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A B S T R A C T

The number of offshore wind turbine farms in seismic regions has been increasing globally. The seismic per-
formance of steel monopile-supported wind turbines, which are the most popular among viable structural sys-
tems, has not been investigated thoroughly and more studies are needed to understand the potential vulner-
ability of these structures during extreme seismic events and to develop more reliable design and assessment
procedures. This study investigates the structural performance assessment of a typical offshore wind turbine
subjected to strong ground motions. Finite element models of an offshore wind turbine are developed and
subjected to unscaled natural seismic records. For the first time, the sensitivity to earthquake types (i.e. crustal,
inslab, and interface) and the influence of soil deformability and modeling details are investigated through
cloud-based seismic fragility analysis. It is observed that monopile-supported offshore wind turbines are parti-
cularly vulnerable to extreme crustal and interface earthquakes, and the vulnerability increases when the
structure is supported by soft soils. Moreover, a refined structural modeling is generally necessary to avoid
overestimation of the seismic capacity of offshore wind turbines.

1. Introduction

Wind energy production from offshore wind farms is a reality
nowadays around the world. Fig. 1 shows main countries that are de-
veloping and investing in offshore wind power according to the Global
Wind Energy Council [1]. The same figure shows a global seismic ha-
zard map in terms of peak ground acceleration (PGA) with probability
of exceedance of 10% in 50 years [2]. Several countries are in high
seismic regions, including the USA, China, India, and South East Asia,
and are adjacent to subduction zones (blue lines in Fig. 1), where
magnitude M9-class megathrust earthquakes can occur. This highlights
that earthquake risk for newly built offshore wind farms can be po-
tentially high and that reliable design and assessment methods for these
structures against intense ground excitations need to be developed. In
fact, current international standards and national codes (e.g., GL [3],
DNV [4], IEC [5]) suggest considering seismic actions but without ex-
plaining in detail how to evaluate the seismic performance (e.g. suitable
analysis methods). The lack of basic research that underpins codes’
requirements may be related to the limited number of wind turbines
that were actually damaged during major earthquakes [6,7]. Moreover,
structural damage to wind turbines was mainly reported for onshore
wind turbines, thus contributing to common misperception that seismic

loading is not critical for offshore wind turbine structures [8]. On the
other hand, the global development of such structures in active seismic
regions makes imperative to understand to which extent structural
demand on offshore wind turbines is increased by earthquake loads,
and whether numerical results may be affected by modeling details or
by the implementation of the soil-structure interaction (SSI) that has
been recognized playing a very important role on the structural per-
formance [9,10].

Literature on seismic behavior of offshore wind turbines is not as
extensive as for the case of onshore wind turbines [11,12]. Hacıe-
fendioğlu [13] investigated a 3-MegaWatt (MW) offshore monopile-
supported wind turbine in a comprehensive manner, developing a full
three-dimensional (3D) model considering the ensemble structure, soil,
and water. In that study, a single stochastic earthquake was applied to
the structure considering the rotor in a parked state, and the effects of
seawater level, soil conditions, and the presence of floating ice sheets
were investigated. Mardfekri and Gardoni [14], given high sophistica-
tion of the required numerical models and high computational costs,
attempted to substitute a refined 3D model with a probabilistic surro-
gate model represented by a simpler model and model correction terms
for developing seismic fragility curves. Kim et al. [15] analyzed the
seismic response of a 5-MW offshore monopile-supported wind turbine
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to obtain seismic fragility curves. They used a simplified model with
lumped masses for the main support structure and modeled the soil
with nonlinear springs; two natural and several artificial input ground
motions were adopted in the analyses. Attention is paid to how to apply
the seismic loading to the structure at the foundation considering either
the case of applying different motions at each support or the case of
applying the same motion to all supports. They observed that the var-
iation of seismic motion in layered soils plays an important role in the
fragility assessment. Kim et al. [16] performed for the first time a re-
liability analysis of a jacket-type offshore wind turbine structure
adopting a first order reliability method performing static and dynamic
analyses using a large number of artificial earthquakes. They concluded
that the probability of failure is mainly influenced by the seismic factor
and it is essential to perform dynamic analyses. Recently, Zheng et al.
[17] performed shaking table tests of a scaled model of a 5-MW offshore
monopile-supported wind turbine concluding that peak accelerations
excited by earthquake and moderate sea conditions (that are currently
considered in the design) were comparable. Moreover, Alati et al. [18]
were the first in studying offshore wind turbines with a dedicated
software package using 25 natural records to derive information on the
structural demand by performing coupled analyses with all other dy-
namic phenomena acting upon the structure. They focused upon tripod
and jacket support systems, instead of monopile support, which are

more suitable for transitional water depth (30–60m); they did not de-
rive any fragility curves. At the same time, Chen et al. [19] proposed a
design procedure to optimize hybrid jacket-hybrid off-shore wind tur-
bine structures. Finally, more features are implemented in the FAST
code [20], a comprehensive aeroelastic simulator developed by the
National Renewable Energy Laboratory (NREL, https://nwtc.nrel.gov/
FAST), to improve the seismic capabilities of the tool and to allow the
implementation of the soil structure interaction in offshore conditions
[21].

All previous investigations focused on specific details but are not
thorough from a seismic point of view, especially for monopile-sup-
ported offshore wind turbines. The number of records used in the
analyses is small. Moreover, the adoption of specialized not open-source
software tools did not allow to have the full control of the modeling. It
is important to highlight that wind turbines should be assessed by
considering more extreme conditions, noting that existing wind tur-
bines did not experience the most critical shaking as their spatial dis-
tributions are sparse.

This paper presents new findings and insight regarding the seismic
performance of steel monopile-supported offshore wind turbines, which
is the most common system around the world since it has been proved
to be economical at shallow water depth [22]. Moreover, tubular steel
towers are very popular in the industry because of their esthetically
pleasing look, good dynamic behavior, fatigue resistance, and identical
bending stiffness in all directions [19]. Monopile-supported offshore
wind turbines are typically characterized by the first vibration periods
in the range between 1.3 and 4 s, and higher-mode vibration periods
lower than 0.8 s [23]. Fig. 2 shows normalized spectra for typical wind,
sea wave, and ground shaking (the latter is a typical normalized
Eurocode 8 response spectrum [24]); on the same figure, the ranges of
periods for the first vibration modes and higher modes are also in-
cluded. It is possible to observe that the first modes usually fall in the
range of periods where the spectral content of earthquake ground
motions decays but is still relatively high (depending on the char-
acteristics of earthquake scenarios and local site conditions). Therefore,
it is essential to understand which seismic events and soil conditions
may excite such periods, and if higher modes play significant role in the
seismic behavior.

