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Abstract

Wind turbines on jackets are being increasingly installed offshore. This pa-
per attempts to investigate the effect of soil-structure interaction (SSI) on a
jacket-offshore wind turbine (OWT) in a water depth of 70 m using JONSWAP
spectrum. Stochastic responses of the OWT under varying soil profiles and met-
ocean conditions are studied, by coupling the aerodynamic and hydrodynamic
forces. From stochastic time domain response analyses, the SSI is observed to
have significant influence in soft clay and layered soils at and above rated wind
speeds whereas the dense sand have negligible influence.
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1. Introduction

Wind turbines are increasingly being installed in offshore deeper waters due
to higher wind speeds and lesser visual impact. Additionally, lower turbulence,
ease of transportation and abundance of available sites make offshore wind en-
ergy an attractive proposition [I]. The design of substructures and foundations
for offshore wind turbines (OWTSs) are borrowed from the prevailing concepts in
the offshore oil and gas industry. However, a proper coupled dynamic analysis
is necessary to predict the response and comprehend the modes of failure. As
unlike in the case of oil platforms, OWTs may be more flexible and are subjected
to high lateral loads, from combined wind, waves and currents, to the tune of
50 to 150% of the vertical loading [2]. This calls for a detailed analysis of the
different loading effects for the OWT structures [3].

One major factor that determines the substructure for offshore wind turbines
is the water depth at the installation site. Monopiles till now have been widely
used as a support for OWTs in shallow waters (less than 25 m of water depth)
and over 75% of the installed OWTs in Europe are on monopiles [4]. However,
for deeper water depths within 40 — 100 m, jackets are usually preferred ones
as they are hydrodynamically transparent to wave forces [5]. A detailed re-
view of various substructure concepts of OWTs has been discussed in [6]. The
use of jackets as support structures for OWTSs is gaining prominence (e.g., the
Alpha Ventus and the Beatrice Demonstrator [7]). Recent studies have also
analyzed the response of jacket supported OWTs under the aerodynamic and
hydrodynamic loads [8] 9] [10 [1]. However, the above studies do not consider
soil-structure interaction and assume the jackets are considered to be fixed at
the mudline. This exclusion of soil in analysis is a reasonable assumption for
‘stiff /rigid’ soils whereas the soil effects becomes more important when OWTs
are installed in ‘softer’ marine soils [I2] or a combination of loads acts on the
structure. Therefore to obtain the response of OWT installations in softer soils,
a combined analysis under different loads is necessary to avoid resonance effects.

Based on the experiences in the German industry, a comprehensive review
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of the prevalent methodologies for the design of the OWT foundation was re-
ported by [2]. The limitations of the p — y method in offshore design standards
[13, [14] vis-a-vis offshore industry practices have been reviewed by [15] and it
was concluded that a proper finite element analysis for addressing non-linearities
in soil-behaviour is necessary. A scaled model of 3 MW Vestas V90 OWT was
experimentally studied to illustrate the effects in kaolin clay under cyclic load-
ing by [16]. They reported that shear strain of the soil changes considerably
and therefore its has a considerable effect on the natural frequency variation.
A guideline on the choice of monopile diameters have also been proposed. An-
other work using shake table experiments to investigate the liquefaction effects
on natural frequency and damping on pile supported structures was studied by
[I7]. They found that natural frequencies changed considerably due to seismic
liquefaction. The long term effects of cyclic loading on piles supporting OWT
was evaluated by [I8] and they concluded that cyclic loading increased stiff-
ness contrary to degradation. To study the effect of the soil flexibility of wind
turbines, an experimental model was developed by [19]. The results are then
validated by modelling the wind turbine as an Euler Bernoulli beam using a
finite element framework. The complete wind turbine is modelled as a beam
with one end being supported by translational and rotational spring (soil model)
while the other end of the beam having a lumped mass (rotor-nacelle-assembly
model). These authors also derived an expression in another work [20] to obtain
the natural frequency of the wind turbine structure. This closed-form expression
included the properties of soil as parameters. Studies on effect of shear strain
on natural frequencies were experimentally analysed for three different footings
- symmetric tetrapod, monopile and asymmetric tripod on suction caissons by
[21, 22]. All the above studies are using monopiles to study effect on natu-
ral frequencies and the OWT response did not consider the combined effect of
aerodynamic and hydrodynamic loads along with the soil.

There are also few attempts in literature, wherein, the effect of wind and
wave loads on the response of OWTs on framed structures (i.e., jackets) along

with soil effects have been investigated. The effects of soil-structure interac-
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tion (‘hard’ soil i.e., interface friction angle greater than 35°) using fixed-base
method, the p — y method and the pile group effect was studied by [23] to un-
derstand the performance of braces in jacket OWTs. Seismic studies on jacket
OWTs have been conducted by [24] to understand their effects on overall per-
formance during the earthquakes. There also exist some studies only for jacket
structures without the wind turbine. One example is the parametric study on
the response of jacket structure subjected to transient loading under extreme
waves by [25]. Though there have been studies where the loading effects of
OWT have been studied separately, however a combined aerodynamic, hydro-
dynamic and geotechnical analysis for OWTs is necessary. As offshore farms
can be located where varying soil conditions are present, a parametric analysis
under operational and parked conditions using various soil parameters is also
important.

