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A B S T R A C T

The expansion of the offshore wind industry in areas with high seismicity has led to engineering challenges
related to the design of the offshore wind turbines (OWTs). Monopiles, i.e., tubular steel piles of large
outer diameter, low aspect ratio (penetration depth over outer diameter), and relatively thin pile wall,
are traditionally the preferred foundation type for OWT due to fabrication, transportation, and installation
standardization. For all bottom-founded systems, soil–structure interaction (SSI) plays a crucial role in the
system’s response. Additional challenges arise in the case of seismic SSI as, not only the system’s response,
but also the seismic ground motion itself are affected by the soil characteristics. Furthermore, uncertainties
related to soil properties, as derived from the soil testing campaign and interpretation, need to be thoroughly
considered for OWT load calculations and the design of the support structure. The uncertainty in soil
interpretation may have a large impact on the characteristics of the input seismic motion. Subsequently, SSI will
affect the seismic loads acting on the support structure and the OWT. This knock-on effect of the interpretation
of the soil parameters is unknown, but may be significant to account for. In fact, when a ‘‘best estimate’’ soil
parameter set is used, the resulting seismic load may not necessarily correspond to the most probable load for
the assumed seismic event. This paper investigates the influence of the uncertainty in soil parameters, as they
may result from the soil interpretation, on the seismic loads. It demonstrates the skewed distribution of OWT
seismic loads using a realistic design case study on a commercial OWT. Results are presented in the form of
transfer functions, response spectra at mudline and normalized bending moments along the support structure.
Three distinct structural components of interest are selected to evaluate the results. It is concluded that, for
the analysis of OWT under seismic loading conditions in particular, it cannot be decided a priori which soil
properties would result in conservative or progressive design. Based on the obtained results, recommendations
are given which aim to de-risk and enhance the current design practice.
1. Introduction

The rapid growth of the offshore wind industry in regions such
as the United States and the Asia–Pacific (APAC), is following the
global demand of renewable energy towards a more sustainable, low-
carbon future (GWEC, 2022). Natural phenomena such as earthquakes,
tsunamis and cyclones are imposing unprecedented engineering chal-
lenges on the offshore wind developments and, in particular, the design
of offshore wind turbines. Ashford et al. (2011) provide evidence of
how strong earthquakes may severely impact wind turbine support
structures.

∗ Corresponding author at: Delft University of Technology, Mekelweg 5, Delft, 2628 CD, The Netherlands.
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Monopiles (MP), i.e., tubular steel piles of large outer diameter
(>5 m), low aspect ratio between penetration depth and outer diam-
eter (2–6), and relatively thin pile wall (≈D/100), are traditionally
the preferred foundation type for bottom-founded offshore wind tur-
bines (OWT). This is due to fabrication, transportation, and installation
standardization needed to meet the tight timelines and budget con-
straints necessary to achieve economic feasibility of offshore wind
power plants.

Fig. 1 illustrates a typical support structure configuration for a MP-
founded OWT (modified after Page et al. (2018)). Conventionally, the
transition piece together with the monopile constitute the foundation
of the structure, being under the responsibility of the Foundation
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Fig. 1. Components of OWT support structure with main acting environmental and
seismic loads. Three distinct structural components are also depicted, which will be
used to evaluate the obtained results.
Source: Modified after Page et al. (2018).

Designer. The tower and the rotor-nacelle assembly (RNA) fall under
the scope of the Wind Turbine Manufacturer. In the same figure, the
various environmental loads (wind, wave, current) and the earthquake
loads are also simplistically depicted. In addition, the location of three
main structural components, which will be used to analyse the results
of this study, is highlighted: main bearing, tower top and tower bottom.
Note that the tower bottom is also the interface point between the tower
and the foundation in line with the typical split scope discussed above,
and thereby, a location of high interest for the involved design parties.

The seismic response of shallow-founded (e.g. footings) and embed-
ded structures (e.g. slender piles) has been studied extensively by many
researchers over the past years (for instance: Matlock et al. (1978),
Gazetas et al. (1995) and Hussien et al. (2015)). However the particular
characteristics of the MP-supported OWT, mainly in relation to the
geometrical properties of the foundation, the low system damping
and the narrow window of design/targeted eigenfrequencies for best
performance and low fatigue damage over lifetime, lead to various
design challenges. As indicated by other researchers (Katsanos et al.,
2016; Kaynia, 2019; Bhattacharya et al., 2022), there are various con-
siderations with respect to the design of OWT against seismic loading.
The recently released DNV-RP-0585 (2021) is paving the way for a
better-established seismic design practice for OWT.

Soil–structure interaction (SSI) plays a crucial role in the static
and dynamic response of all such bottom-founded systems (Kausel,
2010; Medina et al., 2013; Pisanò, 2019). The impact of SSI on the
seismic response of OWT can be studied using models of varying levels
of fidelity and complexity. For a full seismic load evaluation of the
blades, the RNA and the support structure, via an aero-servo-hydro-
elastic simulation environment, it is common to limit the geotechnical
complexity of the model. In such a case, SSI is captured with distributed
lateral soil reaction curves, the so-called ‘‘p-y’’ curves (API, 2014).

According to Design Standards, the geotechnical and structural
design needs to satisfy the Ultimate (ULS), Serviceability (SLS) and
Fatigue (FLS), and Accidental (ALS) limit states (DNV-RP-0585, 2021).
2

Uncertainty in soil parameters, due to local variation of the soil prop-
erties (aleatory uncertainty) and testing or modelling inaccuracy (epis-
temic uncertainty), is captured by using statistical models. These mod-
els result in soil parameters sets, such as, but not limited to, ‘‘best
estimate’’ (hereafter BE), ‘‘lower bound’’ or ‘‘cautious estimate’’ (here-
after CE), and ‘‘upper bound’’ or ‘‘optimistic estimate’’ (hereafter OE).
Each set is associated with a certain probability of exceedance or
quantile of the employed probability distribution. Typically, each limit
state is assessed with a certain soil parameter set, depending on the
application, the design criteria, and the accepted probability of failure.