The seismic performance of the wind turbine models is analyzed by
performing nonlinear dynamic analysis (NDA). Two limit states, i.e. the
serviceability (SLS) and the ultimate (ULS) limit states, are investigated
by monitoring the deformation and the internal stresses, respectively. A
large number of strong motions records that are obtained from different
seismic environments are used as input time-histories in NDA. The in-
vestigation of different earthquake types on offshore wind turbine
structures does not exist in literature and is performed for the first time.
Specifically, five aspects of the seismic performance are investigated in
this study. First, the influence of the earthquake record characteristics

Countries investing      
in off-shore farms
Subduction areas

PGA 10% in 50 years

Fig. 1. Map of countries investing in offshore wind farms (red boundaries), subduction trenches (blue lines), and global seismic hazard map. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Typical normalized spectra of actions due to wind, sea waves, and earthquake
ground motions. The yellow and orange bands represent the ranges of vibration periods
for conventional wind turbines corresponding to main and higher modes, respectively.
(For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

R. De Risi et al. Soil Dynamics and Earthquake Engineering 109 (2018) 154–172

155

https://nwtc.nrel.gov/FAST
https://nwtc.nrel.gov/FAST


hT

lS

lF

Transition node

Tower node

Substructure node

Geotechnical model

Displacement-based

non-prismatic non-linear

element

Displacement-based

non-linear element 

Foundation node

Restrained node

y

x

Diameter
thickness

Node i

Node j

el
em

en
t 

le
n
g
th

Fibers along 

the thickness

Fibers along 

the perimeter

P1

P2

P3

P8

P7

P6

P5

P4

y

x
Door

width

Tower bottom level

Door

D
o
o
r 

h
ei

g
h
t

Distance from

 the bottom

(a) Global model

(b) Hollow circular fiber section, its discretization, and integration sections

(c) Door geometry and modelling (d) Membrane stresses
σ meridional stress

τ in-plane shear stress

A(z)

Door

Nacelle

Blade

Hub

Tower

Swept area

Seabed

Sealevel

Foundation

Substructure Monopile

Fig. 3. (a) Components of the wind turbine, coordinate reference system, and schematic representation of the assembly model, (b) hollow circular fiber section, its discretization, and
integration sections along the element, (c) geometric characteristics of the door and its modeling using C-shape sections, and (d) membrane stresses.

R. De Risi et al. Soil Dynamics and Earthquake Engineering 109 (2018) 154–172

156



on the structural response is examined using unscaled ground motion
records from crustal, inslab and interface earthquakes in NDA. Such
investigations are necessary since many wind farms will be built in
subduction areas, as shown in Fig. 1, where all three earthquake types
can occur. Second, the influence of the SSI is investigated by con-
sidering three different modeling options: (i) a sophisticated nonlinear
foundation model, (ii) a discrete spring system based on impedance
functions, and (iii) fixed boundary conditions. Third, the effect of dif-
ferent frequency contents associated with records characterized by
different shear wave velocity (VS30) profiles is investigated using two
sets of crustal ground motion records characterized by different VS30

values. Fourth, the influence of the door opening at the tower base is
investigated. Such an access point is usually necessary to enter the
structure and reach the nacelle by an internal ladder. To date, other
weakness points have been studied, such as the transition piece be-
tween the substructure and the tower, generally realized by means of a
grouted connection and a shear key [25,26]; on the contrary, the
modeling of the opening has not been investigated thoroughly. Such a
modeling detail is necessary since the opening creates a weak point
within the structure due to the high concentration of stress [27]. Fi-
nally, a steel material that degrades in compression for the potential
buckling is adopted to investigate the effects on the seismic perfor-
mance of the offshore wind turbines.

2. Modeling, limit states, and analysis setup

2.1. Basic definitions and case study

Fig. 3a shows different parts of a typical monopile offshore wind
turbine. The blades are connected to the hub. Blades and hub altogether
are referred to as rotor. The circular area described by the rotor is called
as swept area. The hub is connected to the generator that is placed
inside the nacelle. The nacelle transfers the load on rotor to the support
tower structure. The support structure of the wind turbine is composed
by two elements: the tower and the monopile, which is composed by
substructure and foundation. The tower is the part of the support
structure which connects the sub-structure to the rotor-nacelle as-
sembly. Generally, the tower is modeled as a truncated cone having the
largest diameter at the base and the smallest at the top. The sub-
structure is the part of the support structure that extends upward from
the seabed and connects the foundation to the tower. The foundation is
the part of the support structure that transfers the loads acting on the
sub-structure into the seabed. At the base of the tower, an opening is
generally placed, which is the entrance door allowing the access to the
top part of the tower through an internal ladder. The reference co-
ordinate system adopted within the numerical model is shown in red in
Fig. 3a. Specifically, the x axis is along the central axis of the rotor (i.e.
long direction of the nacelle), the y axis is orthogonal to the x-axis and
belongs to the horizontal plane, and the z-axis is the vertical axis.

In this study, the Vestas V66 industrial offshore wind turbine, cap-
able of generating 2-MW of power, is selected. The geometrical char-
acteristics of the entire system are retrieved from Arany et al. [23], and
are listed in Table 1. The considered steel material is S355 [28] having
the yield strength (fy) of 355MPa and the modulus of elasticity (E) of
210 GPa.

2.2. Structural model

The structural model developed is an intermediate solution between
a comprehensive 3D nonlinear model (e.g. nonlinear shells for the
structure and brick elements for the soil) and a 3D simplified model
(e.g. linear beam fixed at the seabed); such modeling allows obtaining
results with a reasonable computational effort and at the same time
with a good degree of reliability. The open-source structural software
OpenSees [29] is adopted to model the structure and perform the
seismic response analyses. Figs. 3–6 show an overview of the modeling

assumptions explained in detail in the following. It is emphasized that a
co-rotational formulation is adopted for the coordinate-transformation
object to analyze the structure in the large-displacement – small strain
framework. Such an option allows to deal with potential global non-
linear instability of the structural system.

It is important to underline that reasonable simplifications in
structural modeling are made; such assumptions can be considered
robust enough especially given the comparative nature of the presented
results. In fact, similarities and differences are assessed with the same
basic hypotheses in relative rather than absolute terms.

2.2.1. Tower
The tower is modeled with nonlinear displacement-based elements

(blue lines in Fig. 3a). Such modeling allows the definition of non-
prismatic elements, i.e. elements having different sections along the
axis (Fig. 3b). The adoption of displacement-based elements requires a
refined discretization of the tower into many elements; in this study, a
discretization of 0.5m is adopted. Given the fine discretization, each
structural element is composed of three integration points, two at both
ends and one in the middle (Fig. 3b). The element section is modeled as
a circular hollow fiber section with 1000 fibers along the perimeter and
4 fibers along the thickness (Fig. 3b). During the analysis, stress values
of eight equally-spaced points (i.e. at interval of 45 degrees, depicted as
green points in Fig. 3b) along the section perimeter are monitored. In
this study, bolted connections between different tower segments are
neglected in the modeling.

The presence of a door at the bottom of the tower will constitute a
structural weakness in the tower. Fig. 3c shows a schematic re-
presentation of the door opening and its modeling in the structural
system. Specifically, the implementation of the door is carried out by
varying the section along the structural elements intersected by the
door; “C” shape sections are used instead of the hollow circular sec-
tions.

2.2.2. Monopile
The monopile is modeled with cylindrical nonlinear displacement-

based elements; as per the tower, circular fiber hollow sections are
adopted. Also for the monopile a 0.5-m discretization and three in-
tegration points are used for each element. Points along the entire
length of the monopile shown in Fig. 3b are monitored during the
analysis. The part of the monopile belonging to the foundation requires
more detailed modeling. In this study, three different modeling options
are adopted: (a) the nonlinear Winkler beam (NWB, Fig. 4a), (b) the
discrete representation of the foundation through impedance functions
(IF, Fig. 4b), and (c) the fixed restraint (FR, Fig. 4c).

