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ABSTRACT: After a large development in relatively low seismicity areas, offshore wind tur-
bines are going to be installed in areas characterized by larger seismicity. This implies that
these structures shall be designed for more demanding seismic loading without dramatic cost
increase. In this context, three-dimensional finite element modelling including soil, founda-
tion, and above ground simplified offshore wind structure is carried out through the OpenSees
simulation platform and proposed as a valuable tool to develop a seismic design practice. A
uniform hazard spectrum developed form a probabilistic seismic hazard assessment is used as
design target spectrum for time histories selection and scaling/matching. Results in terms of
soil-monopile interaction and dynamic structure response for both scaled and spectrally
matched input motions are presented and discussed.

1 INTRODUCTION

As a consequence of the need for clean and sustainable energy sources, since the late 1990s
significant wind energy programs have been started in several European countries to install
large offshore wind farms in the North Sea, Baltic Sea and Irish Sea, where high exposure to
wind ensures large power production. Given the increasing developments of offshore wind
farms in seismic active areas, such as the Mediterranean Sea and China Sea, the demand for
seismic design of offshore wind turbines (OWTs) is arising.
The present paper aims to complement the current solutions for seismic design of OWTs by

showing the performance of a fully coupled 3D finite element (FE) model in assessing OWTs
seismic response. The model recently proposed by Corciulo et al. (2017a, 2017b) within the
OpenSees framework (McKenna, 1997; Mazzoni et al., 2007) has been properly modified to
perform time-domain numerical analysis of monopile founded OWT structures. An advanced
soil constitutive model is adopted to capture the interplay of cyclic effects and hydro-mechan-
ical (HM) coupling in soil-monopile dynamic interaction during seismic shaking. The out-
comes of time-domain FE simulations are exploited to investigate the effects of linearly
scaling and spectrally matching procedures of the input earthquake time histories set on the
seismic response of the OWT structure.

2 3D FE MODEL DESCRIPTION

The OWT system modelled in this work is based on the reference 5 MW OWT defined by
Jonkman et al. (2009). The reference OWT is assumed to be supported by a monopile. Foun-
dation soil consists of a homogeneous deposit of medium dense silica sand.
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2.1 Structural modelling

Figure 1 shows the reference system under consideration. The 5 m diameter monopile is
assumed wished-in-place into the soil. The steel structure is modelled as an elastic beam with
variable cross-section, subdivided into 1D Timoshenko beam elements characterized by steel
elastic properties. The structural model includes both mass (M) and rotational inertia (IM) of
the rotor-nacelle system together with the distributed mass of the structure in elevation.
Added masses (mw) of the sea water surrounding the support structure are also considered.
The structural properties of the system are summarized in Table 1.

2.2 Soil-monopile modelling

2.2.1 Formulation and FE solution
The dynamic HM coupled response of the soil is described by means of the well-known u-p
formulation which relies upon the assumption of negligible soil-fluid relative acceleration.
This approximation is widely recognized to suit well earthquake engineering problems.
Since only one-direction seismic excitation is considered in the analysis, geometrical and

loading symmetries are exploited to reduce the computational burden of 3D non-linear time
domain analysis. The halved FE model is shown in Figure 2. The soil domain is discretized by
means of approximately 2000 8-node two-phase brick u-p elements, implemented in OpenSees
for simulating dynamic response of solid-fluid fully coupled materials. Conversely, the steel
monopile is modelled with standard one-phase brick elements.

Figure 1. Reference 5MW OWT and foundation system.

Table 1. Geometrical and mechanical properties of the OWT-monopile structure.

h (m) d (m) L (m) D (m) Dbase-top (m) t (m) M (te) IM (te m2) mw (te)

90 20 20 5 5 – 3 0.01D 350 2600 785
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The so-called “shear beam” boundary condition is applied to the lateral boundaries of the
model by enforcing corresponding front and back nodes at any depth to move together. At
the base of the model, a non-reflecting boundary is included introducing at each node a viscous
dashpot to reproduce the impedance of the elastic half-space underneath the soil domain. Earth-
quake acceleration records are applied at the base of the model as force time histories, evaluated
by multiplying the properly calibrated viscous coefficient of each dashpot by the input velocity
related to the seismic event. An implicit Newmark algorithm (β = 0.6, γ = (β+0.5)2/4) is adopted
for time discretization in combination with explicit forward Euler integration of soil constitutive
equations.