In this paper, the jacket supported NREL 5 MW OWT [26] response for var-
ious soil profiles is analysed. The OWT response (tower top displacement and
forces at the jacket-base) are studied keeping into mind that the serviceability
limit state criteria (displacements) is satisfied. Each soil profile is studied un-
der different sea-state condition (wind speed, significant wave height and peak
spectral period) as per JONSWAP spectrum. The sea-states are chosen such
that three are in operational regime (below rated, at rated and above rated
wind speeds) while one is in idling regime (beyond cut-out wind speed). Soil
properties along the pile are modelled using the p-y, t-z and @Q-z curves as rec-
ommended by modern design standards [I3] [I4]. In this work, these curves are
represented through nonlinear springs along the length of the pile. The hydro-
dynamic loads are modelled using USFOS [27] whereas the aerodynamic loads
are obtained using the aerodynamic code FAST [28]. Since the loading becomes
stochastic/random due to turbulent wind conditions and irregular (JONSWAP
spectrum) waves, the OWT response has to be handled in a random frame-
work. Therefore, 25 Monte Carlo Simulations are carried out in time domain
for each case and the response obtained is through ensemble averaging. The

paper now runs with additional four sections. The structural, geotechnical and
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NREL 5MW OWT [26] models used in the study are detailed in section §2.
The section also details the numerical methods. Theoretical background for the
combination of aerodynamic and hydrodynamic load calculations is briefly ex-
plained in section §3. Section §4 focuses on the research findings of the present
study and the paper concludes with section §5. Note that in the paper, the term
‘foundation’ refers to the piles embedded in the soil, where as the ‘substructure’
stands for the braced jacket, extending from the transition piece to the pile

heads.

2. Model Specification

2.1. NREL 5MW Offshore Wind Turbine

The NREL 5MW OWT, conceptualized on the REpower 5MW turbine [26],
is considered for the present work. The wind turbine (rotor-nacelle assembly)
is placed on a tapering circular steel tower (70 m long) placed on a jacket
structure. The tower top (or the yaw-bearing), is located at a height of 88.15 m
above the mean sea level (MSL) and the tower outer diameter varies from 5.6 m
at the base to 4 m at the top. A transition piece joins the tower with the
jacket and this transition piece (of length 4 m) is modelled by means of simple
rectangular beam elements.The steel transition piece has a mass of 666 t with
density 15.14 x 10® kg/m? so as to compensate for not including bolts, flanges
and welds in the numerical model. The tower and turbine is modelled using the
information available in [29]. The tower model details are reproduced in Table
This OWT has been widely used as a benchmark for wind energy studies and
its defining features are given in Table|2| It is a 3-bladed, variable speed, pitch
controlled turbine with an upwind rotor configuration and is a representative

model of the multi-megawatt OWTs.

2.2. Jacket Substructure

Jackets are three dimensional space frame structures widely used as offshore

oil platforms. The present model is a four-legged structure that is supported



Table 1: OWT tower dimensions [29]

Design level (m). Outer diameter (m) Thickness (mm)

88.15 4.000 30
83.15 4.118 30
74.15 4.329 20
64.15 4.565 22
54.15 4.800 24
42.15 5.082 28
32.15 5.318 30
21.15 5.577 32
20.15 5.600 32

Table 2: Properties of NREL 5MW OWT [26]

Parameter Value
Power rating 5 MW
Rotor orientation Upwind
Rotor, Hub diameter 126 m, 3 m
Rated rotor speed 12.1 rpm
Cut-in wind speed 3m/s
Rated wind speed 11.4 m/s
Cut-out wind speed 25 m/s

Rotor-nacelle-assembly mass 350, 000kg
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through pile foundations. The water depth at the site is 70 m. The jacket struc-
ture extends 20 m above the mean sea level (MSL). The jacket has a footprint
of 32 m x 32 m at the mudline. Five bays of X —bracings interconnect the main
tubular legs while two horizontal X —bracings are placed at 2.5 m and 50 m
height above the mudline. Fewer horizontal bracings are requierd as the top
deck and foundation also provide sufficient horizontal rigidity to the structure.
The piles are terminated at a depth of 45 m below the mudline and are of 1.8 m
in diameter and of wall thickness 4 cm. The jacket is developed using two-noded
beam elements.

The finite element code USFOS [27], is used to model the jacket. USFOS
is a well-known software in offshore industry for non-linear analysis of space-
frame structures which has the ability to model hydrodynamic loading as well as
geotechnical effects. USFOS makes use of the Idealized Structural Unit Method
(ISUM) [30], for discretization of the structure, wherein one actual element in
the jacket is represented by one finite element [3T]. In other words, by ISUM
one discretizes the structure into actual physical units thereby by passing the
requirement of choosing element and mesh sizes as in traditional FEM. The
motivation behind using the ISUM is to achieve savings in computational and
data costs, by reducing the number of elements and degrees of freedom [32].
ISUM has therefore found numerous applications in ship structures, offshore
structures (e.g., jackets) as well as bridge metal girders as an alternative to
finite element formulation without compromising on the accuracy of the results
[30]. The formulation is based on Green strain, which is able to capture large
displacement effects and the lateral deflection-axial strain coupling. Using the
Green strain formulation, one can therefore account for column bucking and
membrane effects in tubular members in jackets. The large displacements are
taken care by updating the system information at every increment/step using
an updated Lagrangian formulation. By this updated formulation, the loads are
incrementally increased at every time step and the incremental load is reversed
the moment a global instability occurs. In each incremental step, the updated

coordinates of the system along with the information of the immediate previous
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Tower base

Figure 1: FE model of jacket supporting OWT

step is used to perform the analysis. The representative model of the jacket
is shown in Figure The effect soil properties on the global response are
illustrated using load effects i.e., top tower displacement or pile displacement.