For the nonlinear Winkler foundation, a procedure detailed in
McGann et al. [30,31] is adopted (Fig. 4a). Specifically, nonlinear
springs are adopted to model the vertical and horizontal mechanical
behavior of the surrounding soil. The soil springs are generated using
zero-length elements characterized by independent uniaxial material
along the horizontal and vertical directions. The modeling of the soil
requires the inclusion of two additional nodes for each node of the pile:

Table 1
Input parameters for the selected wind turbine.

Parameter Symbol

Mass of the rotor-nacelle assembly m 80 ton
Tower height hT 54.5 m
Tower bottom diameter dB 4.25m
Tower top diameter dT 2.75m
Average tower wall thickness tT 34mm
Platform height above the mudline (i.e. substructure length) lS 16.5 m
Pile embedded length (i.e. foundation length) lF 15.0 m
Monopile diameter dM 3.5m
Monopile wall thickness tM 50mm
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a fixed node that is fully constrained, and a slave node that is con-
strained for rotation but is not constrained for translation. The zero-
length element is placed between the two nodes. The constitutive be-
havior of the two elements is characterized such that the springs or-
iented in the horizontal directions (i.e. x and y) represent p-y springs,
and the vertically-oriented springs represent t-z and Q-z behavior for
the pile shaft and tip, respectively [32]. The PySimple1 material objects
are used for the horizontal directions, while the TzSimple1 and the
QzSimple1, material objects for the shaft and the tip, respectively, are
used for the vertical direction. Such schematization can be adopted also
in the case of liquefiable soils adopting modified p-y springs [33]. The
main geotechnical properties are the soil unit weight, assumed equal to
18.5 kN/m3, the soil internal friction angle, assumed equal to 35º [34],
and the soil shear modulus at pile tip, assumed equal to 250MPa. For
the PySimple1 material, the API [35] suggestions are adopted for the
ultimate load curves and for the coefficient of subgrade reaction with
depth. For the TzSimple1 material, the backbone curve proposed by
Mosher [36] is adopted. Finally, for the QzSimple1 material, the back-
bone curve proposed by Vijayvergiya [37] is adopted. Additional in-
formation on the modeling can be found in the OpenSees online
manual,1 where the adopted modeling approach and its accuracy/re-
liability have been verified against other available software packages.

It is important to emphasize that in general, nonlinear horizontal
beams should be coupled in parallel with dashpots modeling the ra-
diation damping [38,39]. In this study, this additional modeling detail
is neglected since in stiff soil an additional dashpot can lead to un-
realistic damping force in the dynamic analysis [40]. Moreover, ra-
diation damping (a.k.a. geometric dissipation of waves from spreading)
is negligible for frequency less than 1 Hz [21,34]. Finally, different
damping values for each vibration mode cannot be applied with the
Rayleigh damping scheme, presented later in Section 2.2.5.

As a simplified method for capturing the soil-structure interaction,
the discrete representation of the soil-structure interaction through
impedance functions [41] is considered. In this method, piles having
aspect ratio similar to the examined case, located in parabolic-in-
homogeneous soils, can be substituted by the following impedance
functions:
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where KTT, KΦΦ and KTΦ are the impedance functions for pure hor-
izontal translation, pure rotation, and coupled translation-rotation, re-
spectively. lf, df and r are the pile length, diameter, and radius, re-
spectively. Es and νs are the initial Young’s modulus and Poisson ratio of
soil, respectively, which are assumed equal to 200MPa and 0.25. Fi-
nally, f(νs) is a function of the Poisson ratio and is given by:

= +
+ ⋅

f ν ν
ν

( ) 1
1 0.75s

s

s (4)

It is worth noting that for the NWB model, the hysteretic damping is
automatically considered in the model. For the IF model adopted in this
study, such a source of damping is neglected. The modeling of impedance
in OpenSees is carried out through the adoption of two-node link elements
(Fig. 4b). Such an element requires the definition of the transversal (KTT)
and rotational (KΦΦ) stiffness values. Moreover, if the two nodes are lo-
cated at a given distance (hlink) the coupling between the two springs is
defined; hlink represents the ratio between KΤΦ and KTT.

2.2.3. Material modeling
The elasto-plastic material Steel02 is adopted in OpenSees, also

known as Giuffré-Menegotto-Pinto Model [42] to model both the tower
and the monopile. A strain hardening (b) of 0.5% is considered. To
investigate asymmetric behavior in compression, the original Steel02
model is modified to account for the degrading behavior due to buck-
ling defining a negative isotropic hardening (ih) of −5%, which is
different from zero. Fig. 5 shows the hysteretic behavior of the adopted
material models, neglecting (Fig. 5a) and considering (Fig. 5b) the
degrading behavior in compression. The fatigue is also implemented by
defining the fatigue material object in OpenSees; such a material uses a
modified rain-flow cycle counting algorithm to accumulate damage in a
material using Miner’s rule based on Coffin-Manson log-log relation-
ships describing low-cycle fatigue failure. The default values of the
parameters were based on low-cycle fatigue tests of European steel
sections [43]; more information about how material was calibrated can
be found in Uriz [44].

2.2.4. Inertia characteristics
Masses are lumped at the structural joints; four cases need to be dis-

cussed: (a) tower joints, (b) substructure joints, (c) foundation joints, and
(d) transition joints (see Fig. 3a for the definition of joint typologies). At
the tower joints, only the structural mass is applied. For substructure and
foundation joints tributary mass of water and soil, respectively, should be
considered [16]. For substructure joints, aside from the structural mass,

Substructure p-y spring
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Fig. 4. Different foundation models: (a) nonlinear Winkler beam, (b) impedance function-based model, and (c) fixed restraint.

1 http://opensees.berkeley.edu/wiki/index.php/Laterally-Loaded_Pile_Foundation.
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additional tributary mass of water is considered. Specifically, the tributary
mass is effective only for the horizontal translation components and it is
calculated equal to 80% of a mass of a cylinder of water with diameter and
length having the same dimension as the submerged part [45]. Finally, the
mass of the foundation nodes is lumped at the discretized points. The mass
is calculated as the sum of the structural part, the soil inside the cylinder,
and a tributary mass of an additional cylinder of soil having the same
dimension as the pile. Also in this case the additional tributary mass is
considered for the horizontal components only. The transitional masses of
the joints come from contributions of the structural part they connect.

A specific attention is dedicated in this study to the top joint. The
definition of the translational and rotational masses of the top part of
the wind turbine is important since it allows simplifying the complex
modeling of the rotor/nacelle assembly, while keeping a realistic be-
havior. Fig. 6 shows how the inertia of the rotor/nacelle assembly is
modeled. To consider the real dimension of the nacelle, the mass is
assigned to an additional joint (the red joint in Fig. 6a) that is connected
to the top part of the tower through a rigid link. In this study, the na-
celle barycenter is considered perfectly aligned with the tower axis (ex
= 0m) and a vertical offset is considered (ez = 2m). Additionally, the
inertia characteristics of the rotor need to be defined. For this, the mass
of the blade needs to be known; for a fiberglass blade with a length (rb)
of 35m, a mass (mb) of about 3.36 ton is expected according to avail-
able empirical relationships for the blade length and the blade weight.2

Once the blade mass is known, the distance between the center of mass
of the nacelle and the center of mass of the rotor should be defined. In

this study, an eccentricity (exb) of 3 m is considered (a half of a hy-
pothetical nacelle long 6m perfectly aligned with the axis of the tower).
Assuming that the mass of each blade is uniformly distributed (Fig. 6b)
and the three blades are equally spaced at angle 120º, the moments of
inertia of the blades, to apply to the central joint (the red node in
Fig. 6a) with respect to the three axes, are:

= ⋅I m rx b b
2 (5)

= ⋅ ⋅ + ⋅ ⋅I m r m ex0.5 3y b b b b
2 2 (6)

= ⋅ ⋅ + ⋅ ⋅I m r m ex0.5 3z b b b b
2 2 (7)

2.2.5. Load modeling
Five actions should be considered: (a) the structural self-weight, (b)

the hydrostatic action of water on the substructure, (c) the hydrostatic
action of soil on the foundation, (d) the wind action on the tower, and
(e) the seismic action. The self-weight is applied as static force loads to
the structural joints discretizing the structure. The hydrostatic actions
of water and soil are neglected since globally self-equilibrated.

