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Jacket structures are still at the early stage of their development for use in the offshore wind industry. The aim of this paper is to

investigate the effect of the soil-structure interaction on the response of an offshore wind turbine with a jacket-type foundation. For

this purpose, two different models of flexible foundation-the p-y model and the p-y model considering pile groups effect-are employed

to compare the dynamic responses with the fixed-base model. The modal analysis and the coupled dynamic analysis are carried out

under deterministic and stochastic conditions. The influence of the soil-structure interaction on the response of the jacket foundation

predicts that the flexible foundation model is necessary to estimate the loads of the offshore wind turbine structure well. It is suggested

that during fatigue analysis the pile group effect should be considered for the jacket foundation.
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1. Introduction

Wind energy has become the most cost-effective of all currently

exploited renewable energy sources.1 Besides the industrial application

success, many researchers have made significant contributions to the

wind energy technology.2-5 In recent years, offshore wind energy has

attracted more attention due to better wind conditions and negligible

visual impact compared with onshore wind energy. Although offshore

wind energy has experienced rapid development, there is still a

growing global demand for wind energy production.6-9

Various offshore wind farms have been operated since the 1990s.

Up to now, most wind turbines have been installed with monopile or

gravity foundations in shallow water depths of 20-30 m. With the aid

of technologies from the oil and gas industry, research work is ongoing

for greater water depths of 40-100 m, where hydrodynamic transparent

designs, such as jacket structures are commonly used.

Jacket structures are commonly used in the offshore oil and gas

industry. Many design elements and assessment procedures can be

transferred to the design of an offshore jacket wind turbine (OWT).

Mostafa and Naggar10 undertook a parametric study of the soil-structure

interaction on the response of a jacket structure subjected to transient

loading due to extreme waves and currents. Elshafey et al.11 studied the

dynamic response of a scale model of a jacket offshore structure both

theoretically and experimentally. Rollins et al.12 performed a series of

full-scale cyclic lateral load tests on pile groups with various spacings

NOMENCLATURE

Pd = dynamic soil reaction at depth h, (N/m)

Ps = static soil reaction obtained from the static p-y curve at depth

h, (N/m)

a0 = dimensionless frequency (a0= ωy/Vs)

ω = frequency of loading, (rad/s)

D = pile diameter, (m)

Urel = the relative wind velocity

Hs = the significant wave height

us = the structure velocity

P = the soil reaction at the same depth for a single pile

D = the average pile diameter from surface to depth h

y = lateral pile deflection at depth h, (m)

Vs = shear wave velocity of the soil layer, (m/s)

α, β, κ and n are constants that depend on the soil type
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to study the effect of pile spacing on the behavior of the pile group.

However, the complexity and specialized issues of OWT designs do

not allow the direct application of offshore oil and gas industry

design principles. An analysis of the wind turbine, including the

complete support structure, is necessary for design and analysis.

Decoupled or coupled analyses were conducted to study the wind

turbine behavior and structural dynamics of the jacket-support

structures.13-18 However, in these previous studies, the jacket

substructures are assumed to be rigidly clamped to the seabed. The

analytical method for soil-pile interaction and group effect is well

developed and commonly used in the offshore oil and gas industry.

Different from other offshore industries in which the wave load and

gravity load are most important source of loadings, the modeling of

OWT should take into account the coupling of aerodynamics,

structural dynamics, hydrodynamics, control, and soil dynamics.

Especially, the dynamic interactions play an important role in the

dynamic response of an OWT. However, only limited work has been

done to consider the soil-pile interaction and pile group effect in the

coupled analysis of an OWT.

The aim of this work is to investigate the soil-structure interaction

and pile group effect (pile-soil-pile interaction) on the dynamic

response of an OWT with a jacket foundation using fully-coupled aero-

hydro-servo-elastic analysis. In this paper, the p-y curve model is used

to simulate the soil resistance to the load for a 5 MW OWT with a

jacket substructure sited in 50 m of water under deterministic and

stochastic conditions. Different from the p-y model, the p-y curve

model with pile group effect is also employed to account for the pile-

soil-pile interaction. The effect of the soil-structure interaction is

investigated in the modal analysis, coupled dynamic analysis under the

deterministic load case, and the stochastic load case.