2.2.2 Soil constitutive model
Cyclic sand behavior is simulated via the UCSD08 multi-surface plasticity model (Yang and
Elgamal, 2008), capable of reproducing pressure-sensitiveness, volumetric-deviatoric coupling
and cyclic hysteresis of saturated sands. In order to generate a realistic soil response, the
parameters of the UCSD08 model have been calibrated against cyclic laboratory test results
concerning a siliceous medium dense sand (DR = 60%) from an offshore site. The model cali-
bration presented in Corciulo et al. (2017) is adopted in this study. Figure 3 shows the satisfac-
tory UCSD08 model simulation of a cyclic triaxial test in terms of q-p’ stress path and excess
pore pressure accumulation.

3 SEISMIC INPUT DEFINITION

The target site considered in this study is located in the Mediterranean Sea. For this site, a
Probabilistic Seismic Hazard Assessment (PSHA) study was carried out to define the Uni-
form Hazard Spectrum (UHS) for the design return period RP = 500 years. The UHS
was computed for site conditions corresponding to an average shear wave velocity equal to
450 m/s.
For the selection of ground motions to be used as input for OWT time domain analysis, the

SIMBAD strong motion database is considered (Smerzini et al., 2014). The dataset consists of
three-component recordings from shallow crustal earthquakes with magnitude (MW) from 5.0
to 7.3 and epicentral distance (Re) up to about 35 km. From the database, 7 horizontal accel-
erograms are selected having the following features:

Figure 2. Size and FE mesh of the soil domain.
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• MW and Re within the range of earthquakes governing the hazard at the site, namely MW =
5 - 6.5 and Re ≤ 20 km, as obtained from the disaggregation of PSHA results;

• similarity of site conditions to those of the target site, i.e. Eurocode 8 class B site;
• reasonably close match with the target spectral shape both in the short and in the long

period ranges.

The selected earthquake time histories (THs) are summarized in Table 2. Starting from the
selection, two different procedures have been adopted to achieve the spectral compatibility of
the average response spectrum of the suite of input motions: (i) Linear Scaling in which the
selected time histories are linearly scaled on the basis of Peak Ground Acceleration (PGA), i.
e. a constant scale factor is computed from each input as SF=PGAtarget/PGAinput; and (ii)
Spectral Matching in which an iterative scaling procedure in the frequency domain is applied.
Namely, a correction factor is calculated based on the ratio of input accelerogram response
spectrum with respect to the target one and applied to scale iteratively the amplitude of the
accelerogram Fourier spectrum, with no phase changes, until its response spectrum fits the
target UHS. Figure 4 illustrates the selected time histories scaled according to the procedures
outlined above.
Note that, since the seed native accelerograms are originally selected based on a broadband

average spectral compatibility, PGA scaling factor (approach 1) are ranging from 0.8 to 1.2.
Moreover, the frequency scaling (approach 2) does not imply a significant modification of the
original record neither in terms of acceleration nor of velocity or displacement or ground
motion duration.

4 OWT DYNAMIC RESPONSE

A set of preliminary simulations is carried out in order to assess the dynamic behavior of the
OWT structure, in terms of natural frequency and soil damping ratio. Specifically, the natural
frequency f0 of the structure, and associated damping, is numerically estimated by analyzing
the free vibrations of the hub.

Figure 3. UCSD08 simulation of a cyclic two-way triaxial test.

Table 2. Selected ground motion time histories.