The wind action is applied as static force loads to the structural
joints along the x direction only. This is a very simplified approach
since the dynamic force due to the rotor vibrations is neglected. A
normal wind profile is considered, i.e. a wind action that is likely to
occur during the operational phase. This condition is more realistic
when an earthquake occurs, rather than events such as storms or hur-
ricanes. To completely define the wind action, three parameters are
needed: (i) the velocity at the hub height vhub, (ii) the rated wind ve-
locity vr that is the velocity at which the wind turbine generates
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Fig. 6. (a) Inertia modeling of the rotor/nacelle assembly, and (b) schematic representation of the rotor.
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2 http://www.compositesworld.com/articles/offshore-wind-how-big-will-blades-get.
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constant power, and (iii) the density of air ρair, which is typically equal
to 1.25 kg/m3. For the normal wind profile, vhub is assumed equal to vr
and both equal to 15m/s, that is a typical value of wind velocity for
which most of turbines produce constant power [46]. The wind action
is proportional to the wind profile along the tower that is defined ac-
cording to the relation proposed by ASCE/SEI 07-10 [47]:

⎜ ⎟= ⋅⎛
⎝

⎞
⎠

v z v z
h

( ) hub
hub

0.2

(8)

where hhub is the vertical distance between the hub center and the sea
surface. The velocity is then transformed into horizontal forces through
the following equation:

= ⋅ ⋅ ⋅F z ρ v z A z( ) 0.5 ( ) ( )air
2 (9)

where A(z) is the tributary area evaluated as in Fig. 3b. An additional
concentrated wind action is applied at the node representing the center
of the rotor/nacelle assembly. The force is evaluated through the for-
mulation by Frohboese and Schmuck [48] (see Arany et al. [49]):

= ⋅ ⋅ ⋅ ⋅F ρ v A C0.5hub air hub swept T
2 (10)

where Aswept is the swept area shown in Fig. 3a, and CT is:

= ⋅ ⋅ ⋅ + ⋅C v v
v

3.5 (2 3.5) 1
T r r

hub
3 (11)

A more refined approach for the application of the wind load is
described in Avossa et al. [50].

Finally, the earthquake action is modeled through the application of
unscaled strong motions records, described in detail in the following
section, at the constrained nodes of the model. In contrast to the self-
weight and wind actions, the earthquake is modeled in a dynamic re-
gime by performing NDA. NDA are performed by considering three
components of the strong motion records (two horizontal and one
vertical). In the past studies, vertical components are often neglected,
whilst Kjørlaug and Kaynia [51] emphasized the necessity of con-
sidering the vertical motion since they observed that for an inland wind
turbine the vertical acceleration between the base and the top of the
structure can be amplified by a factor of about 2–6. A larger horizontal
component having the higher value of PGA is applied along the x di-
rection that is the direction along which the wind is also applied. It is
important to note that in this study, for the model M1 (i.e. the model in
which the geotechnical part is explicitly considered), time histories that
are applied to all supports along the foundation pile are identical. This
assumption can lead to a potential underestimation of the effects,
especially for layered soils [15]. Indeed, it is well known that the
passage of seismic waves through the soil surrounding a pile imposes
curvatures on the pile and therefore additional ‘kinematic’ bending
moments [52]. For the analyzed case study, given the absence of re-
fined geotechnical information about the stratigraphy, it is neither
possible to model a free-field soil column linked to the spring nor to
perform a site response analysis to obtain the modified accelerograms at
the foundation support nodes using the bedrock motion. However, re-
sults are considered still valid given the short length of the embedded
monopile, and given the low aspect ratio of the foundation (embedded
length over pile diameter); it has been shown that for the aspect ratio of
the pile less than 5 (the examined case study is 15/3.5≈ 4.3) the ki-
nematic contribution is negligible [53,54].

Sources of damping for offshore wind turbines include aerodynamic
(generally lower than 3.5% [55]), hydrodynamic (generally lower than
0.15% [3]), structural (varying from 0.2% to 0.3% [3,56]), and soil
damping. In addition, in some cases tuned mass dampers are also in-
stalled at the nacelle [57]. By accounting for the above-mentioned
contributions, a Rayleigh damping model is adopted with constant
damping of 3% for the 1st and 6th vibration modes; this is analogous to
the conventional choice of the 1st and 3rd modes for ordinary struc-
tures since the first six modes are almost coincident in pairs (i.e. 1st and

2nd, 3rd and 4th, 5th and 6th). Obviously, potential issues associated
with overdamping can occur for higher modes if those are relevant, i.e.
if they are associated with high participation masses. Future research
should focus on the adoption of different damping models, such as the
modal damping scheme [58], so that each mode can be coupled to a
different damping value according to more accurate site-specific geo-
technical assessment.

2.3. Limit states

A limit state is a condition beyond which the structure-foundation
assembly will no longer satisfy the specified performance requirements.
According to the DNV guidelines [4], four limit states are con-
ventionally analyzed for offshore wind turbines: (a) the Ultimate Limit
State (ULS), (b) the Fatigue Limit State (FLS), (c) the Accidental Limit
State (ALS), and (d) the Serviceability Limit State (SLS).

The ULS is related to the maximum load-carrying resistance, and
can be reached for several reasons: (i) excessive yielding and/or
buckling (i.e. loss of structural resistance); (ii) a failure of a component
(e.g. brittle fracture of connections); and (iii) a loss of static equilibrium
of the structure (whole or part) with a consequent mechanism (e.g.
rigid body behavior, overturning, and capsizing). The FLS is related to
cumulative damage due to repeated loads. The ALS considers potential
accidental loads (e.g. vessel impact) that can lead to loss of global or
local structural integrity. The SLS corresponds to tolerance criteria as-
sociated with the regular and normal use of the wind turbine, including:
(i) excessive deflection leading to the second order effects modifying
the distribution of loads between supported and supporting structures;
(ii) excessive vibration jeopardizing the functioning of the non-struc-
tural components; (iii) displacements that exceed the limitation of the
equipment; (iv) differential settlements of foundation and soil causing
intolerable tilt of the wind turbine; and (v) temperature-induced ex-
cessive deformations.

