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An increasing number of offshore wind farms are being constructed in seismic regions over liquefaction sus-
ceptible soils. This paper presents a methodology for the analysis and design of monopiles in seismically lig-
uefiable soils by extending the established "10-step methodology" with an additional 7 steps. These additional
steps include assimilation of seismic data, site response analysis, stability check of the structure (ULS check
through the concept of load-utilization ratio), input motion selection, prediction of permanent tilt/rotation, and
ground settlement post liquefaction. A flow chart, which shows the interdependence of the different disciplines,
is presented and can be extended to routine design. This proposed method is validated using the observed
performance of an offshore and nearshore turbine from the Kamisu wind farm during the 2011 Great East Japan
earthquake. Predicted results based on the proposed methodology compare well with the field observation and
demarcate the (i) good overall performance of the offshore turbines and (ii) limit state exceedance of the
nearshore turbine. It is envisaged that the proposed method will be useful towards the design of monopiles-

supported wind turbines in seismic areas.

1. Introduction

Towards the end of 2020, the global wind energy generation capacity
amounted to 733 GW, with new installations accounting for 111 GW,
almost doubling that of 2019 [1]. Due to higher efficiencies and more
stable wind conditions offshore than onshore sites, an increasing pro-
portion of wind power is produced through large offshore wind farms.
This demand for cost-efficient wind energy production has facilitated
the industry to develop larger turbines with higher capacities. Fig. 1
presents the evolution of turbine capacity over the last 16 years,
color-coded with rotor diameter. However, due to the high capital in-
vestments involved, profitability of these wind farms requires contin-
uous operation and immediate functionality post-natural hazards.
Therefore, the seismic resilience of OWTs is an important consideration
in their engineering design and is, therefore, an area of active research.
Readers are referred to recent publications [2-9] on various aspects of
seismic design.

Water depth and ground conditions typically govern the choice of the
OWT foundation system. Bottom fixed foundations are typically
deployed in water depths up to 60 m. For depths up to 30 m, monopiles

are preferred. Typical foundation systems between 30 and 60 m include
monopiles, suction caissons, and jacket structures [11].

As translational and rotational inertia is largely concentrated at the
top of OWTs, dynamic wind/wave loads can generate substantial
moment demands on the foundations. Further, due to the sensitivity in
the dynamic response of OWTs to changes in their natural frequency,
soil and foundation flexibility need to be accounted for in the design
stage. Seismic design of offshore wind turbine (OWT) foundations
typically considers self-weight, wind, wave, 1P (rotor frequency), 3P
(blade passing frequency), and seismic loads [11]. Fig. 2 shows the
different load types applied to a turbine structure. The time scales for
wind, wave, and seismic loads add further complexity to dynamics of
OWTs. For example, cyclic wind loads have a period of around 100 s,
whereas wave loads have a period of 10 s. Readers are referred to Arany
et al. [12] and Bhattacharya [11] for further details.

Under seismic excitation, deep foundations experience demands due
to (i) their inability to match free-field deformation (kinematic
response) and (ii) inertia arising from superstructure (inertial response).
Appraisal of these interactions is a necessary step towards the design of
deep foundations for OWTs [15,16].

This paper introduces a methodology towards the seismic design of
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Nomenclature and symbols: Ty Excess pore water pressure ratio
R/A (Resistance/Action) which is load utilization ratio
OWT Offshore wind turbine p Mass density
1P Rotor frequency G, Low Strain Shear Modulus
3p Blade passing frequency @Triaxial  Iriaxial friction angle
H Lateral load @pr Phase transformation angle
M Induced Moment n Pressure dependence coefficient
Mp Plastic Moment Ymax Maximum Shear Strain
ULS Ultimate Limit State pr Reference mean confinement
SSI Soil-Structure-Interaction CSR Cyclic Stress Ratio
UHS Uniform Hazard Spectra Ni60 Corrected SPT blow count
SLS Serviceability Limit State PGA Peak Ground Acceleration
FLS Fatigue Limit State NS North-South direction
DLC Design Load Case EW East-West direction
RNA Rotor Nacelle Assembly API American Petroleum Institute
UDL Uniformly Distributed Load GEER Geotechnical Extreme Events Reconnaissance
PIMY Pressure Independent Multi-Yield model NIED National Research Institute for Earth Science and Delivery
PDMYO02 Pressure Dependent Multi Yield 02 Prevention
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Fig. 1. Evolution of turbine capacity over the last 16 years [10]. The data represents the Turbine make, capacity, and blade diameter.

monopile-supported OWTs accounting for kinematic and inertial effects.
In the following section, the methodology is presented, with consider-
ations to ground motion selection, site response analysis, and dynamic
soil-structure interaction. Further, a case study is presented to validate
the methodology based on observed response to a set of turbines from
Japan during the 2011 Great East Japan (Tohoku) earthquake.