ID Event Station MW (-) Re (km) EC8 Site Class PGA (g)

1 Mid Niigata Tohkamachi 6.2 20.66 B 0.251

2 South-Iceland Solheimar 6.5 17.38 B 0.246

3 Izmit Aftershock Sakarya 5.6 11.21 B 0.202

4 South-Iceland Hella 6.5 14.56 B 0.211

5 L’Aquila Mainshock Gran Sasso 6.3 18.05 B 0.149

6 Christchurch Christchurch 6.2 19.38 B 0.185

7 South-Iceland Hella 6.4 21.37 B 0.168
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4.1 Natural frequency in linear elastic regime

OWT structure free vibrations are investigated by applying to the structure a very small hori-
zontal transient perturbation at hub height. The so-called Ormsby wavelet is used as loading
input in order to solicit a wide frequency range with the same input amplitude. As shown in
Figure 5, the frequency range from 0.1 Hz to 2 Hz is stressed in the same way; hence, once
perturbed, the structure starts to vibrate with a frequency equal to its own natural frequency.
The simulation is firstly conducted replacing the monopile foundation with a fixed base,

and then considering the pile embedded in a linear elastic material. The results in terms of
normalized hub height displacements in x-direction are shown in Figure 6. The fixed base
structure vibrates with an estimated frequency f0 = 0.222 Hz, whereas the estimated frequency
of the monopile supported structure is f0 = 0.203 Hz. Accordingly, a natural frequency reduc-
tion of about 8 % is given by foundation compliance with respect to the fixed base case.

4.2 Natural frequency and vibration decay in non-linear regime

A further set of simulations is carried out to investigate the effect of soil non-linearity on
OWT-monopile system natural frequency. The vibration decay due to soil damping ζsoil is also
worth to be analyzed in the present context. To do so, Ormsby loading with increasing max-
imum amplitude of 1 MN and 10 MN are applied at the hub height.
Results of the analysis are shown in Figure 7. The structure vibrates on longer periods for

increasing level of non-linearity involved in the soil. Higher soil non-linearity corresponds to
higher energy dissipation and vibrations decay. In particular, f0 = 0.200 Hz is estimated for case
Hmax = 1 MN whereas a lower vibration frequency of about 0.179 Hz is computed for Hmax =
10 MN. In this latter case, which could represent a situation where the structure is subjected to
a relatively strong motion involving quite high levels of soil non-linearity, a natural frequency
reduction of more than 10 % could be experienced with respect to linear elastic conditions.

Figure 4. Acceleration response spectra of the selected earthquake time histories according to (i) linear

scaling (left) and (ii) spectral matching (right) approach.

Figure 5. Ormsby wavelet loading in time (left) and frequency (right) domain.
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Since no other sources of damping are introduced in the model (except for the negligible
numerical damping of implicit Newmark integration), soil-foundation damping can be esti-
mated by analyzing structure vibrations decay. Damping ratios ζsoil related to soil non-linear-
ity from approximately 1 % to 3 % are computed for increasing loading amplitude. This
outcomes are in accordance with the results discussed by Kementzetzidis et al. (2018) for a
monopile foundation having comparable L/D ratio and similar soil conditions.

5 SOIL-MONOPILE-OWT RESPONSE TO SEISMIC LOADING

A total of 14 time domain earthquake simulations were carried out considering both linearly
scaled and spectrally matched time histories as discussed in Section 3. Most interesting results
of the analysis are presented in the following.

5.1 Soil-monopile interaction

The mechanical response of the soil during seismic excitation is shown in Figure 8 for a soil
element located next to the monopile at 10 m depth bsf (i.e. half pile length) in terms of shear
stress-strain cycles and shear stress-effective confinement stress path. Plots clearly show the
features of the cyclic HM response of sands. In particular (i) the stress-strain plots point out
the increase in soil non-linearity mobilized during seismic motion peak accelerations, charac-
terized by evident stress-strain hysteresis loops and strain accumulation, and (ii) the effective
stress paths show the cycle-by-cycle reduction in effective confinement during earthquake
shaking, related to excess pore pressure accumulation.
Differences in soil response for linearly scaled and spectrally matched time histories are

investigated in Figure 8. Two earthquake time histories, namely Solheimar (ID 2) and Izmit
(ID 3) records, are considered. It can be observed that when the seed response spectrum fits
well the target UHS, such as Izmit (ID 3) record, soil response during matched and scaled
time histories propagation is very similar. Conversely, when the seed spectral shape is more
strongly modified by the spectral matching process (e.g. Solheimar - ID 2 - record case) soil
response is clearly different from the seed motion stress paths.