In this study, SLS and ULS are considered; such limit states are
analyzed with respect to the seismic action, which is the main focus. For
each limit state, the capacity (C) and the demand (D) are defined, and
the demand over capacity ratio (Y = D/C) is studied as a seismic per-
formance metric. The SLS is reached when the maximum chord rotation
(i.e. the demand) exceeds 0.5 degrees (i.e. the capacity). The capacity
value of 0.5 degrees corresponds to the maximum rotation for which
the turbine is switched off [4]. The ULS is checked according to the
prescription reported in the Part1-6 of the Eurocode 3 [59] that is the
part related to the strength and stability of shell structures. In parti-
cular, the Annex D of the previous document is used to calculate the
design buckling stress for unstiffened cylindrical and truncated conical
shells. Specifically, structural checks are performed based on two for-
mulations: the von Mises equivalent design stress and the buckling
strength check through stress limitation.

The von Mises equivalent stress (σeq) is adopted as follows:

= = = + ⋅ ≤Y D C σ f σ τ f/ / 3 / 1eq y y
2 2 (12)

where σ and τ are the meridional stress and the shear planar stress
(Fig. 3d), respectively. σ values are automatically obtained as output of
OpenSees for each point monitored along the perimeter and height. τ
values are obtained as the sum of shear (τshear) and torsional (τtorsional)
stresses. Such stresses are obtained from the global internal stress ac-
cording to mechanic’s relationships for thin circular hollow sections
(i.e. Jourawski theory for shear and Bredt theory for torsion [60]):

=
+ ⋅

⋅ ⋅
τ

V V α

π r t

sin
shear

x y
2 2

(13)

=
⋅ ⋅ ⋅

τ M
π t r2torsion

T
2 (14)

where Vx, Vy, and MT are the internal shear forces in the two horizontal

R. De Risi et al. Soil Dynamics and Earthquake Engineering 109 (2018) 154–172

160



directions and the torsional moment, respectively; α is the angle be-
tween the internal total shear vector and the point in which the internal
stress is calculated. Finally, r and t are the radius and the thickness of
the section, respectively.

For the buckling strength limitation, the following relation is
adopted:

⎜ ⎟ ⎜ ⎟= ⎛
⎝

⎞
⎠

+ ⎛
⎝

⎞
⎠

≤Y σ
σ

τ
τ

1
x Rd

k

xθ Rd

k

, ,

x τ

(15)

where σx,Rd, τxθ,Rd, kx, and kτ are calculated according to the code
suggestions presented in the Part1-6 of the Eurocode 3 [59]. The overall
ULS demand over capacity ratio, as also suggested by Winterstetter and
Schmidt [61], is the maximum between the two values obtained using
Eqs. 12 and 15.

2.4. Analysis cases

Two kinds of analysis are performed; a modal analysis is conducted
to understand the dynamic behavior of the different configurations of
wind turbine structures, whereas NDA is performed to evaluate the
seismic performance quantitatively. Results from NDA are interpreted
through the cloud analysis approach, which is based on a probabilistic
linear regression model [62]. It allows building fragility curves ac-
cording to the following formulations:
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where IM is the intensity measure adopted to represent the accel-
erograms employed in the NDA, and typically is the spectral accelera-
tion corresponding to the first period of vibration, i.e. Sa(T1); n is the
number of NDA (i.e. the number of accelerograms). The geometric
mean of the spectral accelerations corresponding to the first period of
vibration in the two horizontal directions, is adopted as IM:

= ⋅S S T S T( ) ( )a a x x a y y, 1, , 1, (19)

The records adopted in this study are gathered from two sources: the
first one is the strong motion database developed by Foulser-Piggott
and Goda [63], where 864 high-quality digital recordings from the K-
NET, KiK-net, and SK-net in Japan are available, and the other is a

collection of 379 records from the PEER-NGA database that contains
many records from shallow crustal earthquakes globally. The ground
motion records (each record consisting of three components) that are
compiled for this study satisfy the following selection criteria: (i) the
earthquake magnitude is greater than 5.5, (ii) PGA is greater than 0.1 g,
and (iii) peak ground velocity is greater than 10 cm/s. All records are
properly processed for the long-period ranges (reliable up to 10 s) using
the procedure suggested by Boore [64]. Notably, records from Japanese
strong motion networks can be characterized by their earthquake types,
i.e. crustal, inslab, and interface. Overall, a thorough investigation of
the seismic performance of monopile-supported offshore wind turbines
subjected to strong motion records of different earthquake types and
record characteristics is innovative and distinguishes this study from
the past studies. In this study we neglected the potential distinction
between pulse-like and non-pulse-like earthquakes.

Five sets of strong motion records are considered in this study. The
first three sets are composed of thirty Japanese records each; S1, S2,
and S3 are composed of crustal, inslab, and interface subduction
earthquakes, respectively. The analysis of the three record types facil-
itates the comparison of the seismic demand potential of extreme
events, such as interface earthquakes that have a very long duration and
tend to present high spectral acceleration at long vibration periods
[65]. Fig. 7a shows ranges of magnitude and distance values for the
selected records belonging to S1, S2, and S3. S4 and S5 are composed
of global crustal records composed of Japanese and PEER-NGA data-
bases. The adoption of records covering a large part of the globe is
useful for understanding the seismic behavior of the analyzed structural
systems more broadly. Both sets are composed of forty-five records; the
difference between S4 and S5 is the site classification according to
Eurocode 8 [66]: S4 is representative of Soil Class B (360m/
s≤ VS30< 800m/s), while S5 is for Soil Class C (180m/
s≤ VS30< 360m/s). Fig. 7b shows ranges of magnitude and distance
values for S4 and S5; it is possible to observe that event characteristics
of the two sets in terms of magnitude and distance distribution are si-
milar (see Appendix). Although S4 and S5 are representative of dif-
ferent soil profiles in terms of shear wave velocity, the structural and
geotechnical models are kept the same in order to obtain insight with
regard to the sensitivity of the structural system only to different types
of seismic excitations.

Fig. 8 shows the median and the 16th and 84th percentiles of the
response spectra for the five sets of accelerograms. It is worth noting
that for periods greater than 1 s (i.e. the region of interest for wind
turbines, see Fig. 2), for the first three sets, the interface records present
the highest values of spectra acceleration for all three components
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(Fig. 8a-c), followed in order by the crustal records and then inslab
records; in the same region of periods, the signals recorded on soil C
present higher spectral acceleration with respect to the ones recorded
on soil B, especially for the horizontal components. In terms of dis-
persion around the median, the first three sets present comparable
variability (logarithmic standard deviation β of about 0.62 for S1 and
S2 and 0.52 for S3), whilst the crustal earthquakes recorded on soil B

presents higher variability (β=0.89) with respect the ones recorded on
soil C (β=0.74).

It is worth noting that Japanese record sets have response spectra
that on average match the uniform hazard spectra of active seismic
regions, such as Japan and the US, in the typical range of principal
vibration periods of wind turbines. Fig. 9 shows for example the overlay
of the average spectra of S1, S2, and S3 with the uniform hazard spectra
(corresponding to a probability of 10% in 50 years) for Japan and for
Los Angeles obtained according to Kuramoto [67] and ASCE 7–10 [47],
respectively. It is possible to observe that the code-based Japanese
spectrum matches very well the mean spectrum of the interface records,
meanwhile the code-based US spectrum matches the mean spectrum of
the crustal records. Therefore, although adopted records are re-
presentative of extreme events recorded up to now, such strong motions
are probabilistically ‘anticipated’ at locations of future construction of
offshore wind turbine farms in active seismic regions.

