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Abstract: Large scale offshore wind farms are relatively new infrastructures and are being deployed
in regions prone to earthquakes. Offshore wind farms comprise of both offshore wind turbines
(OWTs) and balance of plants (BOP) facilities, such as inter-array and export cables, grid connection
etc. An OWT structure can be either grounded systems (rigidly anchored to the seabed) or floating
systems (with tension legs or catenary cables). OWTs are dynamically-sensitive structures made of a
long slender tower with a top-heavy mass, known as Nacelle, to which a heavy rotating mass (hub
and blades) is attached. These structures, apart from the variable environmental wind and wave
loads, may also be subjected to earthquake related hazards in seismic zones. The earthquake hazards
that can affect offshore wind farm are fault displacement, seismic shaking, subsurface liquefaction,
submarine landslides, tsunami effects and a combination thereof. Procedures for seismic designing
OWTs are not explicitly mentioned in current codes of practice. The aim of the paper is to discuss
the seismic related challenges in the analysis and design of offshore wind farms and wind turbine
structures. Different types of grounded and floating systems are considered to evaluate the seismic
related effects. However, emphasis is provided on Tension Leg Platform (TLP) type floating wind
turbine. Future research needs are also identified.

Keywords: seismic design; offshore wind turbines; tension leg platform; seismic hazards; ground
motion analysis

1. Introduction
1.1. Climate Change, Offshore Wind Farm and Global Seismic Hazards

The next decade will see engineering efforts to achieve net-zero, a climate-neutral
continent (the ambition of EU) and develop climate-smart cities. One way to achieve
net-zero is carbonizing the energy/power sources and working towards an entirely clean
energy system. As offshore wind is one of the most advanced technologies for producing
carbon-neutral energy, offshore wind farms will be deployed in different regions, including
those prone to earthquakes; however, there is limited track-record of long-term performance
of offshore wind turbines (OWTs) under seismic effects. Figure 1 shows a global seismic
hazard map in terms of peak ground acceleration (PGA) together with major offshore wind
farm developments. Figure 2 shows a tsunami hazard map with recorded tsunami height.
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Figure 1. Location of planned and proposed offshore wind farms with seismicity [1].

Figure 2. Worldwide spatial distribution of tsunami run-up heights. Darker (red) dots indicate
recorded run-up heights in excess of 20 m [2].

1.2. Offshore Wind Turbine Systems and Seismic Hazards

Offshore wind turbine systems can be classified into two types: grounded and floating.
The readers are referred to two recent textbooks [3,4] for further details on the different
types of systems and main design considerations. Figure 3 shows a schematic diagram of
the main mechanisms affecting an offshore wind turbine during an earthquake.

The figure also shows the most common foundation systems for OWTs. Based on this,
the following considerations can be made from Figure 3:

• Grounded systems (i.e., where the foundation is embedded to the ground) are typical
for shallow waters. For such systems, strong motion is transmitted to the RNA through
the embedded foundation. There exist different types of floating systems where a
floater is anchored to the seabed through cables. For a floating system, earthquake
motion shakes affect the embedded component of the foundation, that is the anchor.
On the other hand, the cables transmit the part of the seismic motion to the floater
and support structure mainly through compressional P-waves, which tend to pull the
cables. Moreover, it can be argued that it is difficult to transmit motion due to the low
mass of the cable as well damping offered by the water. In this sense, floating systems
are better suited for seismic locations as they tend to mitigate the effect induced by
the ground shaking.
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• Other major seismic hazard may arise from large fault movement. The effect of this
hazard on floating offshore wind turbines is schematically shown in Figure 4a,b for
catenary and tension leg platforms, respectively.

Figure 3. Schematic of hazards due to the arrival of seismic waves for offshore wind turbine
structures [5].

Foundation displacement after fault
failure-New mudline level

𝛿h:lateral displacement

𝛿v:vertical displacement

Rotation after fault rupture

Fault rupture

(a) Effect of fault rupture on a floating offshore wind turbine anchored to
the seabed through a catenary mooring system.

Figure 4. Cont.
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Fault rupture 

Foundation displacement after fault
failure-New mudline level

Increased tension load 
due to bouyancy load

Tilt due to 
Fault rupture 

(b) Effect of fault rupture on a floating offshore wind turbine
supported by a tension leg platform (TLP).

Figure 4. Effect of fault rupture on floating wind turbine system.

Earthquake hazards to a wind farm can be complex and it is considered useful to
discuss further. Figure 5 shows a schematic of a wind farm with grounded systems.

Figure 5. Schematic of typical facilities in an offshore wind farm.

A typical offshore wind farm comprises different systems, including a sub-station,
inter-array cables, export cables and grid connection. Each of these components should
be operational after earthquake seismic events and therefore it is often useful to take a
holistic design approach. Notable hazards that may affect offshore wind turbines in seismic
active regions include ground shaking, liquefaction, submarine landslides, tsunami and an
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appropriate combination thereof. Among all the effects, liquefaction has the potential
to cause excessive tilting for monopile-supported wind turbines [6]. Table 1 lists typical
hazards from the various potential seismic zones around the world.