With respect to the design under seismic loading, it cannot be a
priori decided which soil parameter set would result in a conservative
or progressive design. The seismic excitation under consideration may
be derived via site-specific Probabilistic or Deterministic Seismic Haz-
ard Analysis (PSHA or DSHA), as described by DNV-RP-0585 (2021).
However, the uncertainty in the soil properties may still lead to a broad
range of seismic motion characteristics (amplitude, frequency content
etc.) under free-field conditions (Tran et al., 2020). Subsequently, SSI
will affect the seismic loads acting on the OWT. This knock-on effect
of the interpretation of the soil parameters is unknown, but may be
significant to account for. In fact, when a BE soil parameter set is used,
the resulting seismic loading may not necessarily correspond to the
most probable value of loads for the assumed seismic event.

To the best of the authors’ knowledge, while the influence of
geotechnical uncertainty on the design of MP-supported OWT has
received some attention (Carswell et al., 2015; Yeter et al., 2019; Reale
et al., 2021; Hsu et al., 2022), there is limited research about the
influence of soil parameter variability on the seismic loads acting upon
OWT. In such a loading scenario, not only the system’s response, but
also the seismic excitation is affected by the soil characteristics. The
frequency content and the amplitude of the seismic load acting upon
the foundation depends on local site effects. Uncertainties related to the
engineering soil properties, as derived from the soil testing campaign
and interpretation, both in-situ (e.g., via Cone Penetration Testing
(CPT)) and in the laboratory (e.g., via static and cyclic triaxial and
direct shear tests), need to be thoroughly considered for OWT seismic
load calculations, and the design of the support structure. It is noted
that the focus of the present study is on the relative effect of the adopted
soil properties on the seismic response of the support structure, rather
than how different soil interpretation strategies and methods could
influence the values of the employed soil parameters.

Furthermore, it is broadly recognized that in regions of high seis-
micity, with relatively shallow and clean sand deposits, liquefaction
may impose design risks and engineering challenges (Bhattacharya
et al., 2021; Patra et al., 2022; Zhang et al., 2022). Despite the crucial
impact that liquefaction may have on the response of OWT under
seismic loading, the present study neglects this effect, and focuses on
the objectives presented above. The findings are still valid for cases
of non-liquefiable soil deposits and weak to moderate seismic loading.
The results of the current investigation may be extrapolated to the
additional uncertainty introduced by liquefaction of soils. However,
such extrapolation is not considered to be within scope of the present
study.

This paper investigates the impact of geotechnical uncertainty, in
the form of varying soil properties, on the seismic loading of OWT. The
aim is to de-risk and enhance the current design practice. The study is
based on input data which are representative of a typical offshore wind
project in the APAC region. Section 2 provides information regarding
the applied methodology and related assumptions, while Section 3
gives insight into the considered input parameters and modelling con-
figuration. Sections 4 and 5 present and discuss the obtained results.
Section 6 summarizes the key findings, including recommendations
related to the seismic design of OWT, and suggestions for further
research.
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2. Methodology

Uncertainties related to the soil properties may have a direct effect
on the profiles of soil strength and stiffness used for the design of
OWTs. The adopted soil profile will influence the dynamic response
of the OWT not only by affecting the system’s eigenfrequencies and
its lateral response, but also by modifying the earthquake signal that
is being propagated through the soil, and is eventually acting upon the
structure. The methodology outlined below is followed to address quan-
titatively the objective of this study as presented in Section 1. It is also
noted that the employed methodology is based on the methodology fol-
lowed in the ACE (Alleviating Cyclone and Earthquake Challenges for
Wind farms) Joint Industry Project (ACE JIP, 2021), led by DNV. The
project resulted in the publicly released DNV-RP-0585 (2021). To reach
ACE’s objectives, different wind turbine analysis and design software
(e.g., SGRE’s BHawC, DNV’s Bladed) were used for cross-verification
and comparison of results. An elaborate report was produced by DNV
and distributed among the project partners (DNV, 2021).

For the case study considered in this paper, a BE soil interpre-
tation is established representing the ‘‘reference’’ soil profile. Based
on that, the CE and OE soil profiles are derived which are used as
additional ‘‘reference’’ cases, in line with the discussion in Section 1.
Moreover, based on the BE soil interpretation, additional soil profiles
are generated with soil properties which vary following probabilis-
tic distributions. The lateral soil reaction curves are also calibrated
for each generated soil profile. Further information is presented in
Section 2.1.

Different seismic input motions are considered to study the effects
under different seismic characteristics. Relevant information is pro-
vided in Section 2.2. Under the assumption of vertically propagating
shear waves, one-dimensional site response analyses are used to derive
seismic accelerations along the soil profiles. Section 2.3 presents the
underlying methodology.

Assumptions related to the operational state of the OWT and the
environmental loading conditions are based on design experience and
selected such that a conservative numerical modelling approach is
adopted. The input to the different components of the numerical simu-
lations is discussed in Section 3.

2.1. Soil properties and soil reaction curves

The soil properties corresponding to the BE soil interpretation are
established via in-situ and laboratory testing data that can be obtained
for a representative project location, at a seismically active region in
APAC. Table 1 presents the BE soil properties.