2.5. Analysis setup

Six different structural models M1 to M6, obtained combining dif-
ferent modeling options, are analyzed in the following. Table 2 shows
the matrix of structural models that are analyzed. M1, i.e. the model
without entrance door, with non-degrading material in compression
and having the foundation modeled as nonlinear Winkler beam, is used

Fig. 8. Median response spectra and confidence interval for (a, b,c) S1, S2, S3, and for(d, e,f) S4 and S5. Spectra related to the (a, d) x, (b,e) y, and (c, f) z directions.
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Table 2
Structural models (NWB: nonlinear Winkler beam; IF: impedance functions; FR: fixed
restraint; ND: non-degrading in compression; D: degrading in compression).

M1 M2 M3 M4 M5 M6

SSI NWB IF FR NWB NWB NWB
Door no no no along y along x no
Material ND ND ND ND ND D
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as reference to study the sensitivity to the five sets of accelerograms.
M1, M2 and M3, having different foundation assumptions, are com-
pared by considering only the crustal Japanese records (S1). The same
set of accelerogram is used to compare M1 with M4 and M5 that are
models having the entrance door at the base aligned along the x and y
directions, respectively. The door is 1.6 m wide and 2.2 m tall, and is
located at 2m from the sea level. Finally, S1 is used to study the re-
sponse of M1 with respect to M6, in which the material degradation in
compression is modeled.

3. Results

3.1. Modal analysis

A preliminary modal dynamic analysis is performed for M1 to M5;
M6 is not analyzed since it is identical to model M1 except for the

nonlinear behavior, which does not affect the modal dynamic analysis.
Table 3 shows a comparison betweenM1,M2 andM3 (i.e. three models
representing different ways of implementing SSI). It can be observed
that the first period of vibration is around 2 s, which is in agreement
with the measured frequency of about 0.5 Hz reported in Arany et al.
[23] for the case study structure. Specifically, the implementation of
the foundation through the NWB slightly increases the vibration periods
with respect to the IF and FR cases. On the other hand, the participation
masses of M2 and M3 associated with the first vibration mode are
higher than the corresponding participation mass of M1. It is worth
noting that for M1, the participation mass is almost uniformly spread
among several modes, and 14 vibration modes are required to have
exactly 100% of participation masses in both horizontal directions (7
pure translational modes for each direction). Conversely, for M2 and
M3, the 100% of participation mass along the horizontal direction is
reached with 22 vibration modes, i.e. 11 pure translational modes for

Table 3
Influence of SSI on modal analysis. (T: vibration period; M: modal participation mass).

Mode T [sec] Mx [%] My [%] Mz [%]

M1 M2 M3 M1 M2 M3 M1 M2 M3 M1 M2 M3

1 2.301 1.936 1.928 – – – 21.9 44.1 43.9 – – –
2 2.295 1.929 1.921 22.0 44.4 44.2 – – – – – –
3 0.414 0.340 0.338 – – – 12.1 16.5 15.9 – – –
4 0.399 0.322 0.319 12.8 17.5 16.8 – – – – – –
5 0.185 0.144 0.143 – – – 10.2 11.2 10.1 – – –
6 0.171 0.129 0.127 11.0 12.0 10.7 – – – – – –
7 0.107 0.081 0.078 – – – 8.5 10.9 9.50 – – –
8 0.097 0.075 0.073 8.5 9.60 8.30 – – – – – –
9 0.080 0.069 0.069 – – – – – – 59.0 73.8 79.4
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Table 4
Influence of the door on modal analysis. (T: vibration period; M: modal participation mass).

Mode T [sec] Mx [%] My [%] Mz [%]

M1 M4 M5 M1 M4 M5 M1 M4 M5 M1 M4 M5

1 2.301 2.307 2.313 – 22.0 – 21.9 – 21.8 – – –
2 2.295 2.302 2.295 22.0 – 22.0 – 21.9 – – – –
3 0.414 0.414 0.415 – – – 12.1 12.1 12.2 – – –
4 0.399 0.399 0.399 12.8 12.9 12.8 – – – – – –
5 0.185 0.185 0.186 – – – 10.2 10.2 10.1 – – –
6 0.171 0.174 0.174 11.0 10.9 11.0 – – – – – –
7 0.107 0.107 0.107 – – – 8.5 8.5 8.4 – – –
8 0.097 0.097 0.097 8.5 8.5 8.5 – – – – – –
9 0.080 0.080 0.080 – – – – – – 59.0 58.9 58.9
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each direction. It is worth nothing that the adoption of the Rayleigh
damping scheme for the NDA can lead to an overdamping of higher
modes; therefore, even if a high number of modes is required to reach
the 100% of the participation mass, the influence of higher modes is
reduced by the potential high value of damping. Fig. 10 shows the first
six normalized eigenvectors for M1, M2, and M3. It is observed that the
eigenvectors for M1 (Fig. 10a) involve the foundation that is explicitly
modeled, meanwhile for M3, displacements and rotations are fixed
(Fig. 10c); eigenvector shapes for M2 (Fig. 10b) are between M1 and

M3.
The difference between the modal behavior of M1 and M2 is due to

both the different modeling approach and the assumed soil properties.
In fact,M1 assumes distributed springs with stiffness linearly increasing
with depth, while M2 stiffness increase parabolically with depth.

Table 4 shows a comparison of M1 with M4 and M5 (i.e. models
with the door opening at the base oriented along the y direction (M4)
reducing the stiffness of the x direction, and along the x direction (M5)
reducing the stiffness of the y direction). It is possible to observe a slight
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increase in the first vibration period and an (expected) change of di-
rection of the first mode for M4 with respect to M1. No variations for
the higher vibration modes are observed.

It is worth mentioning that in the aftermath of a seismic event,
phenomena of period elongation can occur due to the damage incurred
by the structure and the soil. The period elongation is generally due to
the reduction of stiffness. On the other hand, the cyclic interaction
between the foundation and the soil can lead to a dynamic “con-
solidation” of the soil with a consequent hardening and therefore a
reduction of the vibration period.

3.2. Nonlinear dynamic analysis

As explained in Section 2.4, fragility curves are developed using the
cloud method. Such a method performs well for the SLS; unfortunately,
few collapses are observed and therefore ULS fragility curves rely on
the linear extrapolation only. Therefore, fragilities related to the ulti-
mate conditions should be considered as preliminary results, and more
comprehensive methods, such as IDA [68] or multiple-stripe method
should be adopted to investigate the collapse case.

3.2.1. Sensitivity to earthquake record characteristics
Fig. 11 shows NDA results for S1, S2 and S3. Specifically, Fig. 11a-f

shows the demand over capacity ratio for both SLS (Fig. 11a-c) and ULS
(Fig. 11d-f). In terms of SLS, several crustal and interface records lead to
the attainment of the limit state; by contrast, none of inslab records
reach the SLS. In terms of ULS, only one crustal record causes a struc-
tural failure for Sa(T1) equal to about 1 g (Event 19 in Table A1),
meanwhile another one leads the structure to 80% of its capacity for Sa
(T1) of about 0.8 g (Event 23 in Table A1). These two earthquakes are

recorded at stations close to the seismic source and on deformable soils.
These two events that present high values of spectral acceleration for a
long vibration period can be considered extreme events for the con-
sidered structure.