5.2 Seismic response of OWT structure

OWT structure response in terms of relative displacement at hub location is shown in Figure 9
for both matched and scaled input time histories (first 80 sec are plotted for ease of comparison).
It is worth noting that maximum hub displacements are predicted to be of the order of 20

cm considering both set of time histories, namely 18 cm for matched THs and 23 cm for lin-
early scaled THs. The average maximum displacement (among the 7 input time histories) is
about 12 cm for both sets. As expected, OWT response is similar for linearly scaled and
matched time histories when the seed response spectrum fits well the target UHS (e.g. Izmit
record, ID 3). Larger discrepancies between scaled and matched records are obtained for seed
records having poorer fitting with the target spectrum. The overall good agreement between

Figure 6. OWT structure free vibrations (normal-

ized) in linear elastic regime: fixed and compliant

base.

Figure 7. OWT structure free vibrations (nor-

malized) considering soil non-linearity.
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scaled and matched time histories results proves that both scaling/matching criteria, if prop-
erly performed, could be considered applicable for OWT seismic assessment.
The average spectral amplification ratio (SAR), defined as the ratio between hub acceler-

ation response spectrum and input response spectrum, is presented in Figure 10 for both
matched and scaled input motions. They clearly show a fairly flat portion for short vibration
periods between 0.01 s and 0.4 s which implies that for this range of periods there is no signifi-
cant modification of seismic input propagation to hub height. Conversely, two significant
SAR peaks are observed at approximately 0.8 s and 5 s. The 5 s peak (f = 0.2 Hz) is clearly
related to the first vibration mode of the structure discussed in Section 4, whereas the 0.8 s

Figure 8. τ-p’ stress paths (left) and τ-γ cycles (right) during seismic shaking.

Figure 9. OWT hub relative displacement time histories.

Figure 10. Average SAR between hub and input acceleration response spectra.
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peak is likely related to higher OWT tower modes. Implications of these relatively high SAR
is that all mechanical and electrical structural and non-structural elements located within the
hub will suffer much higher accelerations compared to the free-field input motion. This aspect
shall be duly considered in nacelle design to avoid unforeseen impact during OWT operations.
It is noteworthy that, considering a set of 7 earthquake time histories as input of the ana-

lysis, the obtained average SAR are almost identical for matched and scaled input motions
despite the soil response differences on the single motion discussed in Section 5.1.

6 CONCLUSIONS

The paper shows a relatively straightforward performance-based earthquake assessment for
offshore wind turbines. Specifically, a detailed 3D FE model was developed for a standard 5
MW OWT founded on a monopile in a homogeneous sand deposit. The following conclusions
can be drawn from the study:

• fully 3D numerical models coupled with reliable cyclic constitutive models can adequately
capture both OWT structures natural frequency and soil damping;

• both linear scaling and spectral matching approaches are applicable for OWT seismic
assessment, without significant differences in structure response when considering the aver-
age of 7 THs;

• non-negligible acceleration amplifications are expected at the OWT hub compared to free-
field input motion.

This study evidenced that the modelling of the seismic soil-structure interaction should
include soil non-linearity and hydro-mechanical coupling of saturated soils, which cannot be
accurately reproduced through spring-dashpots foundation analogues. The study proved the
possibility to routinely use an advance constitutive model for the seismic analysis of OWT.
Hence, spring foundation models should no longer be considered the only design approach in
industry practice.
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