Table 1. Seismic hazards for potential seismic zones.

Location Seismic Hazard

Offshore Western
United States
(California)

High water depths and the required solution is floating technology.
Seismically induced hazards include ground shaking, surface rupture,
seabed liquefaction, submarine landslides and tsunami loading.

Offshore Eastern
United States (Lake
Eerie)

The eastern United States is an intraplate region, and the region has a
relatively low seismic hazard compared to the west coast.
Temperature-induced stresses can be a potential hazard at this site.

Offshore Canada
(Pacific)

Offshore western Canada has the Cascadia subduction zone. Hazards
include ground shaking, tsunami loading, seabed liquefaction, submarine
landslides, basin effects and surface rupture.

Offshore India For the west coast, the significant seismic hazard (Gujarat) is ground
shaking, For the southeast coast, (Tamil Nadu) major hazard is tsunami.

Offshore Taiwan Hazards include ground shaking, surface rupture, seabed liquefaction,
tsunami loading and submarine landslides.

Offshore South
America

Offshore South America has the Chilean subduction zone and can
experience large earthquakes. Hazards include ground shaking, tsunami
loading, submarine landslides and seabed liquefaction.

Offshore Japan
Offshore Japan has a subduction zone and can experience large
earthquakes. Hazards include ground shaking, tsunami loading, seabed
liquefaction and submarine landslides.

Offshore Italy

Adriatic Sea is located within the Adriatic plate. This is a continental crust
by active compression and overridden by thrust belts on all sides.
The region is prone to strong ground shaking, tsunami loading and
liquefaction.

Offshore Greece

Most of the seismicity is concentrated in the southern part of the Adriatic
plate and between the Aegean and African plates into the south-east of
Crete and interpreted to be associated with the intracrustal graben system
(Ptolemy and Pliny trenches). The region is prone to strong ground
shaking, tsunami loading and liquefaction.

Seismic hazards to an offshore wind farm are illustrated in Figure 6. The necessary
steps in a seismic risk evaluation have been studied by several researchers [7–15] and
briefly summarized below:

• Identify seismic hazards at the site including cascading events.
• Rupture of the cables or embedded anchoring for floating systems can occur due to

the effect of large fault movements (i.e., for example, subduction fault). Figure 4a,b
show schematic diagrams explaining the situation taking into consideration a catenary
mooring system and a TLP system.

• Ground shaking caused by inertial effects on the structure induces inertial bending
moment on the foundation piles in a non-liquefiable subsurface. Soil layers with
contrasting stiffness induce additional bending moments due to kinematic interaction.

• The onset of liquefaction may elongate the natural vibration period of the whole
structure due to increase in unsupported length of the pile. One of the significant risks
is the tilting of the foundation due to liquefaction. The rate of liquefaction depends
on the ground profile and type of input motion. The transient effects of liquefaction
influences the bending moment in the piles, and thus need to be considered.

• If there is a tsunami risk, the effect must be considered together with the ground
shaking and liquefaction.

• Earthquakes may cause submarine landslides, and the potential impact must
be considered.

• The effect of earthquake sequence such as foreshock–mainshock–aftershock need to
be evaluated.
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Earthquake Hazards to offshore Wind Turbines

Multiple Earthquakes:
Foreshocks, Mainshocks and

Aftershocks

Effects of Large Fault movements Ground Shaking Liquefaction

Tsunami
Submarine 
Landslide

Lateral SpreadingPiping and Boiling Loss of Bearing Capacity Loss of Strength

Extreme Wave loads (Tsunami 
Load):

• Extreme wave loads leads to 
structural fatigue and reduce 
the durability of an OWT.

• ULS design must consider the
most extreme single event
(often 50 year load case) to
ensure damage is below failure.

Damage to Submarine Network 
Cables:

If cables are damaged or broken 
then the power generating OWTs 

are no longer connected to the 
electricity grid.

Structural Damage to OWT:
• Physical impact leads to 

structural damage 
• Generation of larger

overturning during liquefaction
• Resonance, OWT structure

rapidly vibrates which amplifies 
shear strain experienced by the 
pile

Instantaneous Rotation and Tilt of 
OWT:

If OWT rotates more than a certain
tilt then the structure has failed

Ground and Foundation 
Settlement

Figure 6. Earthquake hazards to a wind farm.

1.3. Loading Complexity of Offshore Wind Turbine Structure

In an offshore wind turbine, the design and analysis of the foundation is challenging
due to complex load conditions arising from the environmental loads (i.e., wind, wave,
currents) and seismic loads in seismically active regions. Figure 7 shows a schematic
diagram of the environmental loads acting on a typical offshore wind turbine, which need
to be carried by the foundations and transferred to the adjacent soil.

Figure 7. Load complexity with the approximate number of cycles for 20 years assumed lifetime.

There are four main environmental loads (i) wind, (ii) wave, (iii) 1P (rotor frequency)
and (iv) 2P/3P (blade passing frequency) loads whose waveform is also shown in Figure 7
for a monopile foundation. The salient characteristics of these loads are summarized
as follows:

• Wind and wave loads have varying amplitude and frequency. Figure 7 shows a
schematic representation of the frequency of these loads together with the frequency
intervals corresponding to the three possible design choices: Soft–Soft, Soft–Stiff and
Stiff–Stiff.