2. Methodology for the seismic design of nearshore and offshore
wind turbines

This section presents a methodology to design nearshore and
offshore wind turbines in seismic regions. Typical limit states for OWT

design include an ultimate limit state (ULS), serviceability limit state
(SLS), and fatigue limit state (FLS) criteria. ULS criteria are necessary to
ensure that the structure and foundation remain safe and exhibit mini-
mal plastic deformations during extreme loading. SLS criteria are
necessary to ensure that the pile head tilt, rotation, and RNA accelera-
tion is within an acceptable range. Finally, FLS criteria are necessary to
appraise the long-term life of the structure (e.g, high cycle fatigue
loading, seismic events, etc.). Limit states considered for seismic design
are discussed below:

(i) Seismic considerations-ULS: The presence of liquefaction/strain-
softening susceptible layers in the soil can reduce the ultimate
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Fig. 2. General loading configuration of offshore wind farms in seismic regions [13,14].

capacity of embedded foundations. Further, under static shear
stresses, ground failure can lead to the mobilization of large soil
masses and increased demands on the foundation system.

(ii) Seismic consideration-SLS: Strong shaking can increase demands
on the rotor-nacelle assembly (RNA), permanent tilt/deformation
at the pile head.

(iii) Seismic consideration-FLS: The large number of cycles imposed
by wind/wave load can induce high cycle fatigue. This condition
must be accounted for the seismic design of OWTs, where the
capacity of the foundation system must be reduced to account for
the fatigue load. It is noted that OWTs incur a much larger
number of cycles during storm and typhoon loading compared to
earthquake loads. However, seismic loads can incur large shear
strains to the soil deposit. Therefore, considerations should be
made towards changes to the fatigue life of the turbine, particu-
larly post-seismic events.

A summary of typical limit states in OWT deep foundation design is
detailed in Table 1. Readers are referred to Bhattacharya [11] for further
details.

Table 1
ULS, SLS, and FLS criteria.
Limit Typical criteria
State
ULS (i) Ground Failure (soil failure) causing foundation collapse
(ii) Foundation should remain elastic
SLS (i) Permanent tilt at pile head <0.5-0.75 deg (these are typical for

grounded systems)
(ii) RNA acceleration <0.2-0.4 g
(iii) Acceptable pile head deformation
FLS (i) Wind + Wave loading imposes many cycles during the operational
life of the turbines
(ii) Fatigue life needs to be quantified after a seismic event

Once the limit states at each hazard level are explicitly defined, the
proposed methodology (outlined in Fig. 3) can be used to obtain a
preliminary foundation design. These steps outlined in Fig. 3 are as
below:

1. Input Data Assimilation:

Prior to analyses, information regarding the turbine, site, and haz-
ards need to be obtained, including

(i) performance requirement (limit states) includes ultimate limit state
(ULS), serviceability limit state (SLS), and fatigue limit state (FLS)
checks. The readers are referred to Table 1 for further details on
the performance requirements.

(ii) turbine data includes wind turbine specifications such as blade
diameter, rotor, blade passing frequency (1P, 3P), tower specifi-
cations (height, thickness, diameter).

(iii) metocean data could be collected from metrological stations
nearby the site. These data could be wind speed (operational,
turbulent), wave height, and period.

(iv) site characterization study is required to investigate the soil
properties, soil layers, types, and water depth.

(v) seismic and tsunami hazard analyses should be conducted for
seismic regions for different return periods.

2. Preliminary design: For the estimation of the pile dimensions, this
step must be fulfilled. The preliminary design methodology could be
carried out using the 10-step method presented in Arany et al. [12].

3. Identification of layers that can rapidly lose strength and stiffness
during earthquake loading using liquefaction triggering analysis
(only in seismic regions).

4. Site response analysis: Appropriate soil constitutive models should
be used to obtain soil displacement histories along the length of the
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pile. The user can perform a total/effective stress analysis based on
the soil profile and expected level of shaking.

5. Definition of appropriate p-y curves for soil layers precluding and
including strength loss (in the event of soil liquefaction/cyclic
softening).

6. Structural modeling of the tower-monopile system using appropriate
structural properties. Imposition of wind, wave, and tsunami load (if
applicable) on the tower structure.

7. Imposition of soil displacement histories obtained from step (4) to
the fixed end of the soil spring.

8. Dynamic foundation-structure interaction analysis.

2.1. Ground motion selection

In design practice, the seismic hazard at a site is described in terms of
a Uniform Hazard Spectra (UHS), obtained from a probabilistic seismic
hazard analysis. However, selecting hazard consistent ground motions
using a UHS has proven to provide conservative estimates of structural
response as the UHS is not defined through a single earthquake scenario.
More appropriately, the Conditional Mean Spectrum [17] and Gener-
alized conditional mean spectrum [18] can be used to obtain the suite of
ground motions at the rock outcrop. A detailed review of possible
ground motion selection methodologies could be found in Katsanos et al.
[19].

The UHS is commonly prepared for rock outcrop sites. The methods
discussed above could be utilized to obtain a suite of hazard consistent
ground motions (at the rock outcrop). Once the rock outcrop motion is
obtained, deconvolution can be used to obtain the ground motion at
bedrock [20]. The suite of ground motions developed for bedrock is the
input to the site response analysis.