The material properties of the jacket are shown in Table

2.3. Soil Model

Usually the offshore structures are bottom supported by piles which fail
either by pull-out in tension (due to cyclic loading) or via punch-through in
compression due to large axial loads. Now for OWTs where the piles experience

large lateral loads, either they fail due to rotation as rigid bodies or due to
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Table 3: Material properties of the jacket

Part Elastic modulus  Yield stress Density
(N/m?) (N/m?) (N/m?)
Jacket 2.10 x 10! 4.20 x 10®  7.85 x 103

Transition piece 2.10 x 10t 4.20 x 10* 15.14 x 103
Tower 2.10 x 10** 4.20 x 10" 8.50 x 103
Piles 2.10 x 10t 420 x 108 7.85 x 103

the failure of soil-wedge supporting the pile (i.e., thus experiencing toe-kick).
Also the lateral loads may cause failure due to bending in flexible piles (soft soil
scenarios) or due to large slenderness ratios. The soil structure interaction (SSI)
can be modelled by means of independent nonlinear springs located along the
length of the pile or by using finite element continuum models. These non-linear
load displacement curve can be modelled either by piece-wise linear springs or
by plastic hinge concepts [33]. Studies have shown that an offshore structure can
fail due to inappropriate load distribution curves along the pile [34]. Therefore,
choosing an appropriate pile-soil model is important to comprehend failure. For
example, if one uses a linear spring model for pile foundation, then one may do
an gross overestimation of the system capacity in some cases [35].

As per the offshore standards [I3], [I4], the non-linear springs are to be dis-
cretely placed along the length of the pile in order to capture the effect of soil
structure interaction. These p — y curves are widely used for pile design in
offshore energy sector [36] and one obtains the lateral spring stiffness from the
gradient of the soil resistance (p) versus deflection (y) curve. Similar the ¢ — z
and @ — z curves are used for estimation of skin friction resistance in the vertical
direction and the tip bearing resistance. The concept of p — y curves has been
extensively examined in [37] are briefly described below.

p — y curves for sand are defined by [13] as follows:

p = Apytanh ( j]f y) (1)
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where the value of A depends on the nature of the loading. As; and A, are
used for static and cyclic loading, respectively.

A, = (3.0 _ 0.8%) > 0.9

A.=09

(2)

In the above equations, p, is the ultimate lateral bearing capacity at a
depth « and k is the initial modulus of subgrade reaction, obtained from [13], as
a function of ¢, the angle of internal friction. p, values are computed for both
shallow and deeper depths, as p,s and p,q respectively and the lower value is
used as the ultimate lateral bearing capacity for sand.

For soft clay below the water table, [I3] derives p — y curves on the basis
of [38]. Initially, the ultimate soil resistance per unit length of the pile, pyz, is
obtained as the minimum of the two values in equation [3]

Puit = (3 + Ty + Jﬂc) cud
Cu d (3)
Duit = 9cyud

where v is the effective unit weight of soil in, d is the pile diameter, ¢, is
the undrained shear strength at a depth = and .J is an experimental coefficient
with values of 0.5 and 0.25 for soft and medium clays, respectively. The p —y

curves are now described using the relationship given in equation [4

é
L _o5 (y) (4)
Dt Y50

p and y are the soil resistance per unit length of the pile and the lateral
deflection, respectively. ys5q is the deflection at half the ultimate soil resistance

and is obtained as follows:

ys0 = 2.5€50d (5)

€50 is the strain at half the maximum stress on undrained compression tests

of undisturbed soil samples [13]. Above y = 8yso, p has a constant value.

10
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In this work, USFOS is used to perform the geotechnical analysis which also
uses the API code for obtaining the resistance curves. In USFOS, a node (finite
element) is generated along the pile at the center of each soil layer along its
length. The pile is modelled as a nonlinear beam elements joining two consec-
utive nodes. The soil is modelled using spring-to-ground elements attached to
each of the corresponding node. Two nonlinear soil springs representing soil
properties - lateral resistance and skin friction- are attached to each node. De-
pending on the required accuracy, the node to node distance can be decreased.
The piles are oriented in the same angle as the main legs of the jacket extending
to a depth of 45 m from the mudline.

A convergence study with respect to the centre-to-centre spacing of soil
springs attached to the pile, is essential to determine the optimum value of
spacing. A sample pile with similar characteristics to the ones supporting the
jacket OWT (i.e. 1.8 m diameter and 45 m depth), in dense sand, was analyzed
by reducing the spacing between soil-springs from 8 m through to 1 m. A lateral
load of 2 MN was applied at the pile head. Figure [2| shows the variation in the
lateral displacement of the pile head, with decreasing centre-to-centre spacing
between the soil springs. The spacing between springs attains an optimal value
at 2 m, as seen in the figure. Henceforth, the spacing is fixed at 2 m centre
to centre for all analyses, except for specific layers in the layered soil, where

thickness is less than 2 m. Soil springs are placed at the centre of such layers.

2.4. Validation of Numerical Model

The suitability of USFOS to model the jacket supported OWT problem was
checked for, through validation tests. A model of the OC4 jacket supporting the
NREL 5 MW OWT was subjected to natural frequency and displacement tests
in USFOS and the values were compared with that of [39], who made use of
SubDyn [40] in their study. In the displacement analysis, lateral loads of varying
magnitude were applied at the tower top and the corresponding displacements
at the tower top and tower base were determined. As shown in Table [4] and

Table [5], USFOS was able to predict the response of the OC4 jacket, with a

11
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Figure 2: Convergence of soil spring density

reasonable amount of accuracy.