Besides the BE soil profile, the CE and OE soil profiles are also de-
fined as ‘‘reference’’ cases (see Section 1). Based on design experience,
the values of the strength and stiffness soil properties, related to the CE
and OE soil interpretations, are chosen to vary from the corresponding
BE values within a range of ±50% of one standard deviation. The latter
equals 25% of the BE (mean) value.

Additionally, one hundred (100) different soil profiles are generated
by modifying the BE soil parameters as described below. The ‘‘random’’
generation algorithm of MATLAB (2018) is used to produce the soil
parameters variation, following a Monte Carlo simulation approach for
sensitivity investigation.

• In line with DNV-RP-C207 (2015) the small-strain stiffness (𝐺𝑚𝑎𝑥),
and therefore the shear wave velocity (𝑣𝑠), the internal friction
angle (𝜙′) and the undrained shear strength (𝑠𝑢) follow a Gaussian
distribution with mean value equal to the BE value per soil layer
as presented in Table 1, and a standard deviation equal to 25%
of that mean value. The assumed standard deviation originates
from practical experience with various offshore wind projects
around the globe. Indicatively, Fig. 2(a) illustrates a histogram
3

graphical representation of 𝐺𝑚𝑎𝑥 per soil layer. It is visible that the
employed random generation algorithm does not create ‘‘perfect’’
normally distributed profiles within the one hundred realizations.
Such deviation from an ‘‘ideal’’ Gaussian distribution is regarded
as acceptable by the authors, as it sufficiently generates the
desired variation in the soil properties. Fig. 2(b) depicts the
variation of 𝐺𝑚𝑎𝑥 over depth. For comparison, the soil profiles
which correspond to the BE, CE and OE interpretations are also
presented in the plot.

• The saturated soil density 𝜌, and the plasticity index (PI) of the
clay soil layers, are assumed to follow a uniform distribution,
implying that these soil parameters are not altered throughout
the numerical analyses. This assumption allows to solely study
the impact of soil strength and stiffness variations on the seismic
load. However, it is acknowledged that PI has a significant im-
pact on the stiffness modulus reduction and damping curves of
clayey materials. Thus its effect is being investigated separately
by assigning three different PI values to the clay layers of the
BE soil profile. The results of this separate study are presented
in Section 4.

The distributed lateral soil reaction curves are calibrated to reflect
the properties of each one of the adopted soil profiles. At first, the
soil reaction curves for the BE soil profile are generated according
to SGRE’s in-house developed methods. The applied formulation is an
enhanced version of the classical p-y approach for lateral-only non-
linear soil springs (API, 2014; Jeanjean, 2009), mainly in relation
to the small-strain stiffness, aiming to capture soil reaction in case
of laterally loaded monopiles. Specifically for sand soil layers (API,
2014), the ultimate capacity of the reaction is controlled by the internal
friction angle (𝜙′), while the initial stiffness and the curvature are
adapted using the small strain shear modulus (𝐺𝑚𝑎𝑥). For clay soil
layers, the employed formulation is based on Jeanjean (2009); the
ultimate capacity is controlled by the undrained shear strength (𝑠𝑢)
and the selected failure mechanism (via the parameter 𝑁𝑝), while the
small strain shear modulus (𝐺𝑚𝑎𝑥) affects the initial stiffness and the
curvature of the soil reaction curve. Further information is deemed
confidential at the moment of writing this article.

After having calibrated the curves for the BE soil profile, the varia-
tion of the soil parameters, as described above, is used as input to the
soil reaction curves formulation. This procedure allows for generation
of multiple sets of soil reactions in a quick and robust manner.

It may be noted that, while latest research indicates that additional
soil reaction components may be needed to accurately capture the MP
lateral response (Byrne et al., 2019; Panagoulias et al., 2020; Wang and
Ishihara, 2022), the adopted modelling strategy is considered adequate
in relation to the objective of the present study.

Furthermore, as literature suggests, intense seismic loading may
compromise the serviceability design requirements via accumulation of
rotation and/or settlement (Gelagoti et al., 2019; Kaynia, 2019). This
phenomenon might be intensified in case of soil liquefaction (Anasta-
sopoulos and Theofilou, 2016). It is acknowledged that the employed
non-linear elastic soil reaction curves cannot provide insight into such
post-seismic accumulated deformations.

2.2. Seismic motions

Four different seismic motions have been selected from the standard
input suite of the software 𝑃𝑟𝑜𝑆ℎ𝑎𝑘𝑒 (EduPro Civil Systems, 2020). The
adopted code names and the main characteristics of each motion are
summarized below and in Table 2.

One seismic motion is selected from the 𝑀𝑤 6.9 El Centro earth-
quake which occurred on May 18, 1940, at the San Joaquin Valley
in Southern California. One seismic motion is chosen from the 𝑀𝑤
7.5 Kern Country earthquake which occurred on July 21, 1952, on
the strike-slip fault White Wolf, located at the San Joaquin Valley in
Southern California. Two seismic motions are selected from the 𝑀
𝑤
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Table 1
Soil properties corresponding to the BE soil interpretation.

