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Abstract: In recent decades, research on renewable energy has been boosted by the emerging awareness of energy security and climate
change and their consequences, such as the global cost of adapting to the climate impacts. Both onshore and offshore wind turbine farms have
been considered as one of the main alternatives to fossil fuels. Their development currently involves seismic-prone areas, such as the
Californian coastline and East Asia, where the risk of soil liquefaction is significant. Onshore wind turbines (OWTs) typically are founded
on shallow rafts. Their operation can be affected strongly by the simultaneous presence of intense earthquakes and wind thrust, which may
cause remarkable permanent tilting and loss of serviceability. In these conditions, accurate evaluation of the seismic performance of these
structures requires the development of well-validated numerical tools capable of capturing the cyclic soil behavior and the build-up and
contextual dissipation of seismic-induced pore-water pressures. In this paper, a numerical model developed in OpenSees, calibrated against
the results of dynamic centrifuge tests, was used to evaluate the influence of some ground motion intensity Measures of the seismic behavior
of OWTs included the amplitude, frequency content, strong-motion duration, and Arias intensity (energy content) of the earthquake, together
with the effect of a coseismal wind thrust, which is not well explored in the literature. The seismic performance of an OWTwas assessed in
terms of peak and permanent settlement and tilting, the latter of which was compared with the threshold of 0.5° typically adopted in practice.
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Introduction

Onshore and offshore wind have established themselves as a reli-
able and sustainable form of renewable energy. In developing coun-
tries such as India and other Southeast Asian countries, onshore

wind can be very attractive and cheaper than offshore wind, espe-
cially when the wind farms can be located in otherwise unusable
lands such as salt marshes. However, in many areas of these coun-
tries there is a significant risk of soil liquefaction. For example,
during the Bhuj earthquake of 1999 in India, extensive liquefaction
occurred in the Kutch region (Madabhushi et al. 2005). The per-
formance of the foundations of onshore wind farms needs to be
established, especially in terms of their settlements and rotations,
because there are strict serviceability limits requiring, e.g., that the
rotation of the foundation at ground level must be less than 0.5°
(DNV 2010). Moreover, it is likely that each wind farm will
have hundreds of individual wind turbines, and the foundations
for these may be similar from an economy-of-scale point of view.
Typically, raft foundations are used for onshorewind turbines.Well-
validated numerical tools are required to evaluate the seismic
performance of individual rafts at selected locations of the wind
farm in order to establish the satisfactory performance of the wind
turbine–foundations system under seismic loading, especially when
the foundation soil is liable to liquefaction (Vacareanu et al. 2019).

Early research on raft foundations of onshore wind turbines on
liquefiable soils was carried out using dynamic centrifuge testing
by Seong et al. (2022) for selected soil profiles and for a combi-
nation of scaled real earthquake motions and strong sinusoidal mo-
tions. The results of these tests indicated that, for the specific case at
hand, the raft foundations could settle and rotate significantly with-
out ground improvement. Although the residual rotations were
within the limit of 0.5°, the dynamic rotations exceeded this limit
during some of the strong motions, and the overall settlement was
more than 0.8 m.

1Assistant Professor, Dept. of Engineering, Univ. of Cambridge,
Cambridge CB3 0EF, UK; Assistant Professor, Dipartimento di Ingegner-
ia Strutturale e Geotecnica, Sapienza Università di Roma, Rome 00184,
Italy (corresponding author). ORCID: https://orcid.org/0000-0001-8957
-5764. Email: domenico.gaudio@uniroma1.it

2Ph.D. Candidate, Dept. of Engineering, Univ. of Cambridge, Cambridge
CB3 0EF, UK. ORCID: https://orcid.org/0000-0003-3782-0099

3Professor, Dept. of Engineering, Univ. of Cambridge, Cambridge
CB3 0EF, UK.

4Professor, Dept. of Engineering, Univ. of Cambridge, Cambridge
CB3 0EF, UK. ORCID: https://orcid.org/0000-0002-0993-0322

5Professor, Dept. of Engineering, Univ. of Cambridge, Cambridge
CB3 0EF, UK.

6Chief Operating Officer, Adani Green Energy Limited, Shantigram,
Near Vaishnodevi Circle, S G Highway, Ahmedabad, Gujarat 382421, India.

7Vice President (Technology), Adani Green Energy Limited, Shantigram,
Near Vaishnodevi Circle, S G Highway, Ahmedabad, Gujarat 382421,
India.

8Deputy General Manager, Adani Green Energy Limited, Shantigram,
Near Vaishnodevi Circle, S G Highway, Ahmedabad, Gujarat 382421, India.

Note. This manuscript was submitted on March 28, 2023; approved on
December 26, 2023; published online on February 29, 2024. Discussion
period open until July 29, 2024; separate discussions must be submitted
for individual papers. This paper is part of the Journal of Geotechnical
and Geoenvironmental Engineering, © ASCE, ISSN 1090-0241.

© ASCE 04024030-1 J. Geotech. Geoenviron. Eng.

 J. Geotech. Geoenviron. Eng., 2024, 150(5): 04024030 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

D
om

en
ic

o 
G

au
di

o 
on

 0
2/

29
/2

4.
 C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.

https://doi.org/10.1061/JGGEFK.GTENG-11807
https://orcid.org/0000-0001-8957-5764
https://orcid.org/0000-0001-8957-5764
mailto:domenico.gaudio@uniroma1.it
https://orcid.org/0000-0003-3782-0099
https://orcid.org/0000-0002-0993-0322
http://crossmark.crossref.org/dialog/?doi=10.1061%2FJGGEFK.GTENG-11807&domain=pdf&date_stamp=2024-02-29


In this paper, a numerical model with u-p formulation, devel-
oped in OpenSees and calibrated against the results of dynamic
centrifuge tests, is used to explore the effects of the characteristics
of the ground motion on the seismic behavior of onshore wind tur-
bines (OWTs). Moreover, the paper addresses the impact of the
presence of a coseismal wind thrust, which still is not well explored
in the literature.