Analysis results from a set of sensors located at different parts of the

jacket substructure are presented in terms of time series, statistics, and

power spectrum density function. Fatigue loads are obtained through

the rain flow counting method, and 1 Hz damage equivalent loads

(DEL) are calculated and compared for different models.

2. Theoretical Background

OWTs are subjected to various loads from aerodynamic loads due

to wind, hydrodynamic loads due to waves and currents, gravity loads,

and operational loads. In the case of a fixed-bottom foundation, there

is also a resistance force from the soil structure. This section describes

the theories used to model the system, including the aerodynamic load,

hydrodynamic load, and soil-structure interaction.

2.1 Aerodynamic Loads

When the turbine rotor is rotating due to the wind, the rotor shaft

experiences a torque, as well as a thrust force. From the blade element

theory, the thrust force and torque on the rotor could be calculated as

follows:19

(1)

(2)

where B is the number of blades, Urel is the relative wind velocity, c is

the airfoil chord length, r is the radius, and Cl and Cd are the lift and

drag coefficients, respectively.

2.2 Hydrodynamic Loads

Besides the aerodynamic loads, the hydrodynamic loads play a

major role in the dynamics of the OWT.

Several wave spectrum functions are proposed to describe the sea

state. The most frequently used spectra for wind-generated seas are the

Pierson-Moskowitz (PM) spectrum for a fully developed sea and the

JONSWAP spectrum for a developing sea.20 The formula for the

JONSWAP spectrum is written as follows:

 for ,  for (3)

where Hs is the significant wave height, Tp is the peak period, f is the

frequency, fp is the peak frequency and γ is the peakedness parameter.

The time history of the ocean wave is computed from the spectrum

model.21 Based on a frequency band of width of ∆f, the wave height is

derived as:

(4)

where f1 is the frequency within the band ∆f and SJW( f 1) is the mean

amplitude of the spectral density within this band. The period for this

band is:

(5)

The frequency band of the spectrum is represented with a height-

period bin (Hi, Ti). A random number generator assigns a random phase

åi to this pair to retain the randomness of the time history. If the entire

spectrum is divided into N frequency banks with width f, then the wave

elevation is obtained from:22

(6)

The water particle velocity and acceleration for the irregular wave

can be expressed as:

(7)

(8)

The derived water particle velocity and acceleration can be used to

calculate the wave force using Morison’s equation.

For a slender structure in waves, if the diameter D of the cylinder

is small compared with the wavelength λ, or the diffraction parameter

D/λ is less than 0.2, the dynamic forces on the structure can be

calculated from the drag and inertia components using the relative-

motion Morison’s equation (Eq. (9)).23 The drag and inertia

components are calculated from the water particle kinematics

aforementioned. The force per unit length of the member is:
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(9)

where uw and  are the water particle velocity and acceleration

normal to the member vertical direction, respectively. us is the structure

velocity, and Cd and Cm are drag and inertia coefficients, respectively.

2.3 Coupled Dynamic Analysis of Wind Turbine with Jacket

Substructure

Offshore wind turbines are designed and analyzed using

comprehensive simulation codes that account for the coupled dynamics

of the wind inflow, aerodynamics, elasticity, and controls of the turbine,

along with the incident waves, sea current, hydrodynamics, and

foundation dynamics of the support structure.24 These aero-hydro-

servo-elastic codes incorporate integrated models for wind-inflow,

aerodynamic loads (aero), hydrodynamic loads (hydro), control system

(servo) behavior and structural-dynamic (elastic) loads (e.g.

gravitational, inertial, centrifugal, and gyroscopic loads) in the time

domain in a coupled simulation environment (Fig. 1).

2.4 Soil-Structure Interaction

Pile foundations are an essential structural component of jacket-type

offshore platforms, and the pile soil interaction is of great concern in

structural behavior. Several modeling methods can be used in the

analysis to account for the soil-structure interaction effect. Fig. 2 shows

diagrams of each of the three foundation models that will be investigated

in this study (the rotor-nacelle-assembly (RNA) is not shown).