Soil type Top depth (m) Thickness (m) 𝜌 (t/m3) 𝜙′ (◦) 𝑠𝑢 (kPa) PI (%) 𝑣𝑠 (m/s) 𝐺𝑚𝑎𝑥 (MPa)

Sand 0.0 3.0 1.83 35 – – 130 33
Sand 3.0 2.0 1.83 40 – – 150 43
Clay 5.0 5.0 1.68 – 70 30 110 21
Clay 10.0 5.0 1.68 – 80 30 130 30
Sand 15.0 10.0 1.89 40 – – 250 117
Sand 25.0 25.0 1.89 37 – – 310 178
Sand 50.0 10.0 1.89 35 – – 370 256
Sand 60.0 10.0 1.89 33 – – 400 301
Clay 70.0 10.0 1.89 – 350 30 425 340

𝜌: saturated soil density; 𝜙′: internal friction angle; 𝑠𝑢: undrained shear strength; PI: plasticity index; 𝑣𝑠: shear wave velocity;
𝐺𝑚𝑎𝑥: small-strain shear stiffness.
Fig. 2. Histogram of the adopted values of 𝐺𝑚𝑎𝑥 per soil layer, per simulation (one hundred occurrences in total) and the corresponding variation of 𝐺𝑚𝑎𝑥 over depth.
6.9 Loma Prieta (Santa Cruz Mountains) earthquake which took place
on October 17, 1989, with an epicentre about 14 km northeast of
Santa Cruz and 96 km south-southeast of San Francisco. Both of them
represent far-field rock-input records (Borcherdt, 1994).

• ‘‘El Centro’’: El Centro station, Imperial Valley Irrigation District
(horizontal component 180).

• ‘‘TAFT’’: TAFT Kern County station, CA - Lincoln School (horizon-
tal component 111).

• ‘‘Loma Prieta - DH’’: Loma Prieta, station Diamond Heights (hor-
izontal component 90).

• ‘‘Loma Prieta - YBI’’: Loma Prieta, station Yerba Buena Island
(horizontal component 90).

The acceleration time series of the four seismic motions are illus-
trated in Fig. 3(a), while Fig. 3(b) presents the corresponding spectral
accelerations. Note that only the ‘‘Loma Prieta’’ motions represent rock-
input records, while the ‘‘El Centro’’ and ‘‘TAFT’’ motions are recorded
on alluvium deposits, therefore, not representing true free-field outcrop
recordings. However, the selection of the employed input motions
is based on two main criteria: the rich frequency content (which is
4

Table 2
Main characteristics of the employed seismic motions.

Seismic motion 𝑃𝐺𝐴 𝑆𝑎,1 Hz 𝑇𝑝 𝑓𝑚𝑒𝑎𝑛
(m/s2) (m/s2) (s) (Hz)

El Centro 3.37 4.98 0.68 6.20
TAFT 1.81 1.57 0.33 4.74
Loma Prieta - DH 1.11 1.34 0.41 4.32
Loma Prieta - YBI 0.66 0.71 1.41 4.64

𝑃𝐺𝐴: peak ground acceleration; 𝑆𝑎,1 Hz: spectral acceleration at 1 Hz; 𝑇𝑝: predominant
period (estimated based on the maximum amplitude of the raw Fourier spectrum);
𝑓𝑚𝑒𝑎𝑛: mean frequency.

covering higher fundamental modes of the system) and variation in
the accelerations amplitude. Owing to confidentiality, the exact seismic
motions corresponding to the offshore site that the present study was
based on could not be used. Derivation of more accurate seismic
motions based on the seismic characteristics of a representative location
in a seismically-active region, e.g., via Probabilistic Seismic Hazard
Analysis (PSHA), and scaling or spectral matching to conform with
International or National Design Standards, is deemed unnecessary,
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Fig. 3. Acceleration time series (a) and spectral acceleration of the four earthquake
motions used in this study (b).

because the selected seismic motions are being used as indicative
motions to investigate the research objectives discussed in Section 1.

2.3. Site response analysis

One-dimensional (1D) site response analysis (SRA) is conducted
with the program 𝑃𝑟𝑜𝑆ℎ𝑎𝑘𝑒 (EduPro Civil Systems, 2020). Frequency-
domain equivalent-linear simulations are employed to compute the
earthquake excitation signals along depth at free-field for the four
5

selected input seismic motions presented in Section 2.2. The seismic
motion is applied as ‘‘outcrop motion’’, representing a signal that was
recorded at free surface. Shear stiffness modulus reduction and damp-
ing curves are modelled after Seed and Idriss (1970) for sand layers,
and Vucetic and Dobry (1991) for clay layers. Bedrock is modelled
assuming a soft rock formation of unit weight equal to 20.4 kN/m3 and
shear wave velocity of 500 m/s laying below the soil profile, i.e., at
80 m depth. This assumption is deemed realistic as it is based on the
stratigraphy of the offshore site under consideration.

The modelling of the non-linear and inelastic soil response via an
equivalent linear approach is an acceptable simplification in earth-
quake engineering as long as the induced soil non-linearity remains
relatively low, i.e., for moderately stiff soil profiles and relatively weak
seismic motions (Kramer, 1996). The authors trust the acceptance of
the equivalent linear method for the conditions analysed in the present
study. This is further discussed in Section 6.

3. Numerical simulations

The impact of the variability of soil properties on the wind turbine
load response to seismic events is investigated using the aero-servo-
elastic simulation environment BHawC (Bonus Horizontal axis wind
turbine Code), described in Rubak and Petersen (2005). The fully
nonlinear, time-domain simulation environment BHawC has been used
extensively for more than 17 years for the design and development of
onshore and offshore utility-scale wind turbines of Siemens Gamesa
Renewable Energy (SGRE). BHawC has been validated in terms of
power performance and load measurements in the field using full-scale
prototype wind turbines. Guntur et al. (2017) made use of experimental
measurements obtained from a megawatt-scale SGRE wind turbine lo-
cated at the National Renewable Energy Laboratory (NREL) in the USA.
This turbine was instrumented with blade sensors, surface-pressure
taps, and strain gauges for support structure load measurements. The
same turbine was modelled in BHawC and subjected to the same
environmental/wind conditions as experienced by the prototype. The
one-to-one comparison was performed in time-domain, at the level
of ten-minute statistics, but also in the frequency-domain. A success-
ful validation was reported with respect to the turbine operation (in
terms of power, speed and pitch) and the measured loads (including
rotor thrust, blade deflection and tower bending moments). Therefore,
sufficient correspondence was achieved between simulations and mea-
surements to certify the use of BHawC for turbine design and load
evaluation.