An advanced constitutive model known as Sanisand (Dafalias
and Manzari 2004) already is available in the library of OpenSees,
so the excess pore-pressure generation under cyclic loading in
saturated soils could be captured accurately, although some limi-
tations have been detected in the literature, namely a typical over-
prediction of the rate of pore-pressure dissipation and some
excessive dilative tendency, which usually leads to excessively
large acceleration spikes (Ramirez et al. 2018). The Sanisand con-
stitutive parameters of the sand adopted in the dynamic centrifuge
tests were determined originally by Salvatore et al. (2017) based on
the results of triaxial tests. These constitutive parameters, and par-
ticularly those relevant to cyclic loading, subsequently were modi-
fied slightly by Gaudio et al. (2023) to reproduce numerically the
generation of excess pore water pressures observed in the centri-
fuge tests by Seong et al. (2022). Ad hoc calibration for boundary
value problems was suggested by Ramirez et al. (2018), who
pointed out that the usual calibration based only on element tests
typically does not yield good predictions for seismic site perfor-
mance in a centrifuge.

The same modified constitutive parameters were used for all the
analyses presented in this paper. After extensive validation of the
numerical model against the results of dynamic centrifuge tests,
which mainly was performed by Gaudio et al. (2023) and is sum-
marized in the present paper, a numerical study was carried out to
investigate the effects of different intensity measures (IMs) of the
applied acceleration time histories on the dynamic performance of
the wind turbine–raft system. The IMs considered in the study in-
clude measures of amplitude and frequency content, strong motion
duration, and Arias intensity. Further numerical analyses were car-
ried out to investigate the effect of the simultaneous application
of operational wind load at the serviceability limit state (SLS) and
the seismic loading on the dynamic and residual rotation of the raft
foundation, as recommended by DNV (2021). These standards are
applicable to all types of onshore and fixed offshore support struc-
tures for wind turbines (DNV 2018).

Problem Definition

Fig. 1 shows the layout of the problem considered in the paramet-
ric study. The tower of the onshore wind turbine has height
hs ¼ 48 m, total mass mtot ¼ 435.8 Mg ðtÞ and a fixed-base natu-
ral frequency fs ≈ 0.3 Hz; its lumped mass is equal to 153.6 Mg,
which mimics that of the rotor–nacelle assembly (RNA). The
dimensions of the wind turbine were selected to satisfy two
conditions: (1) the tower had to fit the centrifuge facility without
hitting the ceiling; and (2) the fixed-base OWT frequency had to
be in the range 0.20–0.30 Hz to be representative of a 5-MW
OWT (Desmond et al. 2016), although scaled down for the space
constraints imposed by the centrifuge. The circular raft foundation
(diameter D ¼ 15.4 m, and thickness s ¼ 1.6 m) rested on a fully
saturated loose sand layer with a relative density DR ¼ 43% and a
thickness of 15 m, which was underlain by a dense sand layer
with DR ¼ 90% and thickness of 12 m. The bearing pressure
exerted by the structure on the sand layer was q ¼ 58.8 kPa. The
shallow layer was composed of a partially excavated clay (H1 ¼
3.2 m), which was replaced with gravel in the vicinity of the

tower. These values were selected to represent a typical configu-
ration for an OWT on liquefiable soils, following Gaudio et al.
(2023). Base excitations were applied at the base of the model
(y ¼ −30.2 m) in the horizontal x-direction in terms of horizontal
acceleration time history, therefore assuming a rigid bedrock.

Experimental Setup for Dynamic Centrifuge Tests

A reduced-scale model of the problem layout presented in the pre-
vious section was prepared and tested in the Turner beam centrifuge
at Schofield Centre, University of Cambridge, UK. The model was
contained in an equivalent shear beam (ESB) box and was spun at a
nominal centrifugal acceleration of 80 g. The experimental setup
hereby described was part of a centrifuge campaign aimed at evalu-
ating the performance of different mitigation techniques for OWTs
on shallow foundations resting on liquefiable soils, such as stone
columns (Seong et al. 2022), connected piles, and disconnected
piles. The effect of these techniques was evaluated in terms of

clay

loose sand
(DR = 43 %)

15.4

x

y

dense sand
(DR = 90 %)

48.0

1.6 3.2

15.0

12.0

20.0

gravel

Fig. 1. Layout of the problem with dimensions in meters. (Adapted
from Gaudio et al. 2023.)

Fig. 2. Model loaded on the centrifuge.
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seismic performance indices which are adopted in typical practice,
such as the dynamic and permanent settlement and tilting of
the OWT.

Fig. 2 shows the model as loaded in the centrifuge. The clayey
and gravelly soils are visible, along with the tower and the lumped
mass representing the OWT considered in this study. In the model,
the tower was modeled using a steel hollow tube with an outer
diameter Dout ¼ 17.5 mm (1.4 m at the prototype scale) and a wall
thickness sw ¼ 2.5 mm (0.2 m), which therefore was characterized
by a bending stiffness EI ≈ 0.72 kN · m2 (29.29 GN · m2). The
head mass was reproduced using a brass lumped mass mlump ¼
300 g (153.6 Mg), and the raft foundation (not visible in Fig. 2)
was modeled using a circular aluminum plate with a diameter
of 192 mm (15.36 m at prototype scale) and a thickness of
20 mm (1.6 m).

Both the loose and the dense sand consisted of Hostun HN31
sand, the physical properties of which are given in Table 1. The tar-
get values of relative densities adopted in this paper, namely DR ¼
43 and 90%, first were achieved via air pluviation (Madabhushi
et al. 2006); the sand layers then were fully saturated by adopting
a fluid with a viscosity of 80 MPa · s, following Adamidis and
Madabhushi (2015).

The model tested in the centrifuge was instrumented with
miniature piezoelectric accelerometers, microelectrical mechanical
systems (MEMS), pore-pressure transducers (PPTs), and LVDTs
(Fig. 3). An air hammer device (AHD) was used to generate shear
waves in the model and measure their propagation velocity.

The model was subjected to a series of base excitations (BEs)
imposed at the base of the ESB box using the servohydraulic
shaker described by Madabhushi et al. (2012). Three different
ground motions were applied in the test, namely the recorded ac-
celerations for the Imperial Valley and Kobe earthquakes and a
train of sine waves; further details of the centrifuge model were
given by Seong et al. (2022). Fig. 4 shows the dimensionless ac-
celeration time histories and the Fourier amplitude spectra of the
signals which were applied at the bottom of the numerical model,
together with the acceleration response spectra computed for a
damping ratio ξ ¼ 5%. These base excitations differed from
those adopted in the centrifuge for the eighth-order Butterworth
filter type characterized by a low-pass frequency fmax ¼ 4 Hz.