2.2. Site response analysis

The free-field response of the ground (away from the deep founda-
tion) to the suite of ground motion developed at the bedrock level can be
obtained through a site response analysis. If assumptions for 1D wave
propagation hold [21], the shear stress-strain response of soil layers can
be characterized through appropriate shear modulus reduction and
damping curves. Based on project requirements, these curves can be
site-specific or generic, based on the client’s requirements. This
approach would constitute a total stress-based site response analysis.
Pore pressure, soil dilation, etc., can be incorporated using an effective
stress-based approach with appropriate constitutive models. It is noted
that equivalent linear analyses are usually performed in the frequency
domain and cannot account for soil softening due to pore-pressure
development [22]. Therefore, analysis of a deposit with liquefaction
susceptible layers would require an appropriate soil constitutive model.

Displacement demands from the ground are then imposed on the pile
through an appropriate set of load-deformation curves (p-y). It is noted
that ground response analysis can account for the development of shear
strain contrasts (based on the soil profile) and associated kinematic
demands.

2.3. Soil-structure interaction

The free-field response of the soil deposit is connected to the
response of deep foundations through appropriate p-y curves. This
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Fig. 4. Typical hyperelastic and reduced API p-y curves.

method treats the pile as a beam on a nonlinear Winkler foundation
(BNWF), where pile-soil interaction is modeled using discrete nonlinear
p-Yy springs.

It is critical to note that p-y curves employed in practice are often
mechanism/hazard-specific. Therefore, considerations towards appro-
priate mechanisms should be accounted for in the selection of relevant p-
y curves. For example, in strain-softening/liquefaction susceptible de-
posits, appropriate modifications can be made to the p-y curves to
represent strength/stiffness loss. Several techniques currently exist in
literature to model the p-y curve for liquefied soil, including p multiplier
reduced p-y curves [23], hybrid curves [24], and zero strength p-y curves
[25]. Further after onset of liquefaction, effects of soil dilation can be
accounted for using strain hardening p-y curves as mentioned in Lom-
bardi et al. [26] or Dash et al. [27]. Therefore, the selection of inap-
propriate p-y springs could lead to overestimation or underestimation in
design based on the problem analyzed. Typical p-y springs for liquefied
soil using the p multiplier (8%) reduced API and hyperelastic formula-
tions are shown below in Fig. 4.

Fig. 5 describes the schematic concept of the soil-structure interac-
tion (SSI) model using p-y springs.

2.4. Identification of liquefiable or strain softening layers

If layers are susceptible to soil liquefaction, simplified methods such
as Idriss and Boulanger [28], Robertson and Wride [29], Kayen et al.
[30], and Seed et al. [31] can be used to estimate the likelihood of
triggering (check for initial liquefaction, i.e.,r;, = 1). However, sufficient
strength loss can occur and lower r;, values, which must be considered
from a design perspective. Further, simplified methods assume each
layer acts independently, leading to challenges in stratified sites, as
noted by Beyzaei et al. [32].

Determination of strain-softening layers can also be identified using
the method presented by Idriss and Boulanger [28]. In addition, lique-
faction triggering analysis is dependent on the hazard level considered
(liquefaction might not trigger for low hazard levels, e.g., design basis
event, but might trigger for the maximum credible event).

2.5. Load utilization ratio analysis

The load utilization ratio of monopile can be used to obtain the de-
mand/capacity ratio of a pile under combined lateral and flexural
loading [33,34]. The utilization ratio can be easily depicted graphically
(Fig. 6), where Mg and Hp represent the resistance capacity of a pile for
the applied Moment (M) and Lateral load (H), which can be predicted
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Fig. 5. Schematic concept of soil-structure interaction model (p-y spring).

using the p-y spring method. The epistemic uncertainty of using speci-
fied p-y curves can be treated using multiple constitutive models.

As shown in Fig. 6, the failure surface could vary based on the chosen
soil constitutive model. Therefore, an idealized soil failure envelope line
is defined. Then, knowing the distance of the design load case (DLC)
point from the idealized line, the load utilization ratio (R/A) could be
found.

Equation (1) is derived based on the provided geometry to calculate
the ratio between the resistance (R) and load (A) to obtain the load
utilization ratio.

(HiMgHR)*+(M;MgHg)
5
(MiHr+MgH;)~

M+ H;

2.6. Analysis of soil settlement post liquefaction

R
FOS(A,B) = 1= Equation 1

As a result of soil liquefaction, sand boil, land subsidence, or exces-
sive settlement could be observed in the field [35]. Liquefaction-induced
consolidation settlements in the free field can be reasonably predicted
using Tokimatsu and Seed [36], Ishihara and Yoshimine [37], or Zhang
et al. [38]. The parameters of this chart are based on CSR and the
adjusted SPT N-value (N1, 60).

Line passing
through the DLC
point from the
. origin
M ¥
R(B) - / Soil failure region based
o/ » on unyeilding pile
/ assumption
*
*
*

. NDesiguload
i case (DLC)
/:

;i Idealised soil
/ H failure envelope

Hga) H H

Fig. 6. Construction of the load utilization ratio.
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Fig. 7. Satellite view of Kamisu wind farm [48].