3. Loads on Offshore Wind Turbine

An OWT is subjected to the action of both aerodynamic and hydrodynamic
loads. Here, the wind and waves are considered to be collinear i.e., no effect of
directionality is considered. The present study ignores current loads and loads

arising from the wind shear effect on the tubular tower. Further, the effect of

Table 4: Natural frequencies of OC4 jacket in Hz
Mode no. Song et al. [39] USFOS

1 0.319 0.314
2 0.319 0.314
3 1.194 1.170
4 1.194 1.170

12
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Table 5: Analysis of OC4 jacket
Thrust at tower top (kN) Song et al. [39] USFOS

Displacement at tower top (m)

2000 1.21 1.26
4000 2.42 2.52

Displacement at tower base (m)
2000 0.14 0.14
4000 0.28 0.28

marine growth along the jacket members is not considered.

3.1. Aerodynamic Loads

The time series of aerodynamic loads acting at the hub of the NREL 5MW
OWT are realized using NREL’s FAST [2§] program. FAST acts on three
dimensional full field wind files generated by TurbSim [41], which is a stochastic
wind simulator and makes use of the modified blade element momentum theory
[42] by considering wake effects to compute the aerodynamic loads on the hub.

The wind velocity increases with height from the ground, due to the waning
influence of the earth’s friction - a phenomenon called wind shear [43]. In the
present work, the wind velocity profile is predicted by means of a logarithmic

law [14] [44], given by equation @:
v, _In (*) ©)
U In (i)

Here, U, is the mean wind speed at a height z above the mean sea level, U,

is the mean wind speed at a reference height z,. and z( is a surface roughness
length parameter. The actual wind speed at any point may be represented
as the sum of a mean wind speed and a fluctuating component arising from
turbulence. Turbulence is defined as the random perturbations imposed on the
mean wind speed, in three directions, during the transformation of the kinetic

energy of the wind to thermal energy [44]. Turbulence is quantified in terms of

13
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turbulence intensity, which is the ratio of the standard deviation of wind speed
to the mean wind speed. Normal Turbulence Model, wherein the turbulence
intensity decreases monotonically with increasing wind speed, is considered in
the study. The frequency content of the wind velocity is described using the
Kaimal spectrum [45], stated in equation (7):

40,2 Ly, Jup,

5 = (14+6fLy/up)®/3 )

where f is the cyclic frequency, Lj is an integral length scale parameter, uj,

is the mean wind speed and o, is its standard deviation. Using the above stated
parameters, the stochastic wind simulator, TurbSim [4I] generates time series
of 3-component wind vectors over a rectangular grid, encompassing the turbine
rotor. The time series are now marched at the mean wind speed, in the mean
wind direction. This may be visualized as a “full-field” of three-dimensional
space, filled with instantaneous wind speeds [46]. The AeroDyn [42] component
of FAST determines the velocity components on the blade element locations,
through linear interpolation on the full-field wind data. The aerodynamic loads
acting on the blades and the hub of the OW'T are now computed using the blade
element momentum (BEM) theory [47]. The BEM theory is composed of two
sub-theories: the blade element theory and the momentum theory. According
to the blade element theory, the total aerodynamic force on the blade can be
determined as the sum of the forces acting on the discrete blade elements along
its span. The momentum theory makes use of the conservation of momentum

to determine the forces and flow conditions on a OWT blade.

3.2. Hydrodynamic Loads

Being hydrodynamically transparent structure, the wave forces on the jacket
can be obtained using Morison’s equation. Both FAST and USFOS computes
wave loads on the jacket, using Morison’s equation [48]. Using this equation,
one computes the wave loads on fixed cylindrical structures as the sum of inertia

and nonlinear drag forces. Accordingly, the force per unit length of a cylinder

14
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is given by equation :

D? 1
F = pC’MWTiLwL §PCD|U| u (8)

Here, F' stands for the horizontal force on the cylinder per unit length,
D represents the diameter of the cylinder and u stands for the relative water
particle velocity in the horizontal direction. Cj; and Cp are the empirical
hydrodynamic coefficients for inertia and drag, respectively and p is the density
of sea water. The upper dot stands for time derivative.

Ocean waves are characterized by their inherent irregularity. Irregular sea
elevations may be assumed to be Gaussian-distributed zero-mean stationary
stochastic processes [49]. In the present study, the time histories of irregular
waves are generated from the JONSWAP spectrum [50]. The JONSWAP spec-
trum is valid for limited fetch conditions and is extensively used in the offshore
industry. A constant area method is used for discretization of the spectrum
- here, the spectrum is split into components of equal area (or energy). Each
wave component is associated with a harmonic wave of given amplitude, angular
frequency and random phase angle. The wave surface elevation is now realized
through the superposition of all harmonic wave components. This method is
called as the Deterministic Spectral Amplitude (DSA) model and the wave sur-

face elevation, n(t) is represented using Rice’s equations [51] [52] as follows:

N
n(t) = Z A; cos(wit — ;) (9)

i=1

Here, A; refers to the deterministic wave amplitude, w is the energy spectrum
under consideration, Aw is the discretization frequency and v; is the random
phase added to preserve the randommness of the time series. The spectrum
is discretized into 300 frequencies for generation of time series of sea surface

elevation.
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Figure 3: Combining loads for OWT analysis

3.8. Coupling of Loads

The program FAST is capable of coupled aerodynamic-hydrodynamic analy-
ses, but lacks geotechnical capabilities. On the other hand, USFOS can simulate
responses arising from hydrodynamic-geotechnical coupling. Thus, there arises
a need to combine the load effects of these two computer programs to realize
the response of a jacket supported OWT under wind and wave loading, in the
presence of soil. Wind-wave analyses for fixed OWTs can produce conserva-
tive estimates of structural response, when the natural period of the jacket is
lower than the period of the forcing waves [53] [54]. The present work makes
use of a coupling approach for wind and wave loads, which involves a two-step
procedure, as illustrated in Figure a) derivation of the time-series of wind
loads acting at the OWT hub, using FAST and b) subsequently the analyses in
USFOS by including the wind loads from FAST.