Table 1. Physical properties of Hostun HN31 sand

Property Value

Gs 2.65
emax 1.011
emin 0.555
φ 0
cv (degrees) 33

Source: Data from Adamidis and Madabhushi (2022).
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Fig. 3. Layout of the instrumentation adopted in the centrifuge test at model scale (mm). Values in parentheses are prototype dimensions (m).
(Adapted from Gaudio et al. 2023.)

© ASCE 04024030-3 J. Geotech. Geoenviron. Eng.

 J. Geotech. Geoenviron. Eng., 2024, 150(5): 04024030 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

D
om

en
ic

o 
G

au
di

o 
on

 0
2/

29
/2

4.
 C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.



The Fourier amplitude spectra in Fig. 4 have been smoothened
using a centered moving average with an interval of 10. In
Fig. 4(b), the fixed-base frequency of the OWT is indicated as
a dashed line.

Three-Dimensional Nonlinear Dynamic
Finite-Element Analyses

A three-dimensional (3D) finite-element (FE) model reproducing
the ESB container at prototype scale was implemented in OpenSees
MP v.3.3.0 (Tarque Ruiz 2020) for four-processor parallel comput-
ing. The numerical model included relatively close boundaries
representing the walls of the ESB container adopted in the exper-
imental work, and its accuracy was tested by directly comparing
the experimental results with those of the numerical simulations.
The effects of the relatively close boundaries on the dynamic re-
sponse of the system were assessed by Gaudio et al. (2023), in
which the numerical results obtained using a small model, repro-
ducing the physical dimensions of the ESB box were compared
with those resulting from a large model in which boundaries were

placed at a sufficient distance from the structure so as not to play
any role, according to Gaudio and Rampello (2016) (Fig. 5). These
effects were found to be marginal, confirming, for an extended set
of input acceleration time histories, that the behavior of the system
can be reproduced in less computationally expensive analyses car-
ried out on a smaller numerical domain without any significant loss
of accuracy. Incidentally, the results of the analyses also gave con-
fidence in the validity of the dynamic centrifuge tests carried out in
the ESB model container (Seong et al. 2022).

The small numerical model was used in this work to assess the
relative influence of ground motions and wind thrust, as discussed
in the following. All dimensions reported herein are at prototype
scale, unless specified otherwise.

Table 2 summarizes the characteristics of the seismic signals
adopted in the numerical analyses, where amax;inp is the peak accel-
eration, fp;inp is the predominant frequency, i.e., the peak amplitude
of the Fourier spectrum (Kramer 1996), D5–95;inp is the strong-
motion duration as defined by Trifunac and Brady (1975), and
IA;inp is the Arias intensity (Arias 1970). The adopted signals span
a broad range of values of IMs, namely amax;inp ¼ 0.03–0.40 g,
fp;inp ¼ 0.50–2.00 Hz, D5-95;inp ¼ 3.97–40.82 s, and IA;inp ¼ 0.01–
7.51m=s. The real acceleration time histories recorded during
the earthquake of Imperial Valley and Kobe were scaled both up
and down by a constant amplification factor F, which was applied
to the entire time trace; hence, both their amax;inp and IA;inp values
were affected by this procedure. In Table 2, the base excitations are
grouped in terms of Arias intensity in five categories: very weak,
weak, moderate, strong, and very strong. Some of the base excita-
tions correspond to those imposed in the centrifuge testing cam-
paign, as detailed subsequently.

The shaded volume in Fig. 5 represents the FE numerical model
considered in the study considered in the study, which is compared
with the large model mentioned above. Taking advantage of the
symmetry of the problem, this small 3D model reproduced only
one-half of the ESB box, and had dimensions X ¼ 51.6 m
(≈3.4D), Z ¼ 9.12 m (≈0.6D) and Y ¼ 30.2 m (≈2D). The mesh
consisted of 3,121 nodes and 2,401 elements, with a progressively
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Fig. 5. Large and small (shaded volume) 3D FE models.
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finer mesh approaching the raft foundation. BrickUP elements were
assigned to the whole domain; these are hexahedral linear isopara-
metric FEs characterized by eight nodes with four degrees of
freedom each—three for solid displacements, and one for fluid
pressure—and by eight Gauss points per element. The mode of
the maximum size of these finite elements was equal to 3.3 m,
and the maximum size was selected to fulfil the requirement pro-
vided by Kuhlemeyer and Lysmer (1973), thus avoiding numerical
distortion of waves propagating into the model. To this end, the
vertical distance between two adjacent nodes, Δy, was checked to
satisfy, at every depth, the following condition:

Δy ≤ λmin

6
¼ VS

6 · fmax
ð1Þ

where λmin = minimum wavelength expected to travel into the FE
model; VS = soil shear wave velocity; and fmax = maximum fre-
quency travelling into the FE model (4 Hz). Mobilized values of the
shear wave velocity VS were considered at every depth in Eq. (1),
where the term “mobilized” indicates values that are consistent with
the shear strain level induced by the seismic shaking. The strain
level was computed by preliminary performing a one-dimensional
(1D) ground response analysis with the linear equivalent method
(LEM) (Idriss and Seed 1968), in which the initial (small-strain)
shear wave velocity profile was evaluated at every depth referring
to the experimental and empirical profiles reported by Gaudio et al.
(2023).

The tower was modeled using Timoshenko beam elements to
consider the shear deformability of the tower, although this was
recognized as of minor importance in the global response of the
pier; a top lumped mass representing the brass mass modeled in
the centrifuge was simulated.

In the initial static (gravity) calculation phase, standard boun-
dary conditions were applied to the model, i.e., ux ¼ 0 along the
lateral y-z boundaries, uz ¼ 0 along the x-y boundaries, and fixed
nodes at the base of the mesh (ux ¼ uy ¼ uz ¼ 0). When switching
to the dynamic calculation phase, the restraints on the horizontal
displacements at the base of the mesh were removed and periodic
constraints were applied to the nodes along the vertical x-z boun-
daries, which implies that the nodes on the domain edges are tied
together so as not to have any relative horizontal displacement
(Δux ¼ 0). This may be considered equivalent to the free-field
pure-shear conditions applied by the end walls of the ESB con-
tainer. Hydraulic boundary conditions were set up with the water
table located at the top of the loose sand: pore-water pressures were
allowed to fluctuate freely for all nodes within the sand layers
(y ≤ −3.2 m), whereas both steady and excess pore-water pressures
were inhibited in the clay and gravel layers along with the raft foun-
dation (p ¼ Δp ¼ 0).