Energies 2021, 14, 3496 7 of 27

• Wind and the wave loads are random in both space and time, and can statistically be
described through probability distributions.

• Wave and wind load act in two different directions, which give rise to the so-called
wind–wave misalignment.

• 1P loading is caused by mass and aerodynamic imbalances of the rotor, while the
forcing frequency equals the rotational frequency of the rotor.

• The blade shadowing effect causes 2P/3P loading, wind shear (i.e., the change in
wind speed with height above the ground) and rotational sampling of turbulence.
Its frequency is two or three times the 1P frequency for two and three-bladed
turbines, respectively.

As mentioned earlier, the mass and stiffness distribution, and the applied forcing
frequencies make offshore wind turbines structures very sensitive to dynamic effects,
such as resonance, vibrations, etc. for further discussions the interested reader is referred
to [3,16]. Depending on the size of the turbine, the natural frequency of the turbine is in
range 0.22–0.33 Hz, which corresponds to the so-called “soft–stiff” design.

The dynamic response of offshore wind turbines subjected to extreme loadings, such
as those induced by earthquakes, is typically non-linear. Codes of practice for the seismic
designing of OWTs, or guidelines for their certification are not available owing to the
limited number of offshore wind farms constructed in seismic-active regions; however,
as offshore wind farms are gradually developed around the world, the need for specific
seismic design codes is increasing as seismic design procedures for conventional structures
are not directly applicable to offshore wind turbines.

Due to a lack of specific guidelines and limited practice in the field, the seismic design
of OWT structures is variable, piecemeal and borrowed from adopted methods for critical
infrastructure design (e.g., nuclear reactors) or ordinary buildings. This paper reviews the
main design issues encountered by practitioners involved in the deployment of offshore
wind farms in earthquake-prone regions.

2. Main Challenges in Seismic Design of Offshore Wind Turbines

Following the work of [6,17], the main issues that must be addressed in the seismic
design process of an offshore wind turbine are summarized as follows:

• Definition of a return period (TR) considering that the typical design lifetime is 25 to
30 years as opposed to that of buildings and bridges, which can be substantially higher.

• Assessment of various seismic hazards at the site.
• Definition of ground motion intensity, typically in the form of a design response spectra.
• Selection of strong ground motions for time–history analyses.
• Definition of the criteria for the load combination of wind, wave, multi-directional

earthquake and the control system.

2.1. Design Return Period

High-magnitude earthquakes have low probability of occurrence but high-risk events
for offshore wind farms, given their increasing role in developing renewable power genera-
tion and energy supply. Typical return periods of large earthquakes may be greater than
500 years. Offshore wind turbines are currently designed for a lifespan up to 30 years [17].
Therefore, it is necessary to assess and manage the seismic risk within the design life of
the structure.

Most existing standard of practices for ordinary structures use a 475-year return period.
The design return period corresponds to a 10% probability of exceedance in 50 years [17],
where the assumed lifespan of a typical structure is taken as 50 years. The 475-year return
period has an approximately 5% probability of exceedance when the time window of
50 years is shortened to 25 years.

Depending on the requirements, such as lower OPEX cost, several limit states need
to be verified [18]. It is worth noting that owing to the high costs in repairing and/or
replacing the components of offshore wind turbines, the seismic design needs to ensure
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the structural integrity and functionality of the structure and other critical components,
notably blades, gear boxes, etc.

Codes of practice often consider the economic impact through the possible conse-
quences of failure. For example, Eurocode 8 [Part 1] [19] recommends two different levels,
namely: ultimate limit state (ULS) and serviceability limit state (SLS) (a) ULS-no col-
lapse representing 10% exceedance probability in 50 years (i.e., 475-year return period);
(b) damage limitation—10% exceedance probability in 10 years (i.e., 95-year return period).

In designing ordinary structures, if a particular seismic code is adopted, it is assumed
that the structure will be subjected to some form of damage during its lifetime to enable
some dissipation of energy while allowing the safe evacuation of its occupants as offshore
wind turbines are most of the time unmanned, the limit states used for ordinary and
manned structures may lead to an overly conservative design and excessive costs. There-
fore, customized requirements for offshore wind farms may be necessary and should be
agreed in the contract. Table 2 provides a few examples of typical requirements. However,
the list is by no means exhaustive, and further work is underway to describe these and
bring out criteria for seismic design. When both the probability of exceedance and the
lifetime of the structure are defined, it is possible to calculate the return period to be used
in the seismic hazard analysis (SHA).

Table 2. Examples of offshore wind turbines with high consequences of failure where seismic design
might need to be considered.

Factors Influencing
Probability of Exceedance Typical Example

Economic impact Tilting of the whole wind turbines beyond repair, see Figure 8.
The consequence of tilting is the loss of investment.
There is no tilt of the overall structure (SLS criteria satisfied—for
example, less than 0.5 degrees), but the blade cracked.
If the blade needs replacement, this can be a huge unplanned cost
and no power production for a substantial amount of time.
Large-scale wind farm in the coastal areas and no power
production will have a national economic impact.