In the first step, the jacket model is incorporated into FAST, for coupled

16
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aerodynamic-hydrodynamic analysis. The jacket is fixed at the mudline and
the effect of SSI is mimicked by means of an apparent fixity model, which ap-
proximates the pile-soil stiffness by means of a fictitious cantilever extending
beneath the mudline. This fictitious cantilever would produce mudline deflec-
tion and rotation identical to that by the actual pile-soil system, under similar
loading conditions. Derivation of apparent fixity has been extensively discussed
in literature [55], [56]. In the second step, coupled hydrodynamic-geotechnical
analyses are performed in USFOS, in the presence of the time-series of hub-
height wind loads exported from FAST. For such a coupled approach, it is
essential that the wave generation capabilities of the two programs should be
similar [57]. As observed in Figure |4 showing the spectra of sea surface eleva-
tion for a sample sea state characterized by a significant wave height of 3 m and
peak spectral period of 8 s, FAST and USFOS have identical programs for the

generation of wave loading.
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3.4. Pushover Analysis

Pushover analysis is used as a tool to determine the ultimate capacity of
structures under lateral loads [58], such as waves and earthquakes. Pushover
analysis is conducted in two stages [33]: initially, the permanent loads on the
structure (self weight) are incremented to a value of unity. In the second stage,
the environmental load is gradually increased till eventual collapse of the struc-
ture. The resultant load-displacement curve is indicative of the behavior of the

structure during and beyond the collapse.

3.5. Dynamic Analysis

The dynamic model of an offshore jacket subjected to environmental loading

may be represented as follows:
[M]X + [C]X + [K]X = {F(t)} (11)

In equation (1)), [M], [C] and [K] represent the mass, damping and stiffness
matrices, respectively. {F(t)} is the vector of external forces on the system. X
stands for the vector of displacements and its time derivatives (velocities and
accelerations) are indicated by means of dots above the symbols. The present
work makes use of the Hilbert-Hughes-Taylor-a method [59] for numerical time
integration. This method is a variation of the Newmark-$ method (where, a =
0). Here, the parameter o represents the time averaging of damping, stiffness
and load terms [3I]. Artificial damping is induced in the higher order vibration

modes, without compromising the accuracy.

4. Modelling Parameters

Four different wind speeds and their corresponding wave conditions (signifi-
cant wave height and peak spectral method) are considered for the analysis. The
first three wind speeds are in the operational regime (at the rated wind speed
of wind turbine, and additionally above and below the rated wind speeds) of
the NREL 5 MW OWT, whereas the remaining one is representative of an ex-

treme scenario (i.e., idling condition of turbine). Under extreme wind speeds,
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Table 6: Load cases for OWT analysis
Load case V, (m/s) Hy, (m) T, (s) TI Remarks

1 6.0 2.2 9.8 0.20 Below rated wind speed
2 11.4 3.1 10.1  0.15 At rated wind speed
3 24.0 5.7 11.2  0.12 Above rated wind speed
4 45.0 11.2 13,5 0.10 Extreme wind speed

the OWT blades are in a parked condition and there is no power production.
Wind and waves are correlated and their simultaneous occurrence is predicted
on the basis of JONSWAP spectrum [60]. The joint density function for wind
and wind generated waves has been further elucidated by [6I]. The chosen met-
ocean states used in the study are specified in Table [f] Here, V,, refers to the
10-minute mean wind speed at the hub-height and TT represents the turbulence
intensity. Each sea-state is denoted by a significant wave height (H) - peak
spectral period (7,) pair. In order not to write the details (quartet V,,, TI,
H,, T,) of sea states while representing results, it is termed as four different
load cases as mentioned in Table [f] The values for those reported in table are
obtained using [60, [61].

Each sea state (V,,, Hs, Tp) response of the OWT is studied under three
different soil compositions - uniform sand, layered soil and soft to medium stiff
clay [62] (henceforth referred to as soft clay) profiles. The layered soil profile is
composed of interspersed layers of sand and clay and the clay profile has layers
of varying stiffness. The layered soil profiles are representative of existing soil
conditions at sites off the eastern Indian coasts. The soil properties are defined
in Tables and @ Here, ' refers to the effective unit weight of soil, ®, to
the angle of internal friction and S, stands for undrained shear strength. esg
is the strain at 50% failure stress, in percentage and K stands for the modulus
of subgrade reaction. The classification of sands is based on the values given in
[63].

The wave loading is random due to irregular (Gaussian) nature which is
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Table 7: Sandy soil profiles