The pressure-independent multiyield (PIMY) and the pressure-
dependent multiyield (PDMY) models were adopted to describe the
mechanical behavior of the clay and the gravel, respectively,
whereas Sanisand04 was adopted for all sand layers. Typical values
provided by Yang et al. (2008) for soft clay and medium dense sand
were adopted to mimic the cyclic response of the clay and the
gravel, respectively (Tables 3 and 4). Table 5 summarizes the

Table 2. Base excitations applied in numerical analyses

Base
excitation Ground motion Intensity

amax;inp
(g)

fp;inp
(Hz)

D5–95;inp
(s)

IA;inp
(m=s)

BE_1 1995 Kobe (Port Island N-S) Very weak 0.03 1.10 3.97 0.01
BE_2 1979 Imperial Valley (Cerro Prieto N-S) Weak 0.07 0.81 40.82 0.21
BE_3 Sine wave 0.10 2.00 9.44 0.26
BE_4 0.10 1.00 9.40 0.27
BE_5 0.10 0.50 9.78 0.30
BE_6 Moderate 0.19 2.00 9.44 0.96
BE_7 0.19 1.00 9.40 1.00
BE_8 0.19 0.50 9.78 1.09
BE_9 1995 Kobe (Port Island N-S) 0.40 1.10 3.97 1.68
BE_10 Sine wave Strong 0.32 2.00 9.44 2.68
BE_11 0.28 1.00 9.37 2.74
BE_12 0.32 1.00 9.40 2.80
BE_13 0.32 0.50 9.78 3.04
BE_14 Very strong 0.40 2.00 9.44 4.18
BE_15 0.40 1.00 9.40 4.36
BE_16 1979 Imperial Valley (Cerro Prieto N-S) 0.40 0.81 40.82 7.51

Table 3. Values of PIMY parameters assumed for clay layer

Parameter Value

ρ (Mg=m3) 1.3
Gref (MPa) 13
Kref (MPa) 65
c (kPa) 18
γmax 0.1
φ (degrees) 0
d 0

Table 4. Values of PDMY parameters assumed for gravel layer

Parameter Value

ρ (Mg=m3) 2
Gref (MPa) 100
Kref (MPa) 300
φ (degrees) 37
φPT (degrees ) 27
γmax 0.1
d 0.5
c 0.05
d1 0.6
d2 3
I1 (kPa) 5
I2 0.003
I3 1
n 20
e 0.55
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constitutive parameters adopted for Sanisand04 and the hydraulic
conductivity assigned to the BrickUP elements; these were cali-
brated by Gaudio et al. (2023) using the acceleration and pore-
water pressure build-up recorded along the far-field array in the
centrifuge tests.

The raft and the tower were assigned isotropic linear viscous-
elastic materials with the mechanical parameters representing those
of aluminum (mass density ρa ¼ 2.70 Mg=m3, Young’s modulus
Ea ¼ 70 GPa, and Poisson’s ratio νa ¼ 0.15) and steel (ρs ¼
7.80 Mg=m3, Es ¼ 210 GPa, and νs ¼ 0.30), respectively.

The contact between raft and the soil was simulated using
thin continuum layers with the stiffness moduli and shear strength
reduced by factors of 2=3 and 3=4, respectively (Kementzetzidis
et al. 2019); this applied to the contacts of the foundation with both
the gravel and the loose sand. Hence, the following parameters
were adopted: Gref ¼ 66.67 MPa, Kref ¼ 200 MPa, and φ ¼
29.5° for the gravel–foundation interface; and G0 ¼ 195.33 MPa
and Mc ¼ 0.975 for the loose sand–foundation interface. This
manner of reproducing the raft–soil contact does not permit soil
separation or gapping to be simulated. This choice was made be-
cause soil gapping was not observed during the centrifuge tests,
which may be attributed to both the high superstructure weight
and the overburden pressure applied by the gravel layer to the
foundation.

A small amount of viscous damping was added in the model
using the Rayleigh formulation. Both the soils and the raft were

assigned a damping ratio ξsoil ¼ 1%, whereas the value ξturbine ¼
3% was attributed to the tower and its lumped mass. The value
attributed to the soils was assigned with the twofold objective of
providing some energy dissipation at the very low strains and of
attenuating possible spurious, nonphysical high-frequency noise
in the model, whereas the value assigned to the tower and its
lumped mass was obtained from experimental impact hammer tests
performed at 1g on the fixed-base tower. The fixed-base damping
ratio of the tower could be extrapolated to the full-scale turbine
model due to two concurring conditions, namely the linear elastic
behavior exhibited by the superstructure during the whole exper-
imental campaign, and the fact that the damping ratio is a dimen-
sionless quantity, and therefore is not affected by the scaling
procedure.

The 3D nonlinear dynamic analyses were performed using au-
tomatic time stepping (Δt), with a maximum Δtmax ¼ 0.0133 s.
This corresponded to the sampling rate used in the centrifuge
(6 kHz) at prototype scale. When the soil approached liquefaction,
to obtain convergence it was necessary to subdivide the time step
32 times, corresponding to Δt≈ 0.0004 s. Newmark’s time step-
ping method (Newmark 1959) was used to integrate the equations
of motion with values β ¼ 0.60 and γ ¼ 0.3025, and the Krylov–
Newton solution algorithm (Scott and Fenves 2010) was chosen to
handle nonlinear soil behavior.

The outcome of the calibration of the hydromechanical sand
parameters performed by Gaudio et al. (2023) is given in Fig. 6,

Table 5. Values of Sanisand parameters and hydraulic conductivity assigned to BrickUP elements

Sand einit ρ (Mg=m3) G0 ν M c e0 λc ξ m h0 ch nb A0 nd zmax cz k (m=s)

Loose 0.813 1.947 293 0.05 1.3 0.712 1.13 0.13 0.45 0.02 1.82 0.968 1.1 0.33 3.5 10 1,000 1.48 × 10−4
Dense 0.600 2.071 293 0.05 1.3 0.712 1.13 0.13 0.45 0.02 1.82 0.968 1.1 0.33 3.5 10 1,000 6.74 × 10−5
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Fig. 6. Experimental and numerical time histories recorded in the loose sand layer obtained with the weak Imperial Valley motion (BE_2):
(a) horizontal acceleration; and (b) excess pore-water pressure ratio.
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which shows the results obtained in the loose sand layer (y ¼
−10 m) for the weak Imperial Valley motion (amax;inp ¼ 0.07g).
This is a blind prediction of the excess pore-water pressures, be-
cause parameter calibration had been performed previously
using the experimental results obtained for a sinusoidal motion
(Gaudio et al. 2023). The results are given in terms of time histor-
ies of the horizontal acceleration, a, and excess pore-water pres-
sure ratio

ru ¼
Δp
σ 0
v0

ð2Þ

where σ 0
v0 = effective vertical stress in geostatic conditions; and

Δp = excess pore-water pressure. Good agreement between the
experimental and the numerical results is apparent, in terms of
both peak values amax and ru;max.