Fig. 11g-h shows the fragility curves obtained from linear regres-
sion. It is possible to observe that, for both limit states, the structure is
more sensitive to crustal records and less sensitive (or completely in-
sensitive) to inslab records. Interface records induce structural demands
that are very close to crustal records for both limit states. The simila-
rities between crustal and interface fragilities can be explained by the
modal behavior of the analyzed structure and by the spectral char-
acteristics of the two record sets. In fact, Table 3 shows that partici-
pation masses are almost equally distributed between vibration modes
with period longer and shorter than 0.4 s. Periods longer than 0.4 s
correspond to the period range of the two principal translational vi-
bration modes where the median spectrum of the interface records is
higher than the spectrum of crustal records. Periods shorter than 0.4 s
are within the range of higher modes, where the crustal spectra are
higher than interface spectra. The slightly higher vulnerability to
crustal records makes clear that the higher modes are important for the
vulnerability assessment of wind turbine structures.

3.2.2. Sensitivity to records frequency content due to different soil type
In this section, NDA results corresponding to S4 and S5 are dis-

cussed. Fig. 12a-d shows the demand over capacity ratio for the SLS
(Fig. 12a-b) and for the ULS (Fig. 12c-d), and Fig. 12e-f shows the as-
sociated fragility curves. It is observed that structures on softer soils are
more affected than structures on stiffer soils. Also in this case the ob-
served tendencies of the results can be explained by noting the key
features of spectral shapes of the records; in fact, the higher sensitivity
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Fig. 12. Cloud analysis results for M1 subjected to (a, c) S4 and (b, d) S5, respectively. Results related to (a-b) SLS and (c-d) ULS. (e) SLS and (f) ULS fragility curves obtained for S4 and
S5.
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to S5 reflects that higher values of median spectrum of S5 in the range
of vibration periods of interest for the wind turbine (i.e. greater than
0.4 s). It is also worth noting that the larger variability of spectra for S4
is reflected in the larger variability of the ULS fragility curve with re-
spect to the fragility for S5.

It is important to emphasize the comparison between these two sets
of crustal accelerograms with the set S1 that has only Japanese crustal
records. The SLS fragility curves derived using S1, S4 and S5 are si-
milar; the latter two differ from the one obtained with S1 for a slightly
higher variability, reflecting the higher variability of the input record
sets. On the contrary, the ULS fragility curves for S4 and S5 show a
lower vulnerability with respect to the fragility obtained for S1. This is
because both S4 and S5 are composed of accelerograms recorded at
global scale and the average spectra are generally lower than the one
related to the Japanese crustal records, especially for higher-mode
sensitive periods.

It is important to underline that the obtained results are valid under
the assumption that geotechnical parameters have not been varied to
reflect the different shear wave velocity profiles. More investigations
are needed in future.

3.2.3. Importance of the SSI
Results related to models M1, M2, and M3 subjected to S1 are

discussed. Fig. 13 a-b shows the median response in terms of dis-
placement (Fig. 13a) and maximum equivalent stress (Fig. 13b) along
the tower height; the 16th and 84th percentiles are also shown in the
same figures (dashed lines). M1 presents larger displacements with

respect to M2 and M3 that are almost coincident. This result is due to
the higher deformability of M1 due to the more sophisticated soil
modeling. In terms of stress, it is possible to observe that on average,
equivalent stresses for M1 are higher for the tower and lower for the
substructure with respect to M2 and M3. This result is due to the re-
straint conditions; M2 and M3 induce higher concentrations of stress at
the mudline level due to the restrained location. On the other hand, M1
presents lower values of stress since stress induced by the super-
structure is gradually distributed along the foundation that is explicitly
modeled, noting that the higher deformability of M1 induces higher
stresses on the tower. Finally, given the higher deformability, the re-
sults of M1 present a higher variability with respect to the results as-
sociated with the other two models. Therefore, it is very important to
model the foundation properly in order to have reliable assessment of
the stresses along the structure. Moreover, the higher variability due to
the soil modeling leads to the necessity of a more refined record se-
lection.

Fig. 13c-d shows fragility curves derived for the three models. Re-
sults highlight the importance of implementing SSI in a more refined
manner; in fact, simplified restrain modeling leads to an overestimation
of the capacity for both limit states. Similar trends on fragility curves
were found for bridges piers [69].

3.2.4. Influence of door opening
Fig. 14a-b shows the central values and the confidence intervals of

the response in terms of displacement (Fig. 14a) and maximum
equivalent stress (Fig. 14b) along the vertical axis. No differences in
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terms of displacement can be observed for the three models M1, M4
and M5. Conversely, an increase of equivalent stress is observed where
the door is located. M4 presents the highest level of stress increase.
Such results in terms of displacement and internal stress are reflected in
fragility curves (Fig. 14c-d); in fact, fragilities corresponding to the SLS
are almost identical for the three analyzed models, meanwhile, fragi-
lities corresponding to the ULS present greater differences. Specifically,
models with door opening are more vulnerable with respect to the
model without the door, especially when the door is aligned ortho-
gonally to the main loading axis (i.e. M4).

3.2.5. Effect of the material degradation
The effect of material degradation becomes significant only if the

yield stress in compression is reached. For the examined case study,
only two records (i.e. the two points in the dashed circles in Fig. 15a-d)
cause seismic demands exceeding the yield stress level. These two re-
cords have a high level of spectral acceleration and induce the flexural
yielding of the structure. Moreover, it is observed that when the
equivalent stress is about 90% of the yielding stress, the failure pro-
gresses abruptly from yielding to buckling. Variation for the two re-
cords has no significant effects on both limit states in terms of fragility
curves (Fig. 15e-f). Obviously, the result obtained for the specific case
study cannot be generalized; the degrading behavior in compression
should be modeled more accurately when detailed experimental in-
formation on the mechanical behavior in compression of the adopted
steel shell structure is available.

4. Summary and conclusions

This paper presented an analytical procedure to evaluate the seismic
assessment of steel monopile-supported offshore wind turbines, which
is a structural typology commonly adopted in seismic-prone countries
investing in offshore wind power farms. Modeling details about the
structure, foundation, material, inertia, and loading are provided and a
finite element model was developed through the open-source structural
software OpenSees. Important aspects in the modeling, such as different
soil structure interaction modeling approaches, different material be-
havior and the influence of door opening at the tower base, were also
investigated. Models were analyzed through non-linear dynamic ana-
lyses using five record sets of input ground motions, that facilitated the
comprehensive assessments of the influence of the earthquake types
and the soil deformability. Two limit states were considered for the
assessment: the serviceability limit state, reached when the chord ro-
tation exceeded 0.5 degrees, and the ultimate limit state, reached when
either yielding or local buckling occurs. Based on the thorough analyses
of the seismic performance, represented in the paper using seismic
fragility functions, the following conclusions can be drawn:

1. The analyzed structural typology is particularly sensitive to extreme
crustal and interface records;

2. Higher modes are not negligible, especially if the SSI is explicitly
modeled;

3. Frequency content of records associated to deformable soil induces
an increased seismic fragility with respect to stiffer soil;
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4. The lack of a proper SSI modeling leads to an overestimation of the
seismic capacity of about 60% and 70% for the SLS and ULS, re-
spectively, therefore accurate nonlinear models considering also a
proper kinematic interaction for the foundation are needed;

5. The modeling of the door opening at the tower base is essential for a
reliable assessment of the ULS because of the stress concentration in
that region of the structure; the worst situation is observed when the
door is aligned orthogonally to the main direction of environmental
loads;

6. It was observed that local buckling can occur; obviously the adop-
tion of a degrading behavior in compression for the material in
combination to the corotational formulation is essential to capture
potential global buckling mechanisms in the structural analysis;

7. The SLS was frequently reached when subjected to severe strong
motions. This is a major issue because the continuity in power
generation is essential when the wind turbine represents a compo-
nent of an energy supply chain or when it is adopted to increase the
resilience of an energy network [8]; on the contrary the ULS was
rarely attained.