Depth (m) Type ' (kN/m?) @ (°) K (MN/m?)
Loose sand
0.0— sand 10 28 2.9
Medium dense sand
0.0— sand 10 33 16.3
Dense sand
0.0— sand 10 37.5 30.8
Table 8: Layered soil profile
Depth (m) Type o (kN/m?) @ (°) S, (kPa) e K (MN/m?)
0.0-1.5 sand 8 20 5.5
1.5-5.2 clay 8 20 1.5
5.2-6.6 sand 8.5 20 9.5
6.6 - 8.8 clay 8.5 20 1.5
8.8-11.7 sand 9 25 5.5
11.7-13.1 sand 9 30 16.6
13.1-15.6 clay 8.5 35 1.5
15.6 - 16.7  sand 9 25 5.5
16.7 - 37.0 sand 9 30 16.6
37.0-50.0 clay 8.5 110 0.5
Table 9: Soft clay soil profile
Depth (m) Type ~ (kN/m?®) S, (kPa) €59
0.0-14.6 clay 5 2-14 2
14.6 - 27.1  clay 8 29 - 72 2
27.1-50.0 clay 8.5 72-77 2
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obtained from the wave elevation equation @D The turbulence intensity also
causes randomness in the wind speeds and thereby aerodynamic loads. There-
fore, the average response needs to be obtained for ensemble of realizations or
Monte Carlo simulations. Pseudo-random number generators are generated to
realize time series of wind and wave loading. The use of this approach en-
sures the reproduction of the same time series, by using the same random seed
[9]. Variation in the random seed results in the realizations of different time
series for the given set of wind (or wave) parameters, which causes epistemic
uncertainties during load and response computations [64]. Such uncertainty
may be eliminated by increasing the sample size, i.e., by performing a large
number of simulations with varying random seeds. The present study makes
use of 25 Monte Carlo simulations of wind and wave time series for each load
case. Each simulation is performed for a duration of 600 s as the wind speed
averages are usually range for 10—min. In order to show the number of sam-
ples necessary to obtain reasonable ensemble averages, a representative figure
for statistics of tower top deflection response is shown in Figure [l The figure
shows that with increase in number of ensemble size of Monte Carlo samples the
ensemble averaged statistics converges. Therefore, the ensemble size is chosen
as 25 for future calculations. One should note that due to inhomogeneity of
the soils and non-linear interaction due to pile-soil springs, the skewness and
kurtosis changes considerably with respect to fixed base. One of the reasons
that non-Gaussianity effect is changed is due to the additional flexibility of the

soils which may lead to change of natural frequency.

5. Numerical Illustrations

This section deals with the variation of structural responses on the jacket
supported OWT arising from different soil and load conditions. The lateral
displacement plots are shown with respect to the center line (vertical axis) of
the jacket which is shown through Figure[f] It shows the vertical levels at where

the response is measured along the jacket and tower. Also the the plan figure
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Figure 5: Convergence of statistical parameters for tower top deflection with increasing seeds

shows the exact location where the response is measured. The plots use an

exaggerated horizontal scale for a better visibility of the response.

5.1. Variation of response with angle of internal friction

Three types of sandy soil, differentiated on the basis of the angle of internal
friction are considered - dense, medium dense and loose sands. In USFOS, soil
stiffness is obtained as the initial slope of the p — y curves. For sands, the
initial slope of the p — y curves are developed as per the API recommendations
and they are dependent on the angle of internal friction. Thus, an increase in
the angle of internal friction gives stiffer soils with greater soil-pile resistance
accompanied by a reduction in the response to loading. It may also be noted
that the unit weight of the soil has a minimal bearing on the initial slope of the

P — Y curves.
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Table 10: Pile top displacements in sand

Type of sand  Pile top displacement (cm)

Dense 0.1
Medium dense 0.3
Loose 1.0

Wind and wave conditions corresponding to the rated wind speed of 11.4 m/s
(Load Case 2, cf. Table @ are imposed on the structure. The rated wind speed
corresponds to the first time maximum power output is achieved by the turbine
[44]. Figure [7| shows the ensemble averaged maxima of the lateral response of
the jacket supporting the NREL 5 MW OWT in sandy soils of varying stiffness.
Though the stiffness changes across the three sandy soil profiles, a significant
variation in the lateral displacement of the structure, along the tower, is not
visible. However, below the MSL, there is a marginal increase in response with
reduction in stiffness of the sandy soil (up to ten times for loose sand). This can
be observed from the maximum pile top displacement values at the mudline,
shown in Table As the sandy profile, do not affect the responses, the further

analysis considers in the study the dense sand profile only.

5.2. Influence of SSI

As mentioned in the introduction, OWTs supported on jackets have often
been studied as fixed bottom structures and the contribution of SSI is ignored.
Under such an assumption, the legs of the substructure are pinned to the mud-
line. In the present section, the ensemble averaged maxima response of the
OWT structure at the rated wind speed is investigated by pinning the legs to
the mudline. This is compared with the response obtained by including the soil
component, in Figure[8 As opposed to a fixed based model, introduction of soil
induces a certain degree of flexibility into the system, thereby resulting in an
escalation of response, the magnitude of which, is dependent on the stiffness of
the soil.

As observed from Figure [§ the stiffer dense sand has a lateral response
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of sand

marginally greater than that of the fixed OWT. However, offshore wind farms
may not always be sited on such uniform, ideal soil profiles and this necessitates
the analysis of OWTs using realistic soil data, which may be layered. Here,
the center line displacement profile of the layered and soft clay are significantly
higher than that of the fixed case. The lateral displacement is mainly governed
by the soil strength in the uppermost layers. Both the layered soil and soft clay
have weaker layers immediately beneath the mudline and are prone to excessive
displacement. The values of maximum displacement at the major design levels

of the jacket, under various soil conditions, for the sea-state corresponding to
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the rated wind speed (Load Case 2, cf. Table[6]) are listed in Table Jackets
in soft clay and layered soils have tower-top lateral deflections which exceed that
of the fixed case by 25% and 30% respectively. Thus, ignoring the influence of
SSI could result in underestimation of the lateral displacement profile of the

OWT structure.