The predicted seismic response of the raft foundation and of the
tower (Fig. 7) also compared favorably with the experimental ob-
servations, as demonstrated by Gaudio et al. (2023) for a different
seismic input. For the raft, not shown here for the sake of brevity,
the quantities of interest were the settlement relative to the far-field,
wrel, and its rigid rotation, θ

wrelðtÞ ¼ w̄ðtÞ − wffðtÞ

θðtÞ ¼ ½w1ðtÞ − w2ðtÞ�
d12

ð3Þ

where w̄ ¼ ½w1ðtÞ þ w2ðtÞ�=2 = average settlement of raft; w1 and
w2 = settlements at left and right sides of the foundation, respec-
tively; wffðtÞ = far-field settlement (recorded by LVDT L1 in Fig. 3);
and d12 ¼ 11.2 m = distance between the two LVDTs located close
to the edges of the raft (L2 and L3 in Fig. 3). Table 6 presents the
peak relative settlement and rotation obtained from the centrifuge
tests and the numerical analyses, for the base excitations applied
in the centrifuge. The performance of the numerical model can be
deemed satisfactory, even in a large span of seismic intensity, as
demonstrated by the good agreement obtained for both BE_1 and
BE_15, which are representative of a very weak and a strong mo-
tion, respectively. This outcome provided confidence in the numeri-
cal model adopted in this study.

The tower response is given in Fig. 7 in terms of acceleration
time histories and elastic acceleration spectra at the lumped
mass level. The numerical results were in accordance with the ex-
perimental results, in terms of both peak values of acceleration
[Fig. 7(a)] and frequency content [Fig. 7(b)]. In particular, the first
two fundamental periods of the system were well reproduced in the
numerical model. The numerical value of spectral acceleration at
the first fundamental period of the system (T ¼ 3.60 s) was only
20% larger than that observed experimentally, whereas the numeri-
cal spectral acceleration at T ¼ 0.44 s was significantly smaller
(by about −43%) than that observed experimentally. The observed
overdamping of the second eigenperiod of the system also may
responsible for the lower accelerations obtained from the numerical
simulations at the end of the time trace in Fig. 7(a). A possible in-
crease of the structural damping would worsen the numerical pre-
diction at the fundamental period T ¼ 3.60 s and adversely affect
the value of PSa at T ¼ 0, which is well captured using the current
value of the damping ratios.

Influence of Ground Motion Characteristics

From the previous section it is apparent that the small FE model
may be adopted to be representative of the centrifuge tests. The
small FE model was used to investigate the influence of the am-
plitude, frequency, strong-motion duration, and Arias intensity of
the sinusoidal input motion and scaled realistic motions on the dy-
namic performance of the wind turbine–raft system, as summarized
in this section.

Amplitude

The influence of amplitude was assessed to study what would
happen if rare and intense ground motions hit the OWT. This
was achieved by comparing the results obtained with the scaled
Imperial Valley excitations (BE_2 and BE_16), which are charac-
terized by peak accelerations amax;inp ¼ 0.07 and 0.40g.

Fig. 8 presents the results obtained along the far-field alignment
with the weak (BE_2) and very strong (BE_16) Imperial Valley
ground motions for the loose sand layer (depth y ¼ −10 m), in
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Fig. 7. Experimental and numerical results at the top of the tower: (a) horizontal acceleration time histories; and (b) elastic acceleration spectra for the
weak Imperial Valley base excitation (BE_2).

Table 6. Maximum permanent relative settlements and peak rotations from centrifuge tests and numerical analyses

Base
excitation Ground motion Intensity

amax;inp
(g)

wrelperm;exp
(m)

wrelperm;num
(m)

θmax;exp
(degrees)

θmax;num
(degrees)

BE_1 1995 Kobe (Port Island N-S) Very weak 0.03 0.01 0.01 0.04 0.01
BE_2 1979 Imperial Valley (Cerro Prieto N-S) Weak 0.07 0.02 0.13 0.09 0.05
BE_11 Sine wave Strong 0.28 0.45 0.42 0.20 0.20
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terms of both time histories of the horizontal acceleration, a, and
the excess pore-water pressure ratio, ru. Higher values of a and ru
were reached when applying the BE_16 ground motions, which
were intense enough to trigger full liquefaction at some time instant
(ru ¼ 1), compared with ru;max ¼ 0.5 reached for the weak motion.
Although this was somewhat expected, it is interesting that spuri-
ous high-frequency, sharp acceleration spikes arose in the horizon-
tal acceleration time histories which were beyond the peak value of
the input (a ¼ 0.45g > amax;inp). This is attributable mainly to the
recovery of soil shear strength due to the instantaneous decrease of
the excess pore-water pressure ratio, ru, because it is quite apparent
at time t ¼ 10.9 s, when the high horizontal acceleration a ≈ 0.40g
was related to the small value ru ¼ 0.18. These high-frequency
components can be captured only by adopting advanced soil

constitutive models such as Sanisand. Moreover, in order to predict
the aforementioned pore-pressure build-up properly, the fully
coupled u-p-U formulation would be required to obtain a rigorous
solution, because the attainment of liquefaction is contemporary to
some pore-pressure dissipation due to the high sand hydraulic con-
ductivity (Zienkiewicz and Shiomi 1984; Taiebat et al. 2010). How-
ever, this formulation would be too onerous and time-consuming for
the case at hand: therefore, the approximate u-p formulation was
adopted, in which the soil skeleton–fluid relative acceleration is dis-
regarded. This assumption may be deemed adequate for fine sands
subjected to low-frequency ground motions, as in the case studied in
this work (Zienkiewicz et al. 1980).

Fig. 9 plots the contours of the excess pore-water pressure ratio,
ru, obtained under the base excitation BE_16 when full liquefaction
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Fig. 8. Far-field response in the loose sand layer for the Imperial Valley base excitations (BE_2 and BE_16).