3. Validation using Kamisu wind farm

The performance of a Japanese wind farm during the 2011 9.0 My,
Great East Japan (Tohoku) earthquake is considered to validate the
proposed methodology. To the authors’ knowledge, ‘Wind Power
Kamisu’ is the only farm containing turbines subjected to earthquake
and tsunami loads. Further, reconnaissance surveys indicated extensive
soil liquefaction in close proximity to the nearshore turbines [39-41].

SN

(i) Offshore turbines

Therefore, this case study presents a unique opportunity to verify cur-
rent seismic design practices in pile-supported wind turbines.

Wind Power Kamisu [42] includes two main wind farms. One is
located 50 m away from the shoreline (Kamisu nearshore wind farm-
Phase 1), and the other is about 60 m away from the coast (Kamisu
nearshore wind farm) at Kashima City in the Ibaraki prefecture [39].
Phase 1 of the Kamisu nearshore wind farm was commissioned in 2010
as Japan’s first offshore wind farm. This wind farm included 7 Hitachi

(ii) Nearshore turbines

Fig. 8. (i) Street view of Kamisu offshore wind farm [49], (ii) Street view of Kamisu nearshore wind farm [39].

7
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HTC-2.0-80 turbines with a rated capacity of 2 MW to provide a total near the Kashima port prior to its offshore counterpart. The nearshore
output of 14 MW on the offshore zone. These wind turbines were wind farm consists of Subaru 2.0-80 wind turbines, supported on pile
installed on monopiles, which extended 17 m below the seabed. The groups extending 17 m into the soil. The satellite view and the street
preliminary design of the offshore turbines can be found in Matsunobu view of Kamisu wind farm are shown in Fig. 7 and Fig. 8.

et al. [42]. The Kamisu nearshore wind farm was commissioned in 2006 During March 11, 2011, 9.1 M,y Great East Japan earthquake, nearby

s gier § -

57 A

Fig. 9. (i) Eighteen days after the earthquake (ii) One year after the earthquake [40]. Evidence of soil liquefaction can be observed through the manifestation of soil
ejecta in part (i).
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Kashima city (station IBR018, [43]) recorded a peak ground accelera-
tion of about 0.65g at the ground surface. Strong shaking was followed
by a tsunami which caused widespread destruction in different parts of
Kamisu city [44]. During the Tohoku 2011 earthquake, the offshore
wind turbines reported no mechanical failure. However, due to grid
connection issues, wind turbines shut down for three days, and after
that, the wind turbines resumed their operation [45-47].

Fig. 9 indicates the location of a nearshore wind turbine next to
Kashima port. All but one of the nine turbines at this location performed
well, having negligible residual tilt, despite strong shaking and soil
liquefaction. Fig. 9 (i) presents evidence of soil liquefaction and ejecta in
the region. A reconnaissance survey by GEER indicated that one turbine
(presented in Figs. 9 and 10) had a residual tilt of about 1.6 deg. Cracks
on the ground surface and soil settlement around the pile cap near the
tilted turbine were found as presented in Fig. 10 (i) and (ii), respectively.
The piles in the group for the nearshore turbines are seated on dense
sand. Therefore, the settlement observed in Fig. 10 (ii) around the pile
group [39].

Satellite photographs in Fig. 9 indicate a preferential manifestation
of soil ejecta towards the northern part of the turbines. Near the tilted
structure, several identical turbines experienced little to no tilt. There-
fore, it is likely that local soil conditions (spatial variability) in the de-
posit played a significant role in the failure of the tilted turbine.

3.1. Soil profile and site response analysis

Strong motion data from the KiK-Net and K-Net stations [43] close to
the wind farm were used to obtain the ground response during the 2011
Great East Japan earthquake. Soil surface motions from stations IBRO18
(Kashima port) and IBRH20 (Hasaki-2) were selected for the nearshore
and offshore turbines, respectively. The recorded motions and corre-
sponding 5% damped response spectra recorded at the Kashima port and
Hasaki-2 stations are presented in Fig. 11 and Fig. 12, respectively.
Deconvolution was performed employing DeepSoil [50] to obtain the
‘within’ motions at a depth of 20 m for both deposits using the soil
profiles provided in the KiK-Net database. Modulus reduction and
damping curves suggested by Anbazhagan et al. [51] were employed.

Soil profiles from boreholes closer to the turbines were obtained from
the NIED Geo-Station database [52] and used to perform the site
response analysis using the ‘within’ motions obtained earlier. The soil
profiles used are presented in Fig. 13 (i) and (ii), respectively. The
groundwater table for the nearshore site was about 5 m below the soil
surface.

The ‘within’ motions obtained were propagated through a 1D
effective stress site response analysis performed in OpenSees [53] to
obtain the free-field response of both deposits. In each deposit, liquefi-
able layers are modeled using the Pressure-Dependent Multi-Yield sur-
face (PDMY02) constitutive model developed by Elgamal et al. [6] and
Yang et al. [54]. The non-liquefiable soil is modeled using the Pressure
Independent Multi-Yield model (PIMY) to prevent a reduction of
strength with loss of confinement.