Impact on post-earthquake
relief

Loss of power production could impact the rescue effort and
recovery

Structural integrity
Limit on blade deflection in order to not to hit the tower, see
Figure 8. Tilting of the tower will enhance P-delta moment
causing more fatigue damage leading to an early end of life.

As most offshore wind turbine foundations consist of a large diameter steel pile,
referred to as monopile, it is important to discuss the SLS criteria for this particular
foundation type. One of the important design aspects of monopiles for offshore wind
turbines is the allowable tilt permitted. The current allowable tilt is 0.5 to 0.75 degrees,
and even post-seismic, this requirement must also be adhered to. It is of interest to highlight
the possible reasons for stricter SLS and is shown schematically in Figure 8, and the readers
are referred to Chapter 3 of the book [3] for further details. A larger tilt may reduce blade–
tower collision, increased wear and tear of bearings and increased loads transmitted to
the foundation.
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Figure 8. Design considerations governing the serviceability limit states (SLS) requirements for
offshore wind turbine supported on a monopile foundation.

2.2. Seismic Hazard Assessment

Seismic hazard assessment (SHA) determines the probability of exceedance of ground
motion intensity parameter, often expressed in terms of peak-ground acceleration (PGA) or
spectral acceleration (SA). Seismic hazard assessments can be classified into two categories:
(i) probabilistic seismic hazard analysis (PSHA) and (ii) deterministic seismic hazard
assessment (DSHA). Both procedures require similar inputs, i.e., compilation of seismic
catalog, the definition of seismic source and ground motion models. These hazards also
differ in some fundamental aspects, most importantly in the treatment of uncertainties and
the characterization. Figure 9 shows the main steps of a typical PSHA; these are briefly
discussed hereafter:

Figure 9. An overview of the steps involved in a typical probabilistic seismic hazard assessment
(PSHA) [20,21] and corresponding outputs.

Step 1—Definition of seismic source model: this step consists of compiling an earth-
quake catalog that lists all known historical and instrumented earthquakes in the study
region. The catalog is used to build the seismic source model that defines the spatial
distribution of all the seismic sources that contribute to the hazard at the site.

Step 2—Definition of earthquake recurrence law: this defines the rate of earthquake
occurrence for each seismic source. The Gutenberg–Richter (GR) recurrence law is often
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adopted for recurrence models. As the GR law may produce an unrealistically large
earthquake, it is often truncated to the maximum possible magnitude that the seismic
source can produce.

Step 3—Definition of ground-motion model: it consists of quantifying the earthquake’s
intensity in terms of parameters of engineering interest, such as peak ground acceleration
(PGA), spectral accelerations, etc. These are computed based on empirical ground-motion
prediction equations (GMPEs), which are evaluated from regression analysis of a large set
of records. Although different GMPEs have been developed and are available for regions
of different seismicity, all provide the distribution of the ground motion parameter as a
function of several independent variables such as earthquake size (e.g., magnitude), source
to site distance, type of faulting and possibly geotechnical parameters that characterize
the soil conditions at the site. Owing to the inherent randomness of the seismic process
and epistemic uncertainty in the models, multiple GMPEs are normally used in a logic tree
with appropriate weights.

Outputs—A typical PSHA is often presented through a suite of curves, known as
seismic hazard curves, which represent the average annual rate of exceedance of a given
ground motion intensity measure for different response periods. Since the earthquake
occurrence is modeled as a Poisson process, the average annual rate, λ, can be expressed in
terms of the probability of exceedance, P, and time period, t, such that

λ =
−ln(1 − P)

t
(1)

from which it follows that a probability of exceedance of 10% (P = 0.1) in 50 years (T = 50)
corresponds to an average annual rate of 0.002 or return period (which is its inverse,
i.e., 1/λ) of approximately 500 years.

The main findings from a PSHA can be used to determine the spatial distribution
of the hazard or compute the so-called uniform hazard spectrum (UHS). Since the PSHA
“aggregates” various earthquake scenarios, the resulting hazard cannot be related with
any real earthquake. The disaggregation analysis provides an artificial seismic scenario,
expressed in terms of magnitude–distance–residual, which contributes the most to the
hazard. Once the worst-case scenario is defined, it can be used in the selection of compatible
ground-motion records required as input in time–response analyses. An example of PSHA
analysis for an offshore site in India is provided in Appendix A.

The deterministic seismic hazard approach (DSHA) can be considered as a special case
of the probabilistic seismic hazard assessment (PSHA). Specifically, in the DSHA the most
damaging scenario is considered, the so-called the worst-case scenario, which is defined in
terms of magnitude and source-to-site distance regardless of its frequency of occurrence.
It is worth noting that both methodologies present limitations based on the simplifying
assumptions they rely upon and the degree of subjectivity involved in the process.