The structural model in BHawC includes fully flexible blades, na-
celle elements, tower and foundation. The flowchart depicted in Fig. 4
presents the connection and interaction between the various compo-
nents. For the current study, the turbine is modelled as an offshore
turbine with a monopile foundation. As an aeroelastic simulation en-
vironment, BHawC affords the user the possibility to define the aero-
dynamic behaviour of the blades using two-dimensional lift, drag and
moment polars. Normal turbine operation can be commanded via a
controller DLL (dynamic link library) file, identical to the one used in
full-scale turbines, that communicates at each control time step with
the BHawC environment and provides the necessary actuator inputs.
For the current study, a model setup of the commercial offshore wind
turbine SG-DD-167 of SGRE has been used to perform the seismic
simulations. The specifications of this turbine, as used for this study,
are given in Table 3. The properties of the employed support structure
are presented in Table 4.

Since the purpose of the current study is to evaluate the seismic
response of the turbine, a few modifications are done to the typical
BHawC simulation setup. To gain good understanding of the sensitivity
of soil parameters to the structural response and loads, the impact of
confounding factors arising out of aerodynamics, hydrodynamics and
the controller has been considered out of the current scope, while
retaining a realistic model setup as described below.
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Fig. 4. Flowchart of the BHawC components.
Table 3
SG-DD-167 Wind turbine setup specifications.

Description Symbol Value

Rated power 𝑃𝑟𝑎𝑡𝑒𝑑 8.6 MW
Rotor diameter 𝑑𝑟𝑜 167 m
Cut-in wind speed 𝑣𝑐𝑢𝑡𝑖𝑛 3 m/s
Rated wind speed 𝑣𝑟𝑎𝑡𝑒𝑑 14 m/s
Cut-out wind speed 𝑣𝑐𝑢𝑡𝑜𝑢𝑡 25 m/s
Gearbox ratio 𝜈 1.0 [Direct-Drive]

Table 4
Support structure specifications; mLAT indicates distance from the Lowest Astronomical
Tide in m, which is the adopted zero level.

Description Symbol Value

Hub height elevation 𝐻ℎ𝑢𝑏 113 mLAT
Transition piece elevation 𝐻𝑇𝑃 22 mLAT
Mudline elevation 𝐻𝑚𝑢𝑑 −26 mLAT
Pile-tip elevation 𝐻𝑃𝑇 −62 mLAT
Pile penetration depth 𝐿 36 m
Pile diameter (outer) 𝐷 7.5 m

In line with recently published research findings (Alati et al., 2015;
atra and Haldar, 2021), SGRE’s design experience in seismic projects
ndicates that a turbine under normal operation will show lower loads
han a turbine at standstill, under moderate to strong seismic load-
ng (Xi et al., 2021, 2022). This is due to the presence of aerodynamic
amping arising out of the rotor’s spinning (Valamanesh and Myers,
014; Liu et al., 2017). Operational loads, including transient loads
uring turbine shutdown, even if combined with the seismic loads, are
ypically less severe than the design-driving seismic loads seen when a
urbine is at standstill. Therefore, the present study focuses on an OWT
t idling state (Design Load Case (DLC) 11.3 of DNV-ST-0437 (2016)).
owever, it is noted that power production, (emergency) shutdown
nd idling conditions should be evaluated for the design of OWTs
nder seismic loading (IEC61400-3, 2019), as the observations above
re not reported as conclusive design recommendations, but rather to
upport the BHawC simulation setup adopted for this study. Potential
dverse effects of seismic directionality are also acknowledged (Mo
t al., 2021), but they are not considered in the present study (see the
‘Seismic motion’’ assumptions presented below).

• Turbine Controller: The turbine is simulated at standstill, so the
6

controller is not active.
• Aerodynamic Load: The aerodynamic module of BHawC has
been disabled, and dynamic loading of the turbine due to en-
vironmental turbulence is not present in the results presented
in this paper. User experience has shown that seismic events
that cause design-driving turbine loads are typically significantly
higher than the contemporaneous turbulent wind-induced dy-
namic loads. As such, the load evaluation is not materially af-
fected by the lack of wind-induced aerodynamic loading.

• Aerodynamic Damping: Aerodynamic damping, typically arising
out of the ambient wind speed, but also out of turbine fore-aft
motion, is no longer present in the simulation results presented
in this paper as the aerodynamic module has been disabled. As a
direct consequence of the lack of this source of damping, seismic
load responses presented are higher than what may be expected
in the field.

• Hydrodynamic Load: While the turbine is modelled as an off-
shore turbine, hydrodynamic wave loads have been disabled in
the simulations of this study. Hydrodynamic loads corresponding
to a normal sea state are typically less severe than design-driving
seismic loads for key structural components.

• Damping formulation: The system’s total damping, representing
all different background damping components (soil, hydrody-
namic, structural and aerodynamic), and passive damping devices
(i.e., dampers placed in the tower), is applied via the Rayleigh
damping formulation. The employed non-linear elastic soil re-
action curves (see Section 2.1) do not provide additional soil
material damping. The Rayleigh parameters are set such that the
damping for the first and second eigenmodes is equal to 2.5% and
6.0% logarithmic decrement (0.4% and 0.95% critical damping)
respectively.

• Soil profiles: As discussed in Section 2.1, the values of the soil
properties per layer vary such that a normal distribution is fitted
to the employed soil profiles.