A modest stiffness proportional damping of 0.3% is considered in the
site response analysis for numerical stability (the main source of
damping arises from hysteretic response of the soil). Parameters used in
the model are presented in Table 2. The motions were corrected for
accelerometer orientation with the fore-aft and side to side directions of
the turbines based on aerial photographs shown in Fig. 9.

Computed soil displacement time histories obtained from the site
response analysis are presented in Fig. 14 and Fig. 15, respectively, for
offshore and nearshore wind farms. The responses indicate the

Soil Dynamics and Earthquake Engineering 157 (2022) 107252

(i) Cracks on ground surface near the tilted turbine indicative of liquefaction
induced soil movement

(ii) Soil settlement around the pile cap of the tilted turbine

Fig. 10. (i) Nearshore Kamisu wind farm before the earthquake (ii) 18 days
after the earthquake with the evidence of soil ejecta [39].

mobilization of ground displacements, particularly at depths of stiffness
contrast, after the onset of soil liquefaction. The free-field response of
the ground is then imposed to the far ends of the compatible p-y springs
to obtain the demand on the monopile.

3.2. Loads cases considered in design

The offshore and nearshore turbines’ tower-foundation system was
subjected to both operational and extreme loads under SLS and ULS
conditions. Therefore, OWTs should resist earthquake inertia and the
loads imposed under SLS conditions. Table 3 and Table 4 summarize the
load cases considered in the analysis of the offshore and nearshore wind
farms, respectively.

Wind loads

Under operational conditions, the estimated mean wind speed at the
site is about 7 m/s [55] for both sites. However, under different load
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Fig. 11. Recorded motion on the soil surface and corresponding 5% damped response spectra at Kashima port (K-Net station: IBRO18).
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Fig. 12. Recorded motion on the soil surface and corresponding 5% damped response spectra at Hasaki-2 (KiK-Net Station: IBRH20).

cases, different wind load types are defined. These loads could be
divided into three types:

Extreme wind loads

The maximum wind load that a wind turbine could experience.
Matsunobu et al. [42] estimated this load as 985 KN; however, based on
the obtained wind speed from Global Wind Atlas [55], the estimated
extreme wind load by Matsunobu et al. [42] is validated using the
method proposed by Arany et al. [12].

Operational wind loads

Describes the wind load during the operating condition similarly;
this value is estimated by Matsunobu et al. [42] and validated using the
method proposed by Arany et al. [12] as 293 KN.

Shut down loads (turned off condition)

Specified as a point load on the top of the tower during its Shut down
period. This value was estimated using the method proposed by Arany
et al. [12] as 190 KN.

Wave loads

A uniformly distributed load (UDL) estimated at 138 kN/m [42] was
specified from the mudline level up to a height of 6.92 m for wave
loading for the offshore site. The mean water depth at the Kashima-Nada
Sea is about 4.5 m, with a period of about 13 s. The wave load distri-
bution profile is presented in Fig. 16 (ii). No wave load is considered for
the Kamisu nearshore wind farm as the water table is 4.82 m below the
ground level.

Tsunami loads

Based on observations from Matsunobu et al. [42], the mean sea level
and tsunami height at Kashima city during the Tohoku (2011) earth-
quake event was recorded at 4.5 m and 5.7 m, respectively. In this study,

10

only a tsunami run-up analysis was performed. It is assumed that the
backwash provided similar demands on the tower. Therefore, a uni-
formly distributed load of 138 kN/m was specified across a run-up
height of 5.7 m (10.2 m from the mudline level). In addition, for the
Kamisu nearshore wind farm, the tsunami height was only considered as
5.0 m from the ground level. Therefore, the assigned UDL to tsunami
load was 138 kN/m. The tsunami load distribution profile is illustrated
in Fig. 16 (iii).

Earthquake loads

The free-field response of the ground is obtained from the site
response analysis and is imposed on the far ends of compatible p-y curves
for both offshore and nearshore turbines. The relative ground
displacement was obtained from site response analysis, as shown in
Fig. 15. The free-field response was obtained and assigned to the end of
p-y springs based on two directions (Bi-directional). One direction rep-
resents the ground displacement in the north-south (NS) direction and
the other east-west (EW).

3.3. Soil-structure interaction analysis

The offshore wind farm foundation system consists of a single pile
embedded in the soil, extending up to 17 m below the seabed. The pile is
modeled using linear elastic beam-column elements with a 3.5 m
diameter pile section of 42 mm thickness. The nearshore wind turbines
are supported by a pile group consisting of 12 piles of length 17 m and
diameter of 0.8 with an octagonal pile cap [39]. The pile is modeled
using linear elastic beam-column elements with a 0.8 m diameter pile
section of 0.3 m thickness.
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Fig. 13. (i) Ground profile at Kamisu offshore wind farm [43], (ii) Ground profile for the nearshore wind farm [52].
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Table 2
Parameters used in the site response analysis for the offshore and nearshore wind farms [53].