Due to its simplicity when compared to the PSHA, the DSHA can be performed in
the early stages of the project for feasibility studies and preliminary designs. From the
collection of historic seismic events, it is possible to find the maximum magnitude and the
minimum distance of the wind farm from active seismic faults. Subsequently, using ground
motion prediction equations (GMPEs) suitable for the specific case study, the average
expected intensity measurements and their variability can be ascertained. It is important to
state that PSHA in low-to-moderate seismic regions may be challenging due to the paucity
of strong motion data, especially offshore, and more detailed studies may have resulted in
lower cost–benefit ratios.

2.3. Choosing the Response Spectra

The dynamic modal analysis with response spectrum is an accepted procedure used
to evaluate the dynamic response of structures. In the context of offshore wind turbine
design, there are broadly three types of response spectrum that can be used:
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1. Response spectrum of a single record. It shows the maximum response acceleration
of a family of single degree of freedom (SDOF) systems with different periods and
given damping.

2. Uniform hazard spectra (UHS) are the main product of the PSHA and can be calcu-
lated for different return periods. This is a horizontal spectrum and not directional
dependent. UHS is site-specific and does not take into account the energy dissipation
due to allowable structural damage.

3. Code-based standard response spectra are provided by most building codes (e.g.,
EC8 or IBC) for both horizontal and vertical directions. To take into account different
capacity to dissipate energies, that is the ductility of the structure, the spectra can be
scaled using incorporate the so-called R factor.

2.4. Ground-Motion Selection for Time–History Analyses

Earthquake scenarios are defined by the seismotectonic features such as magnitude,
distance, local site conditions and the type of fault mechanisms (e.g., strike-slip and normal
fault). These parameters tend to affect the spectral content of the ground motion records.
Two potential approaches are possible for scenario-based selection. If DSHA is used, it
is required to define a design critical earthquake scenario for a given site considering the
characteristics of the earthquake rupture of the identified fault. On the other hand, if PSHA
analysis is performed, it must utilize the seismic disaggregation results from the PSHA.
If multiple scenarios have high contributions to the hazard, multiple scenarios should be
taken into consideration [22].

On the other hand, response spectrum matching methods aim to match both the
ground motion intensity and frequency content of the accelerograms to the target spectrum.
For spectrum matching, the target response spectrum is often the design code spectrum [23].
This selection method is based on the comparison of a candidate response spectrum with
the target response spectrum. The matching is usually calculated using as a reference the
differences between the spectral ordinates of the reference spectrum and the spectrum
of the candidate ground motion. Such a difference is usually evaluated over a vibration
period range. This period range should ideally cover the relevant vibration periods of the
offshore wind turbine structure under scrutiny. In this regard, Eurocode 8 [19] suggest a
range of 0.2 times to 2 times the first vibration period. Furthermore, EC8 suggests that
the average spectrum of seven records needs to be larger than 90% of the target spectrum,
which avoids underestimation. A further upper-bound criterion can also be implemented
to avoid dispersion of the results.

Ideally, the target spectrum should be site-specific, and, therefore, the uniform hazard
spectrum is desirable. It may be noted that different parts of the uniform hazard spectrum
are governed by different earthquake scenarios. For example, moderate events at short
distances tend to be dominant at shorter vibration periods, whereas large events at far
distances tend to be more important for longer vibration periods. Furthermore, when UHS
is used as the target spectrum, candidate records having similar spectral ordinates for the
entire period range tend to be extreme.

A different approach for spectrum matching is the conditional mean spectrum (CMS)
approach [24] which is a combination of scenario-based and spectral-matching methods.
In this method, only the spectral acceleration for a given period is provided. All the results
coming from the disaggregation are obtained from the conditional mean spectrum and
used as a reference for spectral matching. To control the dispersion, confidence intervals
are generally adopted around the conditional mean spectrum.

Practically, it is hard to find natural records that can match a specific target spectrum.
There are a couple of possible solutions in such cases: (a) Natural records from real events
can be scaled to reach the matching. This scaling factor should not be excessively high.
Otherwise, unrealistic combinations of amplitude and frequency contents may be obtained;
(b) time histories can be simulated to obtain stochastic ground motions matching the
hazard spectrum.
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2.5. Combination of Seismic Actions

In practice, the beam on non-linear Winkler foundations (BNWF), also known as the
p-y approach, is applied to model soil–structure interaction effect under seismic loading.
Depending on the application of the earthquake input motion, two different types of
analyses are possible. These are briefly discussed below.

2.5.1. Spatial Analysis

For spatial analysis, the ideal approach is to select seven earthquake events (i.e.,
14 records comprising 7 pairs of strong motion recorded in two main directions of the
instrument record station). These recorded data are applied to the structure along with
the interchanging directions; hence, 14 separate analyses are possible. If the number of
chosen events is larger or equal to seven, then the mean effects on the structure can also
be considered; however, if the number is lower than seven, just the maximum effects
should be considered (i.e., the envelope). If the record selection is not compliant with the
bi-directional approach mentioned above (i.e., two-directional motions are not available),
then similar data may be used identically in both directions, and suitable scaling factors
may be adopted. Normally, there is no scaling in one direction, while the other direction is
subjected to 30% of input motion. It is worth noting that this approach has an important as
it ignores a possible phase difference of the ground motions in the two directions.