2.4.1 Fixed-Base Model

The fixed base model does not account for the soil properties and assumes

the jacket to be rigidly connected to the mudline (Fig. 2 (a)). It is the simplest

model to use in simulations because no effort is made to match the dynamic

characteristics of the true soil-pile system or even to represent the soil and the

pile below the mudline. The model is often used in the preliminary design.

2.4.2 p-y Model (p-y)

The p-y curve (p-y) model incorporates the soil-pile system’s p-y

curves into the structural response (Fig. 2 (b)). The piles are modeled

up to the actual penetration depth. The soil resistance to the pile

movement is modeled using p-y curves, and t-z curves for lateral and

axial loading, respectively. Static p-y curves for a single pile in sand

can be established from the API guidelines:25

(10)

where pu is the ultimate resistance, (kN/m);  is the effective soil unit

weight, (kN/m3); h is the depth, (m); and D is average pile diameter

from surface to depth h, (m). C1, C2, and C3 are coefficients determined

from the API guidelines.

The lateral soil resistance-deflection (p-y) relationships for sand are

non-linear and may be approximated by the following expression:

(11)

where A is the factor to account for cyclic or static loading (A = 0.9 for

cyclic, A = (3.0 − 0.8*(h/D)) ≥ 0.9 for static), pu is the ultimate resistance

at depth h, and κ is the initial modulus of the subgrade reaction

determined from the API specifications. In this study, only the lateral

soil stiffness characteristics are accounted for; no vertical springs are

included, i.e., no t-z curves are considered for the shaft friction and no

Q-z curves are considered for the pile tip resistance.

Due to the introduction of nonlinearity, damping and pile-soil

interaction during transient loading, the dynamic effects of pile

foundations can not be accounted for using static p-y curves. The

dynamic p-y curves for a single pile are calculated according to the

relationship proposed by EI Naggar and Benley.25 It relates the static p-

y curves, frequency, and apparent velocity (ωy) as:
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Fig. 1 Aero-Hydro-Servo-Elastic simulation22

Fig. 2 Schematic diagrams of foundation models used in the OWT
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(12)

2.4.3 P-y Curve with Pile Group Effect Model (p-y with Group

Effect)

Although the p-y method is reliable for evaluating the response of

a single pile under the horizontal load, it is questionable if reasonably

reliable simple methods could be applied to assess the response of pile

groups, e.g. the jacket structure. Generally, for pile spacings of less than

six diameters, group effects may have to be evaluated to consider the pile-

soil-pile interaction (Fig. 2(c)). Brown et al.7,26 introduced the notion of p-

multipliers to obtain p-y curves for piles in a group with the aim of

assessing the pile group behavior from that of the single pile. The dynamic

soil reaction at a certain depth for piles in a group, Pg, is given as:

 (13)

where Pm is the p-multiplier, and P is the soil reaction at the same depth

for a single pile. The p-multiplier is a function of the pile spacing (S)

and the pile diameter (D) (Fig. 3); it can be calculated from the

following equation:

First row piles:  (14)

Second row piles: (15)

Third or higher row piles: (16)

3. Analysis Model

3.1 Wind Turbine Model

The NREL 5 MW offshore baseline wind turbine model8 is used for

the modeling of the wind turbine in our study because it is a good

representative of the characteristics of a typical 5 MW OWT being

manufactured today. Furthermore, other research teams and

international projects (UpWind project, IEA Wind Annex 23 OC3 and

IEA Wind Annex 30 OC4) throughout the world have adopted it as a

reference model to standardize baseline OWT specifications. The

NREL 5 MW model is a conventional upwind, variable speed,

collective pitch horizontal axis wind turbine. Table 1 shows the main

dimensions and characteristics of the NREL 5 MW wind turbine. More

detailed information can be found in Jonkman’s definition.27

The jacket model adopted in this work was from the IEA Wind

Annex 30.28 The water depth was 50 m. The jacket structure consists of

four levels of X-braces, mud braces, four central piles, and a transition

piece. The piles are flooded, whereas the braces are sealed and

contribute significantly to the buoyancy. The jacket is connected to the

tower bottom 20 m above the still water level by a transition piece,

which consists of a large volume of reinforced concrete block with a

mass of 666 t. Table 2 gives the jacket members and pile properties.