5.8. Influence of sea-state variation

Here, the impact of environmental loading conditions on the response of
the OWT jacket, sited in different soils, is investigated. Winds account for the

generation of ocean waves (in addition to swells) and hence, the correlation
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Table 11: Displacements along the jacket at rated wind speed

Soil type Tower top (cm) Jacket top (cm) Pile top (cm)

Fixed base 48.0 4.7 0.0
Dense sand 50.3 5.5 0.1
Soft clay 59.7 10.0 3.4
Layered 62.1 8.5 14

between them cannot be ignored. Four load cases as defined in Table [ are
analyzed and the results are presented in figures [0} [I0] and [IT] respectively for
dense sand, soft clay and layered soil. Figure is a combination of plots
showing the performance of the OWT jacket supported in various soil types,
under the effect of different load cases.

The displacement patterns follow a similar trend - lateral displacements in-
crease with increase in wind speed up to the rated wind speed (i.e from 6 m/s to
11.4 m/s). Beyond the rated wind speed, there is a reduction is tower displace-
ment, as the wind turbine control systems come into play, limiting the loads
at the tower top, for higher wind speeds (Load Case 3 - 24 m/s, cf. Table @
For extreme winds, above the cut-out wind speed of 25 m/s (i.e Load Case 4 -
45 m/s, cf. Table[f), the wind turbine system is shut down (parked rotor) with
no power production, so as to prevent failure [44], and this results in moderate
tower displacements.

The wave loads on the structure, increase from Load Case 1 to Load Case
4, as shown in Table [} From Figure [9] it can be noted that the variation of
horizontal displacement below the MSL, with increasing wave loads, is nomi-
nal, for dense sand, due to its high stiffness values. However, the displacement
progressively increases with increasing wave parameters, in the case of soft clay
(Figure [I0), and to an extend, for layered soil (Figure [II)). The relative dis-
placement of the structure, below the MSL, under the influence of wave loads
of different magnitudes are clearly visualized in Figure The maxima of

displacements along the OWT structure, corresponding to the different cases of
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environmental loads are detailed out in Table Owing to their reasonably low
stiffness values, variations in displacements, of the order of 50% are observed, in
the case of soft clay and layered soil, when compared with that of dense sand.
In order to show the variation of the random response with sea states for
different stiffness of sand, the ensemble averaged response (tower-top displace-
ment) statistics is shown in Figure The ensemble averaged tower-top
displacement statistics for different soil profiles is correspondingly shown in Fig-
ure For layered soil, one can observe very high standard deviation in the
response compared to the other soil profiles due to inhomogeneity. Moreover the

soil nonlinearity also contributes in making the response non-Gaussian which is
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Table 12: Displacements along the jacket for all load cases

Load Case Tower top (cm) Jacket top (cm) Pile top (cm)

Dense sand

1 25.6 2.9 0.1

2 50.3 5.9 0.1

3 35.5 4.2 0.2

4 15.3 3.3 0.3

Soft clay

1 28.7 3.9 2.1

2 59.7 9.6 3.4

3 48.3 9.5 5.0

4 18.8 5.9 5.2
Layered soil

1 39.8 7.6 1.0

2 62.1 8.5 1.4

3 37.0 4.6 1.1

4 27.9 6.3 1.4
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Figure 10: Response variation with sea state - soft clay

amply seen as the averaged kurtosis is less than 3.0 for soil-profiles. Also note
that the response is negatively skewed (i.e., mean is less than median) before
the rated wind speed and positively skewed (i.e., mean is greater than median)
beyond the rated wind speed. This is primarily due to effect of response being
controlled after the rated wind speeds to obtain optimum power. Near the rated

wind speeds, one observes large displacement compared to the other cases.

5.4. Ultimate strength analysis
Pushover analyses were conducted on the jacket supporting the OWT, for a

100-year survival load case, specified by a sea state of Hy; = 16 m and T,, = 18 s.
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Stokes 5—th order wave theory was used for the analysis. Wind load at the hub-
height was disregarded. The self weight of the jacket and turbine were initially
applied, followed by gradual increment of the wave load to induce global collapse
of the jacket. Figure shows the pushover curves for jackets sited in three
different soil conditions. Global displacement along the horizontal axis refers
to the displacement at the base of the tower. The curves are plotted up to the
points of maximum curvature, which are representative of the respective yield
strengths. In all three cases, system failure is propagated through failure in the
soil - the jacket members do not reach their yield values. Thus, the ultimate

strength is simply a function of the soil stiffness.
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Figure 12: Response variation with sea states and soils

In order to gain a better insight into the mechanics of pile-soil interaction,
pushover analyses were done for individual piles embedded in the soils under
consideration. The piles are considered to be vertical, with a length of 45m and
diameter of 1.8 m. A pile head lateral load of 2 MN was used; this value is
representative of the maximum lateral shear at the legs of a fixed jacket during
aerodynamic-hydrodynamic analysis in FAST. Piles are pushed to a target pile
top displacement of 5% of the diameter i.e 0.09 m and the results are plotted
in Figure The softer soils (clay and layered) attains the target displacement
at lower load values. However, the pile embedded in dense sand reaches the
target displacement only after excessive loading - the response proceeds to the
nonlinear regime.