2.5.2. Planar Analysis (1-D Analysis)

In the planar model, two approaches may be used:

• The strong seismic motion may be applied to the principal direction of OWT (i.e.,
along the direction of the predominant wind). It must also be assumed that wind and
wave are collinear. The seismic motion may be scaled 1.4 times, which is essentially a
square root of 2 considering two directions.

• The strong seismic motion will be applied to the major principal direction of OWT
(i.e., along the direction of the predominant wind). In a separate analysis, an ad-
ditional component scaled to 30% may be applied in the minor principal direction.
The response can be algebraically added. However, these methods are based on the
superposition principle, which is strictly valid under the assumption of linearity.

3. Choice of p-y Curves for Analysis in Liquefiable Soils

In sites with layers prone to liquefaction, the most critical event for the seismic design
of a monopile foundation is the occurrence of liquefaction since it is likely to cause severe
permanent tilting of the turbine. In practice, the soil–structure interactions of piles in
liquefiable soils is best modeled using a set of p-y curves that resemble the behavior of the
liquefied soil as observed in laboratory testing (see Figure 10a). A bilinear stress–strain
model (see Figure 10b) is proposed in [25] that was used by [26] to recommend a new
family of p-y curves with a characteristic strain hardening behavior, also referred to as
S-shape p-y curves [26]. A step-by-step method for constructing S-shaped p-y curves is
given in [4,27]. The use of an appropriate p-y curves, which are consistent with the soil
response as observed in laboratory testing, is paramount since the typical p-y curves for
liquefied soils tends to significantly overestimate the initial stiffness of the curve, therefore
leading to un-conservative approximation of foundation tilting and the response of overall
system (see Figure 11).
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(a) Results from monotonic triaxial tests car-
ried out on liquefied samples.

(b) Bi-linear stress–strain model for liquefied
soils.

Figure 10. Post-liquefaction behavior of liquefiable soils.

Figure 11. Comparison of soil–structure interaction modeling using traditional p-y curves for
liquefiable soils.

4. Analysis of Monopile Supported Offshore Wind Turbines

For OWTs to remain operational post-earthquakes, several limit states are specified as
detailed in Table 3. The readers are referred to Chapter 3 of the book [3] for further details.

Table 3. ULS and SLS criteria.

Limit State Typical Criteria

ULS

(i) Ground Failure (soil failure) around the foundation causing foundation
collapse. Earthquake may cause seismic liquefaction in certain soils (loose to
medium dense sandy soil) and degradation of stiffness in certain soils.
(ii) Foundation should remain elastic.

SLS (i) Permanent tilt at pile head <0.75 deg (these are typical for grounded systems).
(ii) RNA acceleration <0.2 to 0.4 g.
(iii) Acceptable pile head deformation.

FLS
(i) Wind + wave loading imposes a large number of cycles during the
operational life of the turbines.
(ii) Fatigue life needs to be quantified for a seismic event.
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Figure 12 shows stages of a schematic diagram of loading in the monopile type
foundation, whereby six stages are identified corresponding to the required engineering
calculations [28].

Figure 12. Main loading conditions to be considered for offshore wind turbines in regions prone to
seismic events (modified from [17]).

• Stage I: represents the usual calculations necessary for non-seismic locations and a
typical simplified loading diagram can be found in the article [29].

• Stage II: represents the arrival of the seismic waves and the onset of the turbine’s
control mechanism to reduce overall damage or OPEX cost. It is likely that a normal
or emergency brake may be applied depending on whether the turbine is idling (not
connected to the grid), parked or in power generation mode. The loading in this stage
will comprise inertia load together with the braking load. To obtain a conservative
estimate of the lateral and moment load at Stage 2, the braking and the inertia loads
may be added to the loads applied in Stage I.

• Stage III(a): In liquefiable deposits, when the earthquake progresses, the soil would
progressively liquefy in a top-down fashion, and the load-carrying capacity of the
foundation may reduce significantly. The enhanced flexibility of the pile due to the
larger unsupported length caused by liquefaction may induce excessive tilting (SLS
requirement) and in the worst cases permanent damage (ULS requirement) to the
structure and/or foundation.

• Stage III(b): If the soil is not prone to liquefaction, there may be a kinematic bending
moment in layered deposits.

• Stage IV: If there are submarine landslides, there may be extra lateral loads
the foundation.
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• Stage V: In tsunami risk areas, there will be other different loads due to hydrody-
namic loads.

The main task of the engineers is to combine the effect of earthquakes on the wind
and wave loading, which is schematically shown in Figure 13.

Figure 13. Load combination (wind + wave + earthquake) for a typical offshore wind turbine sited in
a seismic prone region.

5. Examples of Typical Analysis of Offshore Wind Turbine Systems

This section of the paper provides typical analysis of commonly used foundation systems.
The readers of the paper are referred to [30–33] for seismic analysis of hybrid foundations.

5.1. Analysis of Two Types of Grounded System (Monopile and Jacket)

This section of the paper provides a comparative study between a jacket and a
monopile supporting a 9.5 MW turbine for 18 m water depth at a high seismic zone.
Figure 14 shows data of a soil profile from an offshore wind farm site (Changbin Wind
Farm, Taiwan) following [34,35].