More detailed system properties can be found in Vorpahl’s definition.27

3.2 Soil Model

Table 3 shows assumed hard soil profile configurations.29 The soil

parameters are given in terms of the effective soil unit weight  and

the angle of internal friction ϕ.

3.3 Foundation Models

According to the foundation models discussed in Section II, based on

the soil and pile properties, the p-y curves for each depth are defined.

In order to take the pile group effect into account, the p-multiplier

is used.10 In this study, each pile is a 2.082 m outer diameter steel pile

with spacing of 12 m center-to-center in the direction of loading.

Therefore, S/D = 5.764, which is close to the group effect marginal

value of 6.512 The p-multiplier for this spacing is determined using Eqs.

(15) and (16). For the first row piles: 

and the second row piles: .

The p-y curves with group effect for 6 m below the seabed are compared

with the original p-y curve in Fig. 4. The reduced resistance is visible.
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Fig. 3 Load direction, layout of piles in the example pile group

Table 1 Specifications of NREL offshore 5MW wind turbine

Rated power 5 MW

Rotor orientation Upwind

Control Variable speed, Collective pitch

Rotor/Hub diameter 126 m/ 3 m

Hub height 90 m above MSL

Cut-in, Rated, Cut-out wind speed 3 m/s, 11.4 m/s, 25 m/s

Cut-in, Rated rotor speed 6.9 rpm, 12.1 rpm

Cut-in, Rated generator speed 670 rpm, 1173.7 rpm

Overhang, Shaft tilt, Precone 5 m, 5o, 2.5o

Table 2 Properties of jacket members

Set Component Diameter Thickness

1 x- and mud braces 0.8 m 20 mm

2 Leg at lowest level 1.2 m 50 mm

3 Leg at 2nd to 4th level 1.2 m 35 mm

4 Leg crossing transition piece 1.2 m 40 mm

5 Pile (50 m-55 m) (not shown) 2.082 m 60 mm

6 Pile (55 m-63 m) (not shown) 2.082 m 65 mm

7 Pile (63 m-68 m) (not shown) 2.082 m 52 mm

8 Pile (68 m-98 m) (not shown) 2.082 m 28 mm

Table 3 Soil conditions

Depths [m] γ ' [N/m3] Φ [ o ]

0-3 10000 38

3-5 10000 35

5-7 10000 38

7-10 10000 38

10-15 10000 42

15-50 10000 42.5
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4. Environment Conditions

In this study, two typical load cases under the deterministic and

stochastic conditions are investigated. Table 4 shows the deterministic

load case with constant wind and regular wave with stream function.

For the stochastic case in Table 5, the von Karman spectrum for a wind

excitation is combined with the Pierson-Moskowitz spectrum to excite

the OWT. No misalignment is considered in this work.

5. Numerical Result TS and Discussion

Bladed V4.3 software from Germanischer Lloyd Garrad Hassan19 was

used in this study. Bladed V4.3 accounts for aerodynamic loads based on

the constant or turbulent inflow; it also accounts for hydrodynamic loads

by first simulating a random sea surface elevation process, and then

applying appropriate wave kinematics and inertia and drag force

computations using Morison’s equation. Added mass of the structures is

calculated as the mass of the displaced water volume, which is used for

wave load determination on offshore structures. For the structural

response computation, Bladed V4.3 employs a combined modal and

multi-body dynamics formulation. The structural damping of 0.004775 for

blade and that of 0.01 for the support structure are used in the simulation.

There are different numbers of output parameters, which involve the

loads and deflection of the blade, drivetrain, generator, tower, and support

structure. Here, the loads related to jacket foundation are presented.

The modal analysis of the full system is investigated and the natural

frequencies related to the support structures are compared in Section A.