Also, an attempt has been made to study the failure mechanism of piles
embedded in varying soil profiles. The target displacement is not considered,

in this case and the piles are pushed to failure. The respective displacement

32



ge]
o
@
w
o
(12}
)
[
o
o
o
@
[
@
w
c
[
=]
£
=
g
o
S

Y loose sand

o = o o
(=} =) o + 0 N = O
o o o

(W) uonelrep PIS

Sea state

=
o o o o + o o o =
o o o o
(W) uesy g v
SSAUMS

(a) Variation with angle of internal friction for sands

m
0
L
o
&
\
\
)
o
5

i fixed base =— dense sand

0.4

(W) uesy

SSOUMONS

Sea state

(b) Variation with fixed base and soil profiles

Figure 13: Ensemble statistics for variation of tower top displacement with sea states (For sea

state 1 — 4 refer Table @)

33



Base shear (MN)

25

20

s S
10
e ‘x,‘.)(‘
~ X
, 'X‘x
ot X
~ >
~ x>
5 o x> dense sand
X
< x* e - Soft clay
N .
X e layered soil
O 1 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25

Global displacement (m)

Figure 14: Pushover analysis of OWT jacket

34

0.3



529

530

531

532

533

534

535

536

537

538

539

540

542

6

5 J
Z4r 1
2
Lo dense sand
c_g 3r seeeat-ee+ SOfE Clay i
o ————— layered soil
e
Q
& 2f 1

i /ST ]

v — Ko
,.—.—-_-— ______ Henernmanmrnnnsarnnnt L R 3%3
0 -t I ; ‘ ‘ ‘ ‘ ‘
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

Pile top displacement (m)
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profiles are plotted against depth in Figure The piles behave as flexible
ones and failure is induced by bending and formation of plastic hinges in the
member. The excessive lateral displacement of the pile in soft clay is due to the

lower shear strength and stiffness values in the upper layers.

5.5. Effect of stiffness degradation

The influence of cyclic loading effects on the response of piles supporting the
OWT jacket, is investigated, with reference to the dense sand profile. OWTs
are subjected to a combination of cyclic and dynamic loads. Cyclic loading on
piles can result in stiffness variations in the soil surrounding the pile, leading to
accumulation of pile head displacements [65] [I6]. The APT guidelines attempt
to account for cyclic loading, by introducing an empirical factor of 0.9, in the
derivation of p-y curves for sand [I3]. In the present study, the effects of cyclic
loading on piles in sand has been incorporated using the Deterioration of Static

p-y curve (DSPY) method [66]. The DSPY method modifies both the soil
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resistance, p and the soil deflection, y of a static nonlinear p-y curve, by taking

into consideration, factors such as the type and number of load cycles, density

of soil and method of installation of the pile. One-way cyclic loading is assumed

as a conservative measure [67] and the piles are considered to be driven into the

sandy soil.

Figure shows the variation in the lateral displacement along a pile sup-

porting the jacket OWT in dense sand, with increase in number of load cycles.

Extreme wind speed conditions (Load case 4) are considered. Two sets of val-

ues are considered for the number of cycles - 100 and 500, and corresponding

degraded p-y curves from DSPY are used. The increase in lateral displacement
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with the number of load cycles is confined to the upper layers alone. The pile
head displacement for 100 and 500 cycles is greater than that for the static case
by 35% and 50% respectively. It may be observed that displacement accumu-
lation takes place at a lower rate, with increase in the number of load cycles,

indicating the possibility of consolidation within the soil.

6. Conclusions

Various aspects of soil structure interaction (SSI) in a jacket supporting the

NREL 5 MW [26] offshore wind turbine (OWT) has been numerically studied
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by combining the aerodynamic loads obtained through FAST [28] and hydro-
dynamic load from USFOS [27]. The jacket is modelled using tubular beam
elements and SSI is incorporated in the analysis, through p —y, t — 2z and QQ — 2
curves. The soil profiles are modelled using nonlinear spring-to-ground elements
attached to the pile. Three different soil compositions are considered - dense
sand, soft clay and a layered profile. Three different wind conditions are studied
within operational regime. The wind speeds are so chosen that one is below the
rated wind speed (V,, = 6.0 m/s), one at rated wind speed (V,, = 11.4 m/s) and
the last one above the rated wind speed (V,, = 24 m/s). Another condition of
extreme wind speed (V,, = 45 m/s) is studied for idling state of the turbine. The
corresponding wave conditions are obtained using JONSWAP spectrum using
the relations mentioned in [60]. The turbulent nature of the wind governed by
Kaimal spectrum, the irregularity of the waves using JONSWAP spectrum and
the soil nonlinearity contribute to the non-linear stochastic/random response.
Time domain analyses are performed under these nonlinear random loads. By
performing a convergence analysis, it is found that 25 Monte Carlo samples
are enough for obtaining the ensemble averaged random response. Since the
response is random, ensemble statistics are also reported which also show the
non-Gaussian effects due to soil-effects and the applied loads.

One may draw the following conclusions, on the basis of this work:

e including a soil-foundation model induces flexibility into the OWT system,
thereby increasing the lateral response. For jackets in soft clay and layered
soils, lateral displacements at the tower-top is greater than that of the
fixed base (jacket legs pinned to the mudline) configuration by 25 % and
30 % respectively. Such escalated responses can lead to violation of the

serviceability limit states.

e when installed in stiff soils (say, dense sand), the behaviour of the jacket-
OWT closely follows that of a fixed-based configuration. The variation
of the angle of internal friction for uniform sands resulted in marginal

variation of lateral response.
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e for increasingly severe sea-states, wave loading assumes greater signifi-
cance, as control effects shut down turbine operations, limiting the load
on the tower, but increasing the response below the MSL. For instance,
increase in wave heights from (Hs = 2.2 m, T, = 9.8 s) through to
(Hy, = 11.1 m, T, = 13.5 s) brings about a 250% increase in the pile

top displacement for soft clay.

e pushover analyses can serve as a means to identify the failure regimen
for bottom supported OWTs. In failure, individual piles show flexible

behaviour, irrespective of the soil type.

e the effect of stiffness degradation in sandy soils reduces with the increase in
the number of load cycles. Pile head displacement after 100 cycles recorded
an increase by 35 % over the static case, while that after 500 cycles was
50 %. This reduction is due to possible soil consolidation in the upper

layers, with load cycles.
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