Figure 14. Ground profile.

Tables 4 and 5 provide the input data of the structure and foundation system.
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Table 4. Input data of the structures and the monopile foundation.

Description Monopile

Turbine model in MW 9.5
Hub height in meters 105
Pile length in meters 40
RNA mass in Tonnes 495
Tower top diameter in meters 4
Tower bottom diameter in meters 8.8
Pile diameter in meters 8
Pile thickness in mm 90

Table 5. Input data of the structures and the jacket foundation.

Description Monopile

Turbine model in MW 9.5
Hub height in meters 157
Pile length in meters 20
RNA mass in Tonnes 495
Tower top diameter in meters 4
Tower bottom diameter in meters 8.8
Jacket leg diameter in meters 1.5
Jacket leg thickness in mm 40
Jacket bracing diameter in meters 1
Jacket bracing thickness in mm 30
Pile diameter in meters 1.5
Pile thickness in mm 25

Effective stress ground response analysis was carried out using the Cyclic 1D [36]
and the unscaled Takatori record (1995 Kobe earthquake) to obtain ground displacements,
which are then imposed on appropriate p-y curves to study the lateral response of the
OWT-foundation system. The results of the analysis are shown in Table 6.

Table 6. Key results of the analysis.

Monopile Jacket

Load Case
No.

Load Case
Description

Residual
Pile Head
Displ. δ in

mm

Pile Head
Rotation θ in

Degrees

RNA Accel.
(g)

Residual
Pile Head
Displ. δ in

mm

Pile Head
Rotation θ in

Degrees

RNA Accel.
(g)

1
Operational

condition
(Wind+Wave)

57 0.29 N/A 28 0.20 N/A

2

Seismic
consideration

(Wind+Wave+EQ),
Pre-Liquefaction

120 0.57 0.75 32 0.28 0.4

2

Seismic
consideration

(Wind+Wave+EQ),
Post-Liquefaction

128 0.68 0.77 65 0.4 0.42

The following can be concluded from the study:

• Monopiles may permanently tilt if the depth of liquefaction is sufficiently high.
This foundation system experiences large moment demands at the pile head due
to high RNA accelerations and large tower heights and unsupported length due
to liquefaction.
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• Liquefaction reduces the moment carrying capacity of the monopile and magnitude
of reduction depends on the depth of liquefaction.

• Jacket structures transfer loads through push–pull action and as a result the piles
experience axial load. When the soil liquefies (which is typically in the upper part)
the topsoil does not offer shaft resistance (i.e., capacity is reduced) and the load is
transferred to the lower part of the pile which may result in vertical settlement.

Typical deformed shapes of monopile and jacket structures during liquefaction are
shown in Figure 15.

(a) Deformed shape of
monopile structure.

(b) Deformed shape of
jacket structure.

Figure 15. Typical deformed shapes of monopile and jacket structures during liquefaction.

5.2. Seismic Analysis of TLP Type Offshore wind Turbine

As mentioned before, among the different floating system TLP will have a higher
response to seismic motion and therefore TLP is considered for a typical analysis. A TLP-
type floating wind turbine employing a 5 MW turbine in a water depth of 70 m [37] was
considered in this paper. As reported in [37], the span, width and height of the floater are
55 m, 4.4 m and 5.5 m, respectively. The mast height is 71.1 m, mast toe diameter is 5.59 m
and mast upper diameter is 3.87 m. The tendon length is 34.5 m and tendon diameter is
90 mm. The total mass of rotor and nacelle is taken as 350,000 kg. A line sketch of all the
components considered in the finite element modeling of the floating system in the finite
element software ABAQUS is shown in Figure 16.
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Figure 16. Schematic of the finite element model used for the analysis of TLP wind turbine.

5.3. Seismic Response under Vertical and Horizontal Ground Motion

The tension legs are modeled as truss elements. The floater and mast are modeled as
beam elements. The rotor mass is applied through a nodal mass element. Spring damper
systems are implemented at the interface between mast and rotor and between sea bed
and tension legs. The buoyant force is modeled as a uniformly distributed load acting
upwards on the bottom surface of the floater. The damping generated at the interface
between water and floater surface is modeled through two viscous dampers on either side
of the mast. The pretension in the tension legs is achieved by introducing initial strain in
the truss elements.

The Anchorage, Alaska Earthquake of 30 November 2018 was considered in this paper.
The horizontal acceleration and rotation of the mast at rotor level for horizontal ground
motion is shown in Figure 17, and in Figure 18 for vertical ground motion.
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(a) Horizontal acceleration response of the tower at rotor level.
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(b) Time history of rotation of tower at rotor level.
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(c) Horizontal ground acceleration response history.

Figure 17. Seismic response of TLP floating wind turbine under horizontal ground acceleration.



Energies 2021, 14, 3496 20 of 27

0 20 40 60 80 100

Time in seconds

-50

0

50

A
c
c
e
le

ra
ti

o
n
 i

n
 m

/s
2

Horizontal acceleration at rotor level

Mast

overturns
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(b) Rotation time history of the tower at rotor level.
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(c) Vertical ground acceleration time history.