The loads at typical positions, including the axial and shear forces in leg

2 at the first K-joint, the axial and shear forces in the center of brace 59,

the axial force and shear forces of pile 1 at the mudline, are compared

between different foundation models (Fig. 5). The time series of the

support structures at certain significant locations under the deterministic

conditions are compared for different foundation models in Section B. In

Section C the statistics, such as maximum, minimum, and standard

deviation, and power spectrum density from the time series at different

substructure locations are generated. Fatigue load spectra are obtained

through the rain flow counting method which is implemented in GH

Bladed; 1 Hz equivalent loads, which are defined as the peak-to-peak

amplitude (i.e. the range) of a sinusoidal load of constant frequency f that

would produce the same fatigue damage as the original signal, are

calculated with the S-N curve slope, m = 3 for welded elements.

5.1 Modal Analysis

Table 6 summarizes the natural frequencies related to the support

structures for the three foundation models. The fixed-base model is

stiffer than the flexible foundation models, and it has less inertia.

Hence, natural frequencies for the fixed-base model are seen to be

Fig. 4 Sand p-y curves and p-y curves with group effect at depth 6 m

Table 4 Design load case with the deterministic condition

Degree of freedom All-platform, tower, drivetrain, blades

Wind condition Steady, uniform, no shear, Vhub = 8 m/s

Wave condition NSS: regular Stream function, H = 8 m, T = 10 s

Inertial conditions
Rot Speed = 9 rpm, Azimuth = 0 deg (Blade 1 up), 

Blade Pitch = 0 deg

Turbine status Operating with the control system enabled

NSS: normal sea state31

Table 5 Design load case with the stochastic condition

Degree of freedom All-platform, tower, drivetrain, blades

Wind condition
Turbulent, Vhub = 18 m/s, σ1 = 2.45 m/s,

von Karman model30

Wave condition
NSS: Hs = 6 m, Tp = 10 s, 

Pierson-Moskowitz wave spectrum

Inertial conditions
Rot Speed = 12.1 rpm, Azimuth = 0 deg 

(Blade 1 up), Blade pitch = 0 deg

Turbine status Operating with the control system enabled

Fig. 5 Illustration of the selected load sensors

Table 6 Natural frequencies of the support structure with different foundation models

Natural frequency (Hz)

Model 1st fore-aft 1st side-to-side 2nd fore-aft 2nd side-to-side 3rd side-to-side 1st torsion

Fixed-base 0.3154 0.3173 1.2265 1.3984 3.248 6.1224

p-y 0.2772 0.2796 0.8942 1.0249 2.6760 5.6148

p-y curve with group effect 0.2771 0.2795 0.8931 1.0233 2.6687 5.6035
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higher than those for the flexible foundation models; this is especially

true for the second and third bending modes in both fore-aft and side-to-

side directions. Compared with the p-y model, all the natural frequencies

decrease slightly (less than 0.5%) if the pile group effect is considered.

5.2 Design Load Case for Deterministic Condition

In this section, the time series of the dynamic response under the

constant wind and regular wave conditions are outputted with respect

to the local member coordinate system for each member. The member

X-axis is always aligned along the member. The member Z-axis is

perpendicular to the member X-axis and aligned according to the

direction cosines for the member Z-axis.

Fig. 6 gives the axial and shear forces in leg 2 at the first level K-

joint. The fixed-base model underestimated the axial force

significantly. A large difference can be found between the rigid model

and the flexible model. The peak value for the fixed-base model is

150 kN lower than that of the p-y model and the p-y curve with pile

group effect model. However, the difference between the p-y model

and the p-y curve with pile group effect model is really small for this

load. For shear force, the differences only can be found at the peak

point for p-y curve with group effect.

Fig. 7 presents the axial and shear forces in the center of brace 59.

For the axial force (Fig. 7(a)), all the models predict similar response

except that the fixed-base model overestimates the shear force in the

brace 59; in Fig. 7(b), fixed-base model displays the largest oscillation

range and maximum value for shear in the center of brace 59 while p-

y curve with group effect predicts the smallest maximum peak value.