• Seismic Motion: Four seismic input motions, as presented in
Section 2.2, are employed in this study. The seismic signal is
applied horizontally at the bottom of each varying soil profile
(Section 2.1), while 1D SRA is used to derive the seismic signal
over depth, under the assumption of vertically propagating shear
waves (Section 2.3). The derived seismic motions are applied at
the ‘‘free’’ end of the soil reaction curves along the monopile,
from mudline to pile tip. Only one seismic direction is analysed
in the present study, which is the fore-aft (FA) direction of the
turbine, so that the imposed seismic motion is perpendicular to

the rotor plane. Design experience has shown that seismic loading
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Table 5
System’s eigenfrequencies (𝑓𝑛,𝑥) in the fore-aft (FA) and side-side (SS) directions for
three different soil interpretations (BE, CE and OE).

Soil interpretation BE CE OE

𝑓1,𝐹𝐴 (Hz) 0.205 0.201 0.208
𝑓1,𝑆𝑆 (Hz) 0.209 0.205 0.212
𝑓2,𝐹𝐴 (Hz) 0.885 0.842 0.924
𝑓2,𝑆𝑆 (Hz) 0.922 0.876 0.963

Fig. 5. System’s eigenmodes and eigenfrequencies in the fore-aft (FA) and side-side
SS) directions for the BE soil interpretation.

applied to this direction results in the highest loads for several key
structural components. The phenomena studied in this paper are
also expected to be amenable to extrapolation to other directions
of seismic loading.

Based on the information above, the baseline simulation setup
onsidered in this study corresponds closely to OWT in standstill (idling
ondition) subjected to a severe seismic event, occurring predomi-
antly in the fore-aft direction, where the environmental conditions
orrespond to very low wind speeds and a calm sea state.

In Table 5 the impact of the variation of the soil material parameters
n the system’s eigenfrequency can be found. The values of the 1st and
nd eigenfrequencies are presented for the three distinct soil interpre-
ations, namely BE, CE and OE. Both fore-aft (FA) and side-side (SS)
irections are presented. As discussed further above the seismic signal
s applied to the FA direction, but both FA and SS are hereby presented
or completeness. The stiffer the soil profile (i.e., OE), the higher then
igenfrequency of the system. Fig. 5 illustrates the corresponding eigen-
odes. The presented values do not cover the full employed variability

f soil properties as discussed in Section 2.2. They are bounded by CE
nd OE soil interpretations. This simplification is considered adequate
o draw meaningful conclusions. The 3rd eigenmode is not presented
s, being highly damped, is not dominating the seismic response in this
tudy.

. Results

The results of the numerical analyses, with the setup presented in
he previous Sections, are presented below.

Fig. 6 shows the impact of the plasticity index (PI), which is assigned
o the clay layers, on the transfer functions from bedrock to mudline.
hree different cases are analysed with PI equal to 15, 30 and 45. The
E soil profile is used. All other soil parameters remain unchanged.
or this study only one seismic motion is considered, the ‘‘Loma Prieta
DH’’. This figure shows that any uncertainty associated with the

alues of the PI values has a considerable impact to the amplitude and
7

Fig. 6. Transfer functions (bedrock to mudline) for different plasticity indices (PI) of
the clay layers. All other material parameters correspond to the BE soil interpretation.
The imposed seismic motion is the ‘‘Loma Prieta - DH’’.

frequency content of the transfer functions. A higher PI would lead
to stiffer soil response, shifting the frequency content towards higher
values, and less soil damping. In the presented case, an increase of PI
will most probably lead to higher loads as the shifted amplitude peak
gets closer to the 2nd eigenmode of the support structure.

Fig. 7 illustrates the obtained amplitude of the transfer functions
between bedrock and mudline, after imposing the four different earth-
quake motions to the one hundred randomly generated soil profiles.
The results correspond to the free-field seismic motion. The three ref-
erence soil interpretations, i.e., the BE, CE and OE, are also highlighted
with distinct lines. The CE soil interpretation, which corresponds to a
‘‘soft’’ soil profile has amplitude peaks which are consistently at lower
frequencies comparing to the BE soil interpretation. The opposite is true
for the OE soil interpretation. Moreover the OE results indicate that the
OE soil interpretation is stiffer than the stiffest of the one hundred soil
profiles. This is caused by the randomness algorithm for the generation
of the one hundred soil profiles. While it is true that a higher number
of profiles would eventually lead to finer normally distributed values
of the soil properties, the authors consider the number of the generated
profiles adequate to draw meaningful conclusions.

In the same figure the ranges of the 1st and 2nd eigenmodes are also
presented (see Table 5). In all four earthquakes, the 2nd eigenmode
is at the vicinity of the maximum amplitude, while the 1st mode is
located at lower frequencies where the amplitude is about one. This is
an indication that the 2nd eigenmode will be governing the response
of the support structure. The 3rd eigenmode is not presented because
its frequency and the associated total damping are higher, eventually
not leading to critical loading.

While an increasing trend in the amplitude of the transfer function
peaks with increasing soil stiffness is observed (i.e., OE peaks tend to
be higher than BE), it should be noted that resonance of soil’s response
with the system’s eigenfrequencies is far more critical for the structural
loading.