Figure 18. Seismic response of TLP floating wind turbine under vertical ground acceleration.

From Figures 17 and 18, it is clear that the seismic response of TLP-type floating wind
turbines are more sensitive to vertical ground motion than the horizontal ground motion.
The overturning failure of the floating wind turbine under vertical ground motion is shown
in Figure 19.
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Failure under vertical ground motion:

Fig. Overturning of mast started Fig. Mast overturned(a) Overturning of mast started.

Failure under vertical ground motion:

Fig. Overturning of mast started Fig. Mast overturned(b) Mast overturned.

Figure 19. Overturning failure of mast under vertical ground motion.

5.4. Effect of Fault Rupture on Seismic Response of Floating Wind Turbines

A special case of fault rupture where the foundation under one of the tension legs
is displaced due to fault rupture is shown in Figure 4b. Two cases can occur due to the
relative displacement of the foundation under one tension leg (i) loss of the pretension
force in the tension leg, and (ii) additional tension in the tension leg due to the pull of
the foundation under the tension leg. A comparison of the horizontal accelerations and
rotation of the mast at rotor level are shown in Figures 20 and 21.

Figure 20. Comparison of maximum horizontal acceleration before and after fault rupture.

From Figures 20 and 21, it is clear that loss of pretension in the tension legs is more
critical for seismic hazard of the floating wind turbines. It is assumed that the tension legs
are linear elastic materials that can undertake infinite strains. A future study is focused on
the modeling of the breakage of the tension legs under large amplitude ground motions.
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Figure 21. Comparison of rotation at tower top before and after fault rupture.

6. Discussion and Conclusions

This section of the paper summarizes the engineering risk to different OWT foundation
types in seismic regions and is summarized in Table 7.

Table 7. Engineering risk to different foundation types for OWTs.

Foundation Type Engineering Risk in Seismic Areas

(i) High moment demand on foundations due to inertia loading +
emergency braking (if any).

Monopile (ii) Kinematic moments in layered soils.
(iii) Loss of lateral load/moment carrying capacity due to seabed
liquefaction.

(i) Possible buckling of braces.
Jacket Foundation (ii) Stiff system can lead to high RNA acceleration.

(iii) Small diameter piles (as opposed to monopile foundations) are prone
to buckling instability and P-delta effects.

Caissons Overturning due to tsunami loading.

Floating System
Less vulnerable to ground shaking and therefore applicable to high seismic
regions with deeper waters. However, surface fault rupture can cause high
tensile forces on cables.

The existing methods for seismic design of offshore wind structures are generally
based on codes of practices proposed for ordinary buildings and critical structures, such as
nuclear power plants. However, salient differences exist between wind turbine structures
and the building and critical structures as the former have much shorter lifespan and are
primarily unmanned. Hence, it is questionable whether the available seismic provisions
should be extended to design wind structures in seismic areas. The entire design process is
governed by the overall performance and safety of the wind turbine and its components
(e.g., blades and gearboxes), whose failure may prompt extensive downtimes and expensive
repairs. Considering the lifespan for which offshore wind turbines are normally designed,
it is questionable whether a detailed PSHA is required to define the seismic hazard at
the site.

Furthermore, the paucity of recorded strong ground motion data at offshore sites
introduces different additional challenges and uncertainties in the estimation of seismic
hazard. Learning from recent failures, such as the 2011 Fukushima Daiichi nuclear disaster,
it is important to recognize that coastal and offshore infrastructure is prone to multiple
seismic hazards, including ground shaking, tsunami and liquefaction, which may occur
individually, or as a sequence of cascading events and whose effects need to be accounted
for at the design stage.
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Appendix A. Gujarat Seismic Hazard Analysis

Figure A1 shows the map of India with the potential location of offshore Gujarat on
the west coast.

Figure A1. Major tectonic plates and potential offshore wind farm locations in India.

Figure A2 shows the distribution of peak ground acceleration obtained for two return
periods: 475 years (corresponding to a probability of exceedance of 10% in 50 years, shown
in Figure A2a) and 285 years (corresponding to a probability of exceedance of 10% in
30 years, shown in Figure A2b).
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(a) Seismic hazard map for offshore sites in Gujurat for 475 years return periods.

(b) Seismic hazard map for offshore sites in Gujurat for 285 years return periods.

Figure A2. Seismic hazard map for Gujarat.
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The peak ground acceleration was used to calculate the design response spectra
according to the procedures prescribed by the Indian building code (IS 1893 Part 1, 2016).
The design response spectra are shown in Figure A3.

Figure A3. Design response spectra for offshore sites in Gujurat obtained from the PSHA shown in
Figure A2 for return periods 475 years and 285 years.

The results from the disaggregation analysis for Gujarat are shown in Figure A4.

(a)

Figure A4. Cont.
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(b)

Figure A4. Disaggregation of the seismic hazard for offshore sites in Gujurat at return periods of
(a) 475 years, (b) 285 years.
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