Fig. 9. Contours of the excess pore-water pressure ratio at the time instant at which liquefaction is triggered when subject to base excitation BE_16
(t ¼ 41.38 s).
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was triggered into the loose sand layer (t ¼ 41.38 s). It is apparent
that the whole loose sand layer (finer mesh) reached liquefaction
ruð¼0.9–1.0Þ, which is spread all over the numerical domain at the
depths of the loose sand, whereas lower values of ruð¼0.1–0.5Þ
were attained in the dense sand layer.

The ground motion amplitude also influenced the seismic per-
formance of the OWT (Fig. 10). Specifically, the increase of the
seismic input by about 6 times (from 0.07 to 0.40g) caused in-
creases of both the permanent relative settlement and peak rotation
of about 10 and 14 times, respectively, thus leading to a potentially
unacceptable settlement, equal to 1.34 m, and a high peak rotation,
equal to 0.62°. For the permanent tilting, the value θperm ¼ 0.10°
was computed for the very strong Imperial Valley motion, which
is well below the threshold value typically allowed for wind tur-
bines, θy ¼ 0.50° (DNV 2010; Kaynia 2019). This is not surprising
because, after the end of the earthquake, the system almost recov-
ered its symmetry along the horizontal direction, because these
results were obtained without applying any wind thrust. This re-
markable outcome shows the need to combine the operational wind
load at the SLS and the seismic loading when assessing the seismic
performance of OWTs and the relevant roles, as is discussed in more
detail in the next section.

Similar results were obtained with the remaining ground mo-
tions adopted in the study, such as the Kobe record and the sinus-
oidal input (Table 2), which were scaled for the purpose of
assessing the influence of the input motion amplitude. The results
are given in Fig. 11, which plots the performance indexes against
the peak acceleration of the base excitations in terms of permanent
values of the dimensionless settlement, wrel;perm=D, and rotation,
θperm. In Fig. 11, as in Figs. 14 and 16, distinction between sine
waves and real earthquakes is made, the latter term meaning that

the relevant base excitations, although being scaled, are not as
uniform as sine waves, in terms of both amplitude and frequency
content, which vary with time. As expected, increasing settlement
and rotation were observed with increasing seismic amplitude:
however, there was noticeable scatter for both indices. Moreover,
the linear trend in Fig. 11 provides quite low values of the coef-
ficient of determination, R2. This holds true especially for the
permanent tilting, because the system recovered its symmetry
following the end of the seismic motion. The results obtained
for the sine waves were followed closely by those computed for
the real ground motions [BE_1 and BE_2 (Table 2)], except for
the two outliers which represent the very strong Imperial Valley
motion, which is characterized by a large strong-motion duration,
D5-95 ¼ 40.82 s. This outcome shows that the observed scattering
may be attributed to the inadequacy of amax;inp as the sole IM to be
related to the seismic performance of OWTs, together with the
strong increase of displacements and rotations observed when
liquefaction is triggered, as was the case for amax;inp ¼ 0.40 g. Fre-
quency content and strong-motion duration also are expected to
influence the response of such systems, as is discussed in the fol-
lowing section.

Frequency Content

The role of frequency content also was investigated by varying the
predominant frequency, fp, of the base excitations. As an example,
Fig. 12 shows the moderate sine waves (Table 2) adopted for this
purpose, and Fig. 13 plots the time histories of the raft settlement
and rotation for the different values assumed for the predominant
frequency, namely fp ¼ 0.5, 1.0, and 2.0 Hz. It is apparent that the
predominant frequency mainly affects the rate of accrual of the raft
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Fig. 10. Time histories obtained with the Imperial Valley base excitations (BE_2 and 16): (a) relative settlement; and (b) raft rotation.
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settlement [Fig. 13(a)], which decreases with frequency. This may
be due to two main concurring mechanisms: first, for a given peak
acceleration, the lower the frequency, the higher is the displacement
and therefore the higher are the consequent shear strains induced in
the soil; and second, the partially drained behavior exhibited by the
soil for fp ¼ 0.5 Hz.

Fig. 13 also shows the excess pore-water pressure ratio for the
loose sand layer beneath the foundation (Fig. 3, P5) as a function
of time [Fig. 13(c)] and the relative settlement, wrel [Fig. 13(d)].
The excess pore-pressure ratio, ru, computed for a low-frequency
input (fp ¼ 0.5 Hz) exhibited much greater fluctuations than
those obtained for higher frequencies, reaching almost null values
(as much as ru ¼ 0.2), whereas almost no reduction of pore-water
pressures occurred for the two remaining frequencies considered
herein. Typically, this strong reduction of ru is not observed when
a soil specimen is subjected to fully undrained multistage strain-
controlled cyclic triaxial (MSCCTX) tests (Chen et al. 2019); in
these tests, an upward shift in the time history of ru is observed
when liquefaction is almost fully triggered (rumax ≈ 0.9), so that
such low values of ru are never attained. Therefore the present

results may be ascribed to the sandy soil being allowed to partially
dissipate excess pore-water pressures between two consecutive
cycles when fp ¼ 0.5 Hz, which is not permitted for fp ¼ 1.0 and
2.0 Hz due to the quicker application of the seismic perturbation.
This affects the settlement of the system (measured with respect to
the far-field one) [Fig. 13(d)]. The reduction of excess pore-water
pressures implies an increase of effective stresses, with consequent
accumulation of settlement, and also may be attributed to shear-
induced dilation. This is confirmed by the greater jumps toward
greater settlement of the foundation observed for fp ¼ 0.5 Hz,
which follow wider ru–wrel loops. This should demonstrate the link
between the partially drained behavior of the foundation soils and
the seismic performance of the OWT, which could have not been
captured if fully coupled analyses were not performed.

Regarding the rotation time trace [Fig. 13(b)], the role of fp is
not clear because the minimum permanent tilting is obtained for
fp ¼ 2.0 Hz (θperm ¼ 0.01°), whereas the maximumwas computed
for fp ¼ 1.0 Hz (θperm ¼ 0.08°).

Seismic performance indices are presented in Fig. 14 against the
predominant frequency fp. There is a clear, slightly decreasing
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Fig. 12. Time histories of the adopted sine waves (BE_6, 7, and 8) characterized by different predominant frequencies.
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Fig. 13. For moderate sine waves (BE_6, 7, and 8): (a) time histories of relative settlement; (b) time histories of rotation of the raft; (c) excess pore-
water pressure ratio recorded beneath the foundation in the loose sand layer (Fig. 3, P5) as a function of time; and (d) excess pore-water pressure ratio
recorded beneath the foundation in the loose sand layer (Fig. 3, P5) as a function of relative settlement.
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trend for the settlement, whereas there is a bell-shaped trend for
θperm. The latter may be ascribed to the absence of any wind thrust,
which makes the system quasi-symmetric with respect to the hori-
zontal direction, and to the almost-resonance conditions triggered
by the seismic input at frequency f ¼ 1.0 Hz, which is close to the
fundamental frequency of the soil deposit, f0 ¼ 1.23 Hz. This
clear trend was not found for the real earthquakes: this key aspect
clearly needs further investigation.