Deposit Offshore Nearshore
Model Parameters Fill Fine Sand Gravel Fine Sand Fine sand
Constitutive Model PDMYO02 PDMYO02 PDMY02 PDMYO02 PDMY02
(N1so 3 11 20 40 10
Mass density, p (t/m%) 1.6 1.8 2 2.05 1.8
Low Strain Shear Modulus G, (MPa) 37 54 95 112 51
Poisson’s ratio for dynamic analysis 0.33 0.33 0.33 0.33 0.33
Friction angle describing strength as p’sin(¢) 28 29 34 38 33
Phase transformation angle (¢pr) - - 30 32 31
Pressure dependence coefficient (n) 0.5 0.5
Contraction parameter (c;) 0.107 0.07 0.05 0.01 0.07
Dilation parameter (d;) 0 0 0.06 0.06 0.06
Maximum Shear Strain (7mqx) 0.1 0.1 0.1 0.1 0.1
Reference mean confinement p’, (kPa) 101 101
Permeability (m/s) 1x107° 1x10°° 1x107* 1x10°° 5x107°
Initial Stiffness Proportional damping (&) 0.003 0.003
Convergence criteria based on norm of energy increment 1x1077 1x1077
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Fig. 14. Computed excess pore pressure response. (i) Kamisu offshore wind farm (ii) Kamisu nearshore wind farm
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Table 3

Load cases considered for the Kamisu offshore wind farm.

Design load case
(DLC)

Description

Load configuration

A Extreme Wind + 985 KN + 168 kN/m (6.92 m from the
Wave mudline level)

B Operating Wind + 293 KN + 138 kN/m (10.2 m from the
Wave mudline level)

C Static Wind + 190 KN -+ 138 kN/m (10.2 m from the
Tsunami mudline level)

D Extreme Wind + 985 KN + 168 kN/m +
Wave + Earthquake displacement demand
Earthquake load

Table 4

Load cases considered for the Kamisu nearshore wind farm.

Design load Description Load configuration

case (DLC)

E Extreme Wind 985 KN

F Static Wind + Tsunami 190 KN + 138 kN/m

(Including soil liquefaction) Earthquake displacement

demand (5 m from the mudline
level)

G Extreme Wind + Earthquake 985 KN + Earthquake

load (Including soil
liquefaction)

displacement demand

™1

ST

(i) Discretization

Tsunami Load

Tower

. 43m
HWL
A4
35w
Seabed
Monopile
(i) Wave Loading
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The configurations for the nearshore turbines are presented in Fig. 17
(i) and (iii). Similarly, Fig. 17 (ii) and (iv) illustrate the configuration of
the offshore turbines.

Soil-pile interaction was modeled through nonlinear springs at reg-
ular intervals. Since only the lateral pile response is studied, soil springs
are provided only in the two horizontal directions (i.e., earthquake
motion direction). In both models, API p-y curves [56] and hyperelastic
p-y springs proposed by Dash et al. [27] were used to model the
non-liquefiable layers were used to model the liquefiable layers.

The wind turbine structure was modeled at the top of a monopile
foundation, and aerodynamic mass dampers (bi-directional) were
assigned at the top of the tower. The assigned aerodynamic damper
parameters were found using Adhikari and Bhattacharya [57]. Trans-
lational and rotational inertia of the RNA is assigned at the top of the
tower. Mass distribution of the tower is explicitly modeled through point
masses specified along the tower length. The selection of appropriate
damping is critical for the design and analysis of OWTs [5]. In this
analysis, Rayleigh damping was considered. The damping ratio for the
structural analysis of the wind turbine is varied between 1% and 20%
[57,58] to understand the effect of damping factor variation on the
design requirements.

The turbine structure and foundation specifications are provided in
Table 5.

The fixed base frequency of the tower is estimated as 0.43 Hz, similar
to the value provided in Ref. [42]. The natural frequency of the
tower-foundation system of offshore wind turbines under pre and
post-liquefaction conditions are estimated as 0.38 Hz and 0.36 Hz,

Tower
. 43m
£ £
o =}
o~ N
£ £
) 1
Lel HWL ™M
= 2 ¥ L £
wn S ) n
— (5] -
>

E 2 =
< < »> N
M 35m =

777 -

Seabed
Monopile

(iii) Tsunami Loading

Fig. 16. Load distribution profiles on offshore turbine due to (ii) Wave and (iii) Tsunami loading.
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Fig. 17. Typical configuration of Kamisu nearshore wind farm.
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Table 5
Turbines and foundation specifications [10,42,59].

Kamisu offshore wind farm Kamisu nearshore wind farm

Turbine model Hitachi Turbine model Subaru
2.0-80 2.0-80

Hub height [m] 60 Hub height [m] 60

Pile length [m] 17 Pile length [m] 17

Equivalent top mass 108 Equivalent top mass 108
[tons] [tons]

Blade length [m] 80 Blade length [m] 80

Blade weight [tons] 6.7 Blade weight [tons] 6.7

Tower top & bottom 1.5-4.3 Tower top & bottom 1.5-4.3
diameter [m] diameter [m]

Diameter of the 3.8-4.35 Number of piles 12
transition piece [m]

Tower thickness average 15 Tower thickness average 15
[mm] [mm]

Pile diameter [m] 3.5 Pile diameter [m] 0.8

Pile thickness [m] 0.042 Pile thickness [m] 0.3

Tower thickness average 15 Diameter of pile cap [m] 13
[mm]

Thickness of the 20 Pile cap stiffness rigid
transition piece [mm]

Plastic Moment Capacity ~ 177.5 Plastic Moment Capacity 29.8

[MNm] of monopile [MNm] of a single pile

respectively. These values for nearshore wind turbines are estimated as
0.37 Hz and 0.36 Hz. Table 6 and Table 7 describes key outputs from the
back analysis.