It is important to emphasize that this study is based on numerical
results obtained through a new model that goes beyond the classical
models adopted in industries and in previous research, but still presents
some exemplifications. Therefore, more refined models need to be used
for future research, considering a more refined modeling of damping,

explicitly considering the free-field soil column attached to the non-
linear springs, and considering the dynamic actions due to the func-
tional state of the wind turbine. A rigorous investigation of sufficient
and efficient intensity measure is also required. Finally, it is essential to
carry out more thorough incremental dynamic analyses to have a more
reliable estimation of the ultimate limit state.
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Appendix A

See Tables A1–A5

Table A1
Set S1, Japanese crustal records on soft and stiff soils.

ID Record ID Event ID Magnitude R [km] VS30 [m/s]

1 5026 142 6.10 19.23 213
2 37117 792 6.65 6.81 167
3 37157 792 6.65 15.07 168
4 37309 792 6.65 12.90 464
5 94472 1512 6.04 21.56 175
6 94476 1512 6.04 8.68 304
7 136605 1927 6.56 10.67 303
8 136607 1927 6.56 7.90 334
9 136608 1927 6.56 9.91 360
10 136609 1927 6.56 15.43 434
11 136840 1927 6.56 11.95 375
12 138196 1929 6.11 18.92 303
13 140627 1937 6.28 6.83 334
14 140629 1937 6.28 17.23 434
15 140839 1937 6.28 12.98 375
16 165123 2218 6.58 13.08 209
17 222649 2782 6.67 17.79 566
18 222652 2782 6.67 9.29 392
19 232727 2910 6.62 11.82 227
20 260133 3196 6.87 19.49 747
21 260134 3196 6.87 22.03 308
22 260165 3196 6.87 21.96 463
23 260166 3196 6.87 16.08 389
24 260365 3196 6.87 18.01 486
25 260367 3196 6.87 8.74 371
26 355758 4144 6.30 11.05 630
27 355951 4144 6.30 21.51 461
28 393116 4359 6.65 12.35 292
29 393119 4359 6.65 12.75 308
30 393419 4359 6.65 18.27 240

Table A2
Set S2, Japanese inslab records on soft and stiff soils.

ID Record ID Event ID Magnitude R [km] VS30 [m/s]

1 46715 951 6.80 49.99 258
2 46716 951 6.80 52.08 307
3 46724 951 6.80 54.10 261
4 46754 951 6.80 52.39 166
5 46755 951 6.80 54.38 247
6 46760 951 6.80 46.82 211
7 47012 951 6.80 57.88 268
8 47014 951 6.80 50.59 299
9 47052 951 6.80 48.44 462
10 86726 1403 6.99 55.14 1125
11 86762 1403 6.99 55.63 495
12 86763 1403 6.99 57.15 505
13 87019 1403 6.99 58.24 670
14 87044 1403 6.99 53.97 934
15 153999 2080 6.98 52.37 202
16 154000 2080 6.98 52.12 175
17 154001 2080 6.98 43.01 282
18 154002 2080 6.98 44.63 274
19 154003 2080 6.98 56.24 313
20 154005 2080 6.98 37.68 297
21 154006 2080 6.98 42.06 180
22 154008 2080 6.98 57.92 243
23 154229 2080 6.98 52.65 189
24 154235 2080 6.98 43.31 213
25 154244 2080 6.98 52.55 168
26 388544 4323 7.11 56.47 494
27 388548 4323 7.11 49.08 221
28 388550 4323 7.11 42.44 304
29 388551 4323 7.11 36.04 1437
30 388552 4323 7.11 54.82 436
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Table A3
Set S3, Japanese interface records on soft and stiff soils.

ID Record ID Event ID Magnitude R [km] VS30 [m/s]

1 100600 1581 8.26 70.30 232
2 100607 1581 8.26 73.12 437
3 100608 1581 8.26 61.50 195
4 100609 1581 8.26 55.79 161
5 100613 1581 8.26 77.57 383
6 100614 1581 8.26 58.29 113
7 100615 1581 8.26 71.11 259
8 100618 1581 8.26 80.23 339
9 100619 1581 8.26 68.58 387
10 100620 1581 8.26 55.17 503
11 100631 1581 8.26 60.08 266
12 100871 1581 8.26 53.66 459
13 100941 1581 8.26 73.12 219
14 100946 1581 8.26 79.56 204
15 100947 1581 8.26 62.60 230
16 101018 1581 8.26 62.25 140
17 341093 4093 9.08 66.06 339
18 341099 4093 9.08 71.80 282
19 341100 4093 9.08 82.65 268
20 341136 4093 9.08 64.29 429
21 341137 4093 9.08 65.80 390
22 341138 4093 9.08 66.78 251
23 341382 4093 9.08 65.67 353
24 341393 4093 9.08 62.76 274
25 341397 4093 9.08 76.19 290
26 341398 4093 9.08 55.06 313
27 341808 4093 9.08 59.65 237
28 341813 4093 9.08 73.90 350
29 341866 4093 9.08 74.83 301
30 341869 4093 9.08 56.53 244

Table A4
Set S4, global crustal records, Soil B.

ID Record ID Event ID Magnitude R [km] VS30 [m/s]

1 126 41 6.80 2.05 767
2 143 46 7.35 14.37 660
3 265 64 6.33 8.83 600
4 300 69 6.20 3.26 489
5 448 90 6.19 9.60 660
6 495 97 6.76 3.85 462
7 753 118 6.93 6.96 514
8 825 123 7.01 2.19 685
9a 879 125 7.28 5.43 526
10a 983 127 6.69 7.08 609
11a 1111 129 6.90 2.69 553
12 1231 137 7.62 3.93 425
13 1617 138 7.14 12.56 724
14 1633 144 7.37 11.66 685
15 1787 158 7.13 9.32 553
16 2632 172 6.20 12.53 553
17 2739 173 6.20 12.90 464
18 37309 792 6.65 13.71 593
19 94627 1512 6.04 11.90 553
20 136841 1927 6.56 11.29 553
21 147829 2005 5.89 2.42 506
22 260366 3196 6.87 11.05 630
23 355758 4144 6.30 7.79 596
24 393118 4359 6.65 13.65 511
25 513988 5754 5.98 22.56 500
26 288 68 6.90 18.41 714
27 810 118 6.93 19.95 457
28 827 123 7.01 18.36 546
29 952 127 6.69 18.16 553
30a 1520 137 7.62 19.30 475
31 2655 172 6.80 2.05 767
32 2703 173 7.35 14.37 660
33 3507 175 6.33 8.83 600
34 5024 142 6.20 3.26 489
35 32628 731 6.19 9.60 660
36 37310 792 6.76 3.85 462

(continued on next page)
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