Any possible resonance between the base excitations and the
system’s natural frequency was inhibited due to the huge difference
between the fixed-base frequency (fs ¼ 0.30 Hz) and the predomi-
nant frequency of the ground motions adopted in the study
(fp ¼ 0.5, 0.81, 1.0, 1.1, and 2.0 Hz), as also demonstrated by the
Fourier Amplitude spectra in Fig. 4(b). Furthermore, the compliant-
base frequency of the system also would be lowered by soil–
structure interaction (SSI) effects (Veletsos and Meek 1974), which
would contribute to increase this difference. However, higher
natural modes of the OWT, e.g., corresponding to the second
compliant-base frequency, may be affected by the ground motion
frequencies (Panagoulias et al. 2023): further research is required in
this respect.

Strong-Motion Duration

The influence of strong-motion duration D5–95 on the seismic per-
formance of the system was assessed by comparing the results ob-
tained with the very strong sine wave (BE_15) and the moderate
Kobe record (BE_9). These seismic inputs are characterized by
the same peak horizontal acceleration (amax;inp ¼ 0.40g) and a sim-
ilar frequency content (fp ¼ 1.0 and 1.1 Hz), but a remarkable dif-
ference in terms of D5–95, 9.40 and 3.97 s, a ratio of 2.37. The time

histories of the foundation settlement relative to the free-field and
of the rotation are plotted in Fig. 15 as a function of the dimension-
less time t=Tf, where Tf is the total duration of the ground motion,
equal to Tf ¼ 24 s for BE_15 and to Tf ¼ 30 s for BE_9. In
Fig. 15, the location of the permanent relative settlement and
rotation also is indicated. The comparison clearly shows the notice-
able influence of the strong-motion duration on the seismic perfor-
mance, provided that the inelastic and irreversible soil behavior
is triggered; the settlement obtained with the two seismic inputs
overlap in the time frame ranging from the beginning (t=Tf ≈ 0.25)
to the end of the strong-motion phase of the input BE_9 (t=Tf≈
0.40). Therefore, it follows that the ratio of the permanent settle-
ments is about 2.2, which is very close to the ratio of the two
strong-motion durations. This overlapping of the settlement time
traces can be visualized clearly due to the adoption of the dimen-
sionless time, t=Tf , because the accumulation of the permanent
relative settlement occurs at different instants in the two base ex-
citations under consideration. The overlapping clearly indicates
that the rate of accrual of the relative settlement is almost identical
for the two different base excitations, because this depends on the
amplitude and frequency content of the seismic input, which im-
plies that the difference in the permanent settlement can be attrib-
uted to the different strong-motion durations.

The same concept applies to the peak values of the rigid rotation,
the ratio of which is about 2.3, whereas it does not hold for the per-
manent rotation, because the system is symmetric with respect to the
rotation and can recover partially at the end of the dynamic event.

The seismic performance indexes are not plotted against the
strong-motion duration, because few values of D5–95 were consid-
ered in the study (Table 2). It also is apparent that the strong-motion
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Fig. 14. Permanent values versus the predominant frequency of the base excitations: (a) dimensionless relative settlement; and (b) tilting of the raft.
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duration alone cannot fully capture the increase in the permanent
settlement, because this IM misses both the frequency content and
the irregular time distribution of the real ground motions. This is
why a cumulative IM is needed, such as the Arias intensity, the
influence of which on the seismic performance of OWTs is reported
in the following section.

Integral IM: Arias Intensity

The results discussed in the previous sections showed the role of the
different seismic input properties, such as amplitude, frequency
content, and strong-motion duration, on the seismic performance
of OWTs. Because all of them capture a specific aspect of earth-
quake intensity only, an integral intensity measure, such as the
Arias intensity IA, may be used as a global measure of the energy
released by the earthquake (Kramer 1996). This quantity can be
related confidently to the permanent settlement and tilting experi-
enced by the raft.

The aforementioned seismic performance indexes are plotted in
Fig. 16 against the Arias intensity of all the base excitations
adopted in the study, IA;inp. The values in this study covered a broad
range, from the minimum IA;inp ¼ 0.01 m=s (very weak motion) to
the maximum IA;inp ¼ 7.51 m=s (destructive earthquake), the latter
of which is out of the range of real motions.

There was a clear linear tendency for the permanent settlement,
as demonstrated by the high value of the coefficient of determina-
tion, R2 ¼ 0.94, whereas there was a very disperse trend, charac-
terized by large scattering, for the permanent tilting of the raft
(R2 ¼ 0.57). The difference observed between the permanent set-
tlement and the tilting of the system may be attributed again to the
asymmetry of the system with respect to the vertical direction
along which the body forces act, such as gravity, whereas this
does not apply to the horizontal direction, in which the system
recovers its symmetry at the end of the seismic event. However,
OWTs are likely to be subjected to the operational wind thrust at
the time of an earthquake, which will induce asymmetry along the
horizontal direction as well, as is discussed in the following
section.

Influence of Wind Thrust

The preceding results shed some light on the role of ground mo-
tion properties on the seismic performance of OWTs on liquefi-
able soils. However, this neglected the wind thrust, the role of
which in the seismic performance of OWTs is still to be clarified.
Therefore, further numerical analyses were carried out to assess

the influence of simultaneous application of wind load at the
SLS and seismic loading on the seismic performance of the raft
foundation.

The influence of wind thrust on the seismic performance was
assessed by applying an equivalent static horizontal force at the
lumped mass of the tower (y ¼ 46.4 m), Fh ¼ –353.0 kN, because
the static phase precedes the application of the base excitation. This
operational wind load provided a moment on the raft foundation
equal to 16,944 kN · m, which represents the wind loads in the
field conditions. The negative value means that the force acted op-
posite to the x-axis reported in Fig. 5: this was done to make the
static force concordant with the dynamic force induced by the first
peak of the base excitations, and hence to maximize the destabiliz-
ing effect of the wind loading, as typically is done in current prac-
tice. This entails a bias on the rotation of the raft foundation, similar
to the effect of gravity on the raft settlement. In the analyses, geo-
metrical second-order (P-δ) effects were considered, although these
effects may be minor. The main purpose of this section is to study
the effect of the wind loading on the seismic performance of OWTs,
which justifies the simplified representation of the wind thrust as a
static equivalent horizontal load, thus neglecting its cyclic nature.