Results show that the monopile-supported offshore turbine remained
safe for all load cases analyzed (Fig. 18). Further, pile head rotation and
tilt were found to satisfy the prescribed performance objectives. In
contrast, the analysis indicated limit state exceedance (for pile head
rotation) in the pile group supported nearshore turbine. The RNA ac-
celeration for offshore and nearshore turbines indicated sensitivity to
the employed damping ratio (£%).

Fig. 18 (i) and Fig. 18 (ii) present the normalized moment profiles
(for load cases presented earlier) for the piles normalized with the
plastic moment capacity (177.5 MNm and 29.8 MNm) of offshore and
nearshore wind farms. The ratio between the maximum observed
moment due to the applied loading and the plastic moment capacity (M/
M,) was approximately 0.47 and 0.85 for offshore and nearshore wind
turbines. These maximum bending moment values were observed for
seismic load cases (D and G) for offshore and nearshore sites.

Matsunobu et al. [42] studied Kamisu offshore wind farms, assuming

Soil Dynamics and Earthquake Engineering 157 (2022) 107252

Table 7

Natural frequency (f7), pile head displacement (4), pile head rotation (6), RNA
acceleration (agna), and maximum bending moment (M;,q,) on a single pile in
the pile group: Nearshore.

Load &%) fi Amax Omax [Oresidual]l ~ arNA Mmax
case (Hz) [Aresiduall (deg) (€3] (MNm)
(mm)
E N/A 037 0.10 0.01 N/A 3.0
F N/A  0.36 0.05 0.005 N/A 2.6
G (1-6 1 0.36 189.00 [22.4]  1.49 [0.17] 0.14 25.5
2 188.60 [22.4]  1.49 [0.17] 0.13 25.5
4 187.80 [22.4]  1.49 [0.17] 0.11 25.4
187.40 [22.4]  1.49 [0.17] 0.09 25.4
12 186.40 [22.4]  1.47 [0.17] 0.08 25.3
20 182.50 [22.4]  1.43 [0.17] 0.07 25.1

a fixed base and nonphysical properties for the ground. The obtained
bending values found by Matsunobu et al. [42] ranges between 20 and
65 MNm, whereas this paper found a range between 19.2 and 83.9 MNm
at the mud-line level for considered load cases.

3.4. Load utilization ratio

The demand to capacity ratio of the monopile under combined
lateral and flexural loading is obtained through a load utilization ratio.
In this study, for each design load case (DLC), the demand is presented
and compared to the system capacity, as shown in Fig. 19 and Fig. 20.
The capacity (yield surface) is estimated using OPILE [60] and using API
[56] p-y curves for the pre-liquefaction and the hyperelastic p-y curves
[26,27] with residual shear strength based on Stark and Mesri [61], for
the post liquefaction condition. The ultimate capacity of soil for the
lateral load (Hg) and then the ultimate capacity of soil for moment load
(MRg) was obtained. These two points (Mg, Hg) were connected using a
line to define a simplified failure envelope for simplification.

Results summarized in Figs. 19 and 20 indicate that the back analysis
indicated that the design load cases are below the failure surface for
offshore and nearshore turbines, respectively. The DLCs were found to
satisfy each limit state. The results show that the offshore wind turbine
DLCs were at least 3.44 times away from the failure envelope in the
worst-case scenario (Post liquefaction). Also, this value was found to be
at least 1.57 times away from the failure envelope for the nearshore
wind turbines.

The analysis predicts that the monopile (for the offshore turbines)

Table 6
Natural frequency (f), pile head displacement (4), pile head rotation (9), RNA acceleration (agna), and maximum bending moment (M;,,,) on the monopile: Offshore.
Load case (£%) f; (Hz) Amax [Aresidua] (mm) Omax [Oresiquarl (deg) agna (8) Mmax (MNm)
A N/A 0.38 43.00 0.39 N/A 76.0
B N/A 0.38 15.00 0.14 N/A 28.5
C N/A 0.36 9.00 0.07 N/A 19.2
D (1-6) 1 0.36 74.60 [51.0] 0.45[0.41] 0.06 83.9
2 73.20 [51.0] 0.44[0.41] 0.05 83.5
4 72.50 [51.0] 0.43[0.41] 0.04 82.8
8 72.10 [51.0] 0.43 [0.41] 0.04 82.0
12 72.00 [51.0] 0.43 [0.41] 0.03 81.5
20 71.80 [51.0] 0.43 [0.41] 0.03 80.9
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Fig. 19. Example load utilization diagram of Kamisu offshore wind farm.

should remain within the failure surface envelope and therefore not
develop plastic response. Based on field observations from Bhattacharya
and Goda [45], the foundation remained safe and resumed its operation
after inspection.