Fig. 7 also indicates that the ‘‘El Centro’’ seismic motion, which is
the one with the highest spectral energy content throughout the entire
range of frequencies (or periods; see Fig. 3(b)), appears to have the
smallest amplitude of transfer functions. This is possibly related to the
high accelerations of ‘‘El Centro’’, which generate high effective shear
strains along the soil profile. Higher strains have a dual effect on the re-
sponse. Firstly, they lead to higher soil damping values. Secondly, they
result in smaller ‘‘equivalent linear’’ stiffness (see Section 2.3), which
might trigger softer soil response, and therefore ‘‘de-amplification’’ of
the higher frequency content of the motion. As indicated in Table 2, ‘‘El
Centro’’ has the highest mean frequency of the four considered motions.
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Fig. 7. Transfer functions from bedrock to mudline, per seismic motion, for all different soil profile input realizations. The values of the 1st and 2nd eigenmode ranges are
presented in Table 5.
Fig. 8 illustrates the Response Spectra (in the form of spectral
accelerations) at mudline for the four different earthquake motions at
free-field. A damping value of 5% critical is assumed for the response
spectrum. In all cases the high frequency content of the input seis-
mic motions is de-amplified, while the low frequency components are
amplified due to the local site effects.

At the high-frequency region of the spectra, i.e., above 0.8–1.2 Hz,
the OE soil interpretation is consistently resulting in higher accelera-
tions comparing to the BE and CE. This is because the OE soil profile
corresponds to stiffer soil material, which is amplifying the higher fre-
quency components of the input motion. The opposite phenomenon is
observed at the low-frequency range, where the CE soil interpretation is
governing the response. In all four seismic motions the response spectra
show amplification of the spectral acceleration at the characteristic
site frequency, being between 0.5 and 0.9 Hz, depending on the soil
properties.

Despite the lower amplitude transfer functions of ‘‘El Centro’’, as
discussed above, this is the seismic motion imposing the highest accel-
erations demand. In this seismic event, the 2nd eigenmode is located
very close to the peak accelerations.

By comparing the relative location of the three distinct soil inter-
pretation (BE, CE and OE) to the frequency range covered by the 2nd
eigenmode, an indication about the most ‘‘critical’’ soil interpretation
may be derived per seismic motion: ‘‘Loma Prieta - DH’’: CE; ‘‘EL
Centro’’: BE and/or OE; ‘‘TAFT’’: BE and/or CE; ‘‘Loma Prieta - YBBI’’:
CE.

Fig. 9 depicts the bending moment profiles over the height of the
support structure (envelope of the maximum values at every level, for
each time-domain calculation), normalized over the maximum bend-
ing moment in all considered simulations. This maximum occurs few
meters below mudline for the ‘‘El Centro’’ earthquake. Note that LAT
represent the zero reference level, in line with Table 4. The variation
in the resulting seismic load is caused by the varying intensity of
the seismic input motions (e.g., in terms of PGA), and the frequency
content of the excitation in relation to the system’s eigenfrequencies. As
illustrated in Fig. 8, ‘‘El Centro’’’s dominant frequency range, with the
8

highest spectral acceleration at mudline, is very close to the system’s
2nd eigenfrequency.

One important observation for all four seismic motions is that there
is no single soil interpretation being the most demanding for the entire
support structure. This is very clear in case of the ‘‘EL Centro’’ and the
‘‘TAFT’’ seismic motions, while for both ‘‘Loma Prieta’’ motions, the CE
is mainly driving the loads apart from some small parts of the structure
close to the mudline and the pile tip.

The observation of the most ‘‘critical’’ soil interpretation discussed
above is verified. While for the two ‘‘Loma Prieta’’ motions the CE
soil interpretation is mostly driving, and that could be predicted by
the response spectra plots, this is not the case for the ‘‘El Centro’’ and
the ‘‘TAFT’’ seismic motions. However, the response spectra correctly
indicated which two out of the three distinct soil interpretations will
cause the highest loads.

5. Discussion

In this Section the results of the numerical analyses are processed
and presented in a format that could give some key insights for the
engineering practice.

Fig. 10 illustrates the percentage probability of occurrence of each
bin of the normalized bending moment. The same normalization as
in Fig. 9 is adopted, while the limits and tick-marks of the horizontal
axes vary per motion for better visualization. The results for three key
components of the structure are presented, i.e., the main bearing, the
tower top and the tower bottom (see Fig. 1).

All resulting load distributions are skewed despite the fact that
the underlying distributions of the input soil parameters are normal
(see Section 2.1). The mean load value (denoted by dotted lines) does
not necessarily coincide with the most probable load (mode), but it
is ‘‘biased’’ towards higher or lower load values. The 85-percentile
(denoted by dashed lines) is always more conservative than the most
probable load (mode). The 85-percentile load level has here been
specifically chosen as a representative load level in accordance with the
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Fig. 8. Response spectra at mudline, per seismic motion, for all different soil profile input realizations. Damping is assumed to be 5%. The values of the 1st and 2nd eigenmode
ranges are presented in Table 5.

Fig. 9. Normalized bending moment distribution over height, per seismic motion, for all different soil profile input realizations.
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Fig. 10. Probability distribution of seismic loads at three elevations (main bearing, tower top and tower bottom). Results for the BE, CE and OE soil interpretations are presented
together with the mean value and the 85-percentile of each distribution.
international standard for seismic evaluation of wind turbine support
structures, IEC61400-6 (2020).

Simulations with the BE soil interpretation (denoted by solid lines)
indicate that the corresponding BE loads can be close to the most
probable load (e.g., ‘‘El Centro’’), but they may also be non-conservative
(e.g., ‘‘TAFT’’). CE and OE soil interpretations are not necessarily
‘‘conservative’’ or ‘‘progressive’’ for the design against seismic loading.
For instance, while CE appears to be very conservative for the ‘‘Loma
Prieta’’ seismic motions, it is non-conservative for the component with
the highest load, i.e., the tower bottom at the ‘‘El Centro’’ earthquake.
In fact for this particular case, the CE load is lower than the OE load,
and far lower than the most probable load (mode).