The results of the analyses carried out with and without the wind
thrust are presented in Figs. 17 and 18 for the base excitations BE_2
(weak) and BE_15 (very strong), respectively, in terms of time his-
tories of relative settlement and rigid rotation of the raft foundation.
The settlement of the foundation was almost insensitive to the hori-
zontal load induced by the wind, because the vertical and horizontal
directions basically are uncoupled, whereas the rotation is influ-
enced strongly by the wind thrust. For the Imperial Valley ground
motion (Fig. 17), a clear bias was introduced along the horizontal
direction, and the permanent tilting of the system was −0.28°,
whereas it was about −0.01° in the absence of the wind thrust,
a remarkable increase of about 30 times. Therefore, a huge incre-
ment was observed. However, the seismic performance of the raft
still was satisfactory, because the permanent rotation θperm still was
below the threshold of 0.50°, due to the low intensity of the ground
motion applied (amax;inp ¼ 0.07g).

Similar results were obtained by applying the very strong sine
wave ground motion [BE_15 (Fig. 18)]. Again, the rotation was
negative, and attained a maximum value, this time equal to the per-
manent value, of about −1.30°, much higher than the value of
−0.13° experienced by the raft foundation without the wind thrust,
an increase of about 10 times. In this extreme case, permanent tilt-
ing was far beyond the threshold permanent tilting, θy ¼ 0.50°, due
to the very strong ground motion considered. It may be concluded
that the system is asymmetric not only regarding the vertical
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direction (settlement always in the same direction of gravity, of
course), but along the rotational direction as well, due to the pres-
ence of the operational wind load.

Design Implications

The preceding numerical FE model (i.e., the small FE model)
proved to be effective in reproducing the experimental results ob-
tained in the centrifuge, and therefore was used to quantify the rel-
ative influence of ground motions and wind thrust.

This entailed the following useful design implications:
1. Centrifuge tests using the ESB container may be adopted to as-

sess the seismic performance of OWTs on liquefiable soils.
However, the deviance of the experimental results from the seis-
mic performance in the field may differ by about 30% for the
raft and by about 20% for the tower, as was confirmed by the
preceding results (Figs. 6 and 7) and by Gaudio et al. (2023).

2. Therefore, a small FE model may be implemented to extend the
centrifuge testing campaign, which typically is too onerous to
perform. Numerical parametric studies may be successfully car-
ried out, provided that an advanced soil constitutive model and
the u-p formulation (at least) are adopted; otherwise, the influ-
ence of ground motion properties will not be captured properly.
This would allow the development of more-reliable empirical
relations for a preliminary assessment of the seismic perfor-
mance of OWTs on liquefiable soils, as a function of some se-
lected intensity measures of the ground motion.

3. The effect of simultaneous application of the operational wind
load and seismic loading is more crucial for the residual tilting
than for the settlement of the raft foundation. Specifically, the
presence of the wind thrust may increase the permanent tilting of

the structure strongly, as much as about 30 times, when the
structure is hit by a strong earthquake capable of triggering soil
liquefaction. This wind thrust may bring the rotation beyond the
threshold value indeed, which typically constitutes the tightest
design requirement of such structures.

Summary and Conclusions

In this paper, a numerical model was implemented in the finite-
element OpenSees framework to assess the role of ground motion
IMs and the relative influence of the operational wind thrust on the
seismic performance of OWTs on liquefiable soils. This field sce-
nario has emerged as a frequent case in seismic-prone areas, such as
the Californian coastline and East Asia, where the need for alterna-
tive energy sources to fossil fuels has been shaping the environment.

A 3D FE model was calibrated against dynamic centrifuge tests
carried out at the Schofield Centre, University of Cambridge, UK,
in the relatively small equivalent shear beam model container. A
small numerical model representing the ESB size was implemented
in OpenSees; here, a set of both hydraulic and mechanical Sanisand
constitutive parameters, which were calibrated in previous works
against centrifuge tests, were adopted. A numerical parametric
study, extending the experimental study, was carried out to study
the influence of the amplitude, frequency content, strong-motion
duration, and Arias intensity of the seismic input. The outcomes
showed that the influence of amplitude typically is strongly non-
linear, because an increase in amax;inp by about 7 times produced a
higher growth in the peak settlements and tilting of the system, de-
pending on the remaining properties of the motion.

The frequency content mostly influences the accumulation rate
of both settlement and rotation of the raft, which decreased with
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Fig. 17. Influence of wind thrust when applying the weak Imperial Valley base excitation (BE_2) on the time histories of (a) relative settlement; and
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increasing frequency. This key result of the paper was shown to
depend on both the partially drained response of the liquefiable
sandy soils and the increasing shear demand imposed by increasing
frequencies on the soil deposit.

Finally, the strong-motion duration influences the time frame in
which permanent settlements and tilting are accumulated, provided
that soil liquefaction is triggered. However, this intensity measure
does not take frequency content into account, and therefore misses
some key feature of ground motions, which affects the seismic per-
formance of OWTs. In this framework, Arias intensity proved to be
the best parameter to adopt to predict the permanent settlement of
the raft, because it is a cumulative, integral intensity measure, en-
compassing the amplitude, the frequency content, and the strong-
motion duration of the input motion.

All the aforementioned results were obtained without applying
any wind thrust, whereas applying a typical value for the opera-
tional load the wind thrust increased the OWT permanent tilting
by as much as 30 times for the specific case under consideration.
Therefore this wind brought the rotation beyond the threshold value
indeed (θy ¼ 0.50°), due to the nonsymmetric conditions imposed
by the relevant horizontal loading. This latter crucial point also in-
volves the nonsymmetric soil stress state induced beneath the raft
foundation, which is caused by the nonlinear and irreversible soil
behavior.

Cleary, a larger number of real ground motions would be useful
to provide a more comprehensive analysis and further confirm or
extend the results obtained in this paper. Moreover, the influence
of wind thrust should be studied considering its cyclic nature.

The novel results obtained in this study may contribute favor-
ably to the overall body of knowledge for the design of OWTs in
seismic-prone areas.
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