Further, the analysis indicated vulnerability of the nearshore turbine
to liquefaction-induced ground deformations. Post-earthquake recon-
naissance surveys indicated that all but one (due to extensive tilt) of the
turbines were functional post strong shaking. Therefore, it is likely that
the spatial variability of the deposit played a significant role in the
performance of the tilted turbine. Some evidence of the effect of spatial
variability is visible in Fig. 9 (i), where preferential manifestation of soil
ejecta is observed towards the north of the turbine (direction of observed
tilt), which may have contributed to the response.

Tables 8 and 9 present full details of the load utilization ratios (R/A)
for the different load cases.
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Fig. 20. Example load utilization diagram of Kamisu nearshore wind farm.

Table 8
Load utilization ratio for the offshore wind farm.

Load cases DLCs Resistance Capacity

H; (MN) M; (MNm) Hg (MN) Mg (MNm) R/A
A 2.00 68.00 27.00 389.00 4.02
B 1.40 23.00 9.01
C 1.37 14.14 26.00 380.00 11.12
D.1 (¢ = 1%) 2.54 73.20 3.44
D.2 (& = 2%) 2.43 72.70 3.51
D.3 (& = 4%) 2.33 72.00 3.58
D.4 (& = 8%) 2.26 71.20 3.65
D.5 (& = 12%) 2.23 70.80 3.68
D.6 (& = 20%) 2.20 70.30 3.71
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Table 9
Load utilization ratio for the nearshore wind farm.

Load cases DLCs Resistance Capacity

H; (MN) M; (MNm) Hg (MN) Mg (MNm) R/A
E 0.51 2.97 10.00 155.00 37.70
F 0.41 2.49 7.60 115.00 44.80
G (& =1%) 3.28 22.69 1.59
G (£ =2%) 3.29 22.66 1.59
G (& = 4%) 3.29 22.61 1.59
G (& = 8%) 3.30 22.58 1.58
G (& =12%) 3.32 22.57 1.58
G (& = 20%) 3.35 22.33 1.57

3.5. Soil settlement at Kamisu wind farm

Estimation of soil settlement at the nearshore and offshore sites was
assessed based on the stratigraphy shown in Fig. 21. The triggering
analysis was carried out based on Idriss and Boulanger [28], and esti-
mates of the consolidation-induced settlement were obtained from Ish-
ihara and Yoshimine [37]. The analysis predicted initial liquefaction
between depths of 5-10 m and 0-4 m for the onshore and offshore sites.
Estimated post liquefaction consolidation settlements were generally
about 0.15-0.2 m for the nearshore and offshore sites corroborating well
with land subsidence reconnaissance surveys [62] which estimate soil
settlement of about 0.15 m in the Ibaraki region.

Photographic evidence (Fig. 10, ii) in proximity to the nearshore
turbines indicate that soil had settled around the pile group, leading to
the observed vertical fissures near the top of the pile cap. Therefore, it is
likely that the sufficient end-bearing resistance of the nearshore pile
group prevented the settlement of the OWT.

Cumulative settlement (m)
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4. Discussion and conclusions

An existing framework for the foundation design of monopile-
supported wind turbines was extended to include seismic load consid-
erations in liquefiable and non-liquefiable soil. The framework was
validated using a case study from Wind Power Kamisu, a near-shore
farm that performed well during the 2011 Tohoku earthquake and
subsequent tsunami.

The discussion and conclusions are presented succinctly below:

1. A quantitative appraisal of appropriate damping, as recommended
by Lombardi and Bhattacharya [58] and Adhikari and Bhattacharya
[57], could vary the structural demands and therefore needs proper
consideration. Back analysis of a case study from the Kamisu wind
farm further indicated that structural demands could vary if suitable
damping models are not selected.

2. Definition of mechanism-specific p-y spring models for liquefiable
and non-liquefiable soil is necessary as their selection could under-
predict or overpredict structural response (deformation, tilt, RNA
acceleration). As near-level ground conditions prevailed in this
study, the authors employed hyperelastic (strain hardening) p-y
curves for liquefiable soil to account for the increased resistance
attributed to shear strain-induced soil dilation. During shear strain
excursions, such dilative tendencies can transfer high acceleration
pulses to the RNA and therefore need to be accounted for in the
design stage.

3. Load utilization ratio (R/A) type analyses can be conducted to ensure
that design load cases are within the failure envelope. Multiple
constitutive models can be used to estimate the failure surface to
handle epistemic uncertainties. Such a representation allows for a
simple graphical way to estimate the conservatism required in
design.

4. Using the proposed framework, back analysis of a set of turbines
from an offshore and near-shore wind farm (Wind Power Kamisu)

Cumulative settlement (m)
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OC\ T T T

Depth (m)
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16
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(i1) Kamisu offshore wind farm

Fig. 21. Cumulative settlement of Kamisu wind farms during Tohoku 2011 earthquake (i) Nearshore site (ii) Offshore site.
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during the 2011 Tohoku earthquake and subsequent tsunami indi-
cated its sufficiency. The analysis was able to contrast the good
overall performance of the offshore turbines and the limit state ex-
ceedance of the nearshore turbines.
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