L; u-p Mﬁ LSLALSJL:‘Q)
39dome i) SIUT (5l el 38l sl ST !

S by S Sl 15 5 5 5bome Sose w5 e b

1 OpenSees
2 dlation
3 contraction

4.5m



Oler 5 GAS 330 sk L5 L de

JéJSJE.I):l{J\;-L.«IJALQQL;LA&)}SL;MJJ'CA{.L;;J&w)j.

.M@i&wj\;;f)ﬁﬁ\ﬂ\ww e b Syl
uiﬁbwk)obywedwwkguuw\u}uﬁ
w‘;M@dbkme;M

Ol b Sl e Dliasiin ¥ Juor

Parameter Value
Density (kg/m?®) 7850
Modulus of Elasticity (GPa) 200
Yield Stress (MPa) 240
Poisson’s ratio 0.3

Table 3. Properties of foundation piles
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Fig. 5. Pile modeling in OpenSees
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Parameter Value
Saturated Density (ton/m?) 1.96
Relative Density (%) 68
Angle of Internal Friction (°) 31
Poisson’s ratio 0.4
Reference Shear Modulus (MPa) 65
Reference Bulk Modulus (MPa) 200
Peak Shear Strain 0.1
Reference Pressure (kPa) 80
Pressure Dependence Coefficient 0.5
Phase Transformation angle (°) 27
Contraction 1 0.07
Dilation 1 0.4
Dilation 2 2
Liguefactionl (kPa) 10
Liguefaction2 0.01
Liquefaction3 1
Initial void ratio 0.72
Permeability (m/s) 4.5x10°

Table 2. PDMY constitutive model parameters
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[15] 55,3 s olal s a bl sl ol 055 . F J gk

Parameter Scaling law
Tower height and rotor radius A
Velocity (wind) NA
Water depth and wave height y)
Wave period \/E

Table 4. Scaling law based on Froude number [15]
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[16] 52 Fogm aeoye h by ge Lol 0 Jpdr
Wave height (Hs)  Wave period (T) Water depth (d)
4.36 (m) 12 (s) 13.5 (m)
Table 5. Wave parameter of Horns Rev wind farm [16]
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Wave height (Hs)  Wave period (T) Water depth (d)
0.68 (m) 4.75 (s) 2.12 (m)
Table 6. Scaled parameter of Horns Rev wind farm
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Residual rotation Maximum rotation

(deg) (deg)
Experimental 0.6 0.7
Numerical 0.5 0.66

Table 7. Comparison of wind tower rotation between
experimental and numerical model
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ABSTRACT

In this research, the seismic response of offshore wind turbines, considering the interaction of saturated soil-pile-
structure, has been investigated using numerical method of finite element. OpenSees software has been used to consider
the conditions of soil saturation and pore water pressure changes. Due to the existence of soil constitutive model in
OpenSees, such as the PDMY model and coupled u-p elements, it has a good ability to model saturated soil and pore
water pressure changes.For numerical verification, a centrifuge test carried out by Yu et al. was used. This test was carried
out on an offshore wind turbine with tripod foundation, with a height of 13 meters and three piles, 0.5 in diameter and 3
meters in length with a triangular arrangement, and the response of the turbine tower and pore water pressure variations
under the earthquake load have been investigated. In this experiment, blades, hub and Nacelle were simplified as a rigid
mass on top of wind turbine tower and so large moment caused by the earthquake load was modeled on the foundation.
For simulation and creating numerical model, only one half of the system was modeled using symmetry boundary
condition. Soil 3D continuous medium was modeled through coupled u-p formulation correlated to saturated porous
medium using PDMY constitutive model that has the ability to simulate sandy soil behaviour under cyclic loadings in
drained and undrained condition. The model consisted of 14288 nodes and 12420 coupled u-p 3D elements for saturated
soil part. Nonlinear beam-column elements were used for pile parts. For simulating actual size of pile cross-section, rigid
beam elements perpendicular to the longitudinal axis of the piles were used. Actually these rigid elements were beam-
column type that their stiffness is 10000 times larger than the stiffness of pile elements. One node of this elements was
connected to the pile and the other node was tied to the soil node with same location through equal DOf constraint. Each
pile with 3 meter in length consisted of 12 nonlinear beam-column elements. For half pile 65 rigid elements and for full
pile 104 rigid elements was used to simulate actual size of pile cross-section. Wind load on tower is estimated by equation
provided in DNV standard. Also the thrust force (force applied by the wind on the rotor of turbine) is calculated through
the previous study (Leite) and using Manwell equation. Wave load is calculated by Morison equation and the kinematics
of water particles are simulated by Airy wave theory (linear wave theory). After passing the verification stage, through
the parametric study, the effect of other environmental loads (wind and wave load) and peak ground acceleration (PGA)
on the seismic response of the offshore wind turbine are investigated. The results showed that in seismic analysis of
offshore wind turbines, the interaction of environmental loads should be considered, and the Superposition Principle can
not be easily applied. It was also found that the relationship between the peak ground acceleration and the turbine tower

response is nonlinear. On the other hand, by increasing the PGA, the effect of soil-piles interaction on the r, ratio increases.

Keywords: Offshore wind turbine, OpenSees, PDMY constitutive model, soil-pile-Structure, wind and wave load
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