Interestingly, the two ‘‘Loma Prieta’’ seismic motions, which were
originated from the same earthquake event but recorded at different
location (see Section 2.2), have inherent characteristics which result
in differences with respect to the computed transfer functions (Fig. 7)
and bending moments at the three components of interest (Fig. 10).
However, the probability distributions for both appear to have similar
trends between the different soil interpretations.

To assess the severity of the resulting seismic loads a comparison
with typical ULS load levels from environmental (hydrodynamic and
aerodynamic) loading is attempted. The observations vary per compo-
nent/elevation. At the tower bottom (22 mLAT; Table 4), the maximum
seismic load of all analysed cases, caused by the ‘‘El Centro’’ seismic
motion, corresponds to 70%–80% of the maximum ULS load at that
elevation. At the tower top and the main bearing (about 113 mLAT;
Table 4), the obtained seismic loads show big variation (see also Fig. 9)
and tend to be rather close to the maximum ULS load at that elevation.

Fig. 11 presents the convergence of the 85-percentile normalized
bending moment to within 5% load bounds, per seismic motion, at
the three different components. As indicated by all figures, there is a
minimum of about 15–20 simulations, i.e., different soil interpretations,
in order to reach a convergence within 5% of the 85-percentile load.
Additionally, note that the post-processed normalized bending moment
may be higher than one (i.e., very conservative, higher than the max
of all calculations), if only a small number of simulations is used (see
10

Fig. 11, the ‘‘El Centro’’ seismic motion).
6. Conclusions and recommendations

The goal of this paper was to investigate the impact of geotechnical
uncertainties on the seismic loading of OWT. The most insightful find-
ings emerging from the results are summarized below. It is highlighted
that the conclusions are related to the input conditions and assump-
tions of the presented case study. Nevertheless, similar outcome is
expected for comparable cases. The reported conclusions are supported
by SGRE’s current experience in the seismic design of OWTs, aiming to
inform the engineering community about the potential impact of typical
uncertainties in the soil conditions to the seismic loading of OWTs.

• For the seismic design of OWTs it cannot be decided a priori
which soil interpretation would result in a conservative or pro-
gressive design approach. For instance, the set of soil properties
which would result to the most probable or the 85-percentile of
the seismic load does not necessarily correspond to any of the
BE, CE or OE soil interpretation sets. Thus, an increased number
of realizations (soil profiles with different soil properties) needs
to be considered for safe and sound designs. The exact number
is considered to be project-specific, probably depending on the
local site conditions, the wind turbine and support structure char-
acteristics, but also on the applied seismic motions. The following
pragmatic approach is recommended by the authors in order to
mitigate this risk.

– At least two different sets of soil properties are consid-
ered for the seismic design of OWTs under the selected
project-specific input seismic motions.

– The amplitude of the transfer functions at mudline can be
used to identify the critical eigenmode which could res-
onate with the input seismic motion and lead to the highest
seismic loads.

– The response spectra at mudline (spectral accelerations) can
be used to identify which set of soil parameters may gener-
ate the highest loads. However, this cannot be conclusive
for the whole support structure (tower and foundation) and

the RNA components.
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Fig. 11. Convergence of the 85-percentile normalized bending moment to within 5% load bounds, at three different elevations (main bearing, tower top and tower bottom).
o
C

– A sensitivity study of the seismic response is advised if, at
one or more elevations/components, the obtained seismic
load is close to the ULS design load level, and, the variation
of the seismic load (considering at least two different sets of
soil properties) is wide. Exact values of proximity or span
cannot be suggested. Engineering judgment is required for
decision-making on a project-specific basis.

• For the analysis of the results, the 85-percentile value of the
load distribution has been selected as a representative load level,
following the recommendation of IEC61400-6 (2020), Annex O
(informative). However, the obtained results indicated that the
85-percentile load level is, under the input conditions and as-
sumptions of this study, always more conservative than the most
likely load level of the distribution. As such, for greater accuracy
and reduced over-conservatism, it may be required to consider
a percentile lower than 85 as a representative load level for the
seismic design of OWT.

• The plasticity index parameter of the clay layers, which is directly
controlling the soil material hysteretic damping, has a significant
effect on the transfer functions of the input seismic motion.
Hence, this is an important material parameter to account for,
and thorough evaluation via soil investigation is required. If a
considerable amount of clay is present it is advised to either select
this parameter on the conservative side or conduct a parametric
study to evaluate its influence on the seismic loads.

• As a general note, well-planned and executed site investigation,
together with advanced laboratory testing, could reduce the un-
certainty related to the input soil parameters. Based on the results
of this study, this is considered of high importance for the seis-
mic prone regions, currently in the process of offshore wind
development.

Based on the outcome of this study and its limitations, in relation
to adopted assumptions, the following recommendations are suggested
11

for follow-up research.
• The derived conclusions are based on one hundred different soil
profile realization combined with four different earthquake mo-
tions. Employment of a higher number of soil profiles and motions
would be needed in order to obtain more conclusive results.

• As discussed in Section 2.3 the equivalent linear method is used to
derive seismic accelerations along depth via one-dimensional site
response analyses. While this method is acceptable in engineering
practice (under certain soil and seismic conditions), a non-linear
approach is deemed necessary in order to examine a bigger
variety of seismic motion intensities and soil stiffness.

• Moreover, an effective stress based non-linear method could be
used to study the effects of pore pressure generation and dissi-
pation during and after the seismic event. In this way the effect
of soil uncertainties in combination with liquefaction on seismic
design of OWT can be studied.

• The employment of non-linear soil reaction curves with controlled
accumulation of lateral deflection under cyclic loading is advised
to investigate the potential of permanent lateral deflection and/or
rotation of the support structure under seismic and environmental
loading.
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