Fig. 6 Comparison of the force in Leg 2 at the first level of K-joint

under deterministic condition for (a) Axial force (b) Shear force

Fig. 7 Comparison of the force in center of brace 59 under

deterministic condition for (a) Axial force (b) Shear force

Fig. 8 Comparison of the force of pile 1 at the mudline under

deterministic condition for (a) Axial force (b) Shear force
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Fig. 8 shows the axial and the shear force of pile 1 at the mudline.

The p-y curve with group effect model demonstrates the larger value of

axial force compared with the fixed-base model and the p-y model. The

shear force at the positive peak from the p-y model is 40 kN higher than

the fixed-base model and 70 kN higher compared to the p-y curve with

the group effect.

5.3 Design Load Case for Stochastic Condition

The coupled analysis is performed to obtain the statistical results,

the power spectrum density, and the 1 Hz DEL under the turbulent

wind flow and the irregular wave conditions defined in Table 5. The

axial and shear force from the typical locations (Fig. 5) are compared

for different foundation models.

From Table 7, we can see that the fixed-base model leads to a higher

maximum, and standard deviation for the axial force of leg 2 at the first

level K-joint. The pile group effect reduces the maximum axial force

significantly, and the minimum value is much lower than the other two

models. The maximum axial force from the p-y curve with group effect

model is about 3% lower than that of the p-y model. In the case of shear

force of leg 2 at the first level K-joint, similar responses are predicted

from three models (Table 8). Table 4 shows the axial force in the center

of brace 59. The pile group has a significantly effect on this axial force.

The maximum value is higher than the fixed-base model and the p-y

model. There is a different trend compared to the deterministic case.

This is because brace 59 (Table 4) is under tension at the maximum

axial force with wind speed over rated wind speed, while brace 59 (Fig.

7(a)) is under compression at the maximum axial force with wind speed

below rated wind speed in the deterministic case. Since all the

members are subjected to compression load most of time, the negative

minimum value is more important to the axial force. The fixed-base

model underestimates the axial force of brace 59 compared with the

other two model because of neglecting the soil-structure interaction.

The shear force in the center of brace 59 is quite small compared with

other member forces (Table 5). For (Table 6), the fixed-base model

underestimates the minimum value of the axial force in pile 1 at the

mudline compared with the other two models because of neglecting the

soil-structure interaction. Due to the smaller value of the equivalent

spring stiffness, the p-y curve with group effect model has smaller

minimum value than the p-y model. But larger maximum value from

the p-y curve with group effect model results are presented for the shear

force in pile 1 at the mudline (Table 7).

The 3600 s time series data are used to calculate 1 Hz DEL based

on the rain flow counting method to obtain statistically comparable

results for the fatigue analysis. The 1 Hz DEL is equivalent to

6.312×108 cycles in 20 years of a turbine lifetime. The results for

different output sensors are given in Tables 7-12. In the case of the

axial force in leg 2 (Table 7) and pile 1 (Table 6), the DEL from the

fixed-base model have the highest values. The results from the p-y

curve with group effect model decrease about 10% and 3%,

respectively, compared with the p-y model. Table 4 shows that the

fixed-base model underestimates the DEL axial force in the center of

brace 59 compared with the p-y model and the p-y curve with group

effect model. The pile group effect has 28 kN higher DEL than the p-

y model, which is about 12%. For the shear force in center of brace 59

(Table 10), due to their small absolute values, the DEL from the p-y

model increases about 75% than the fixed-base model, and the p-y

curve with group effect model increases 23% more compared with p-

y model. In Table 6, the DEL from the p-y model is a 5% higher value

than that of the fixed-base model, while the p-y curve with group effect

model gives a 4% higher DEL than the p-y model.

Figs. 9-11 show the power spectrum density of the axial and shear

forces of leg 2 at the first level K-joint, the axial and shear forces in

center of brace 59, and the axial and shear forces of pile 1 at the

mudline, respectively. In general, the three models produce fairly

similar spectra. Most of the energy content is concentrated in the low-

Table 7 Statistics and DELs from stochastic load case for Leg 2 axial

force at first K-joint (unit: kN)

Model Max Min Std.Dev DEL(m=3)

fixed-base 2881.2 -1069.9 432.7 760.3

p-y 2804.1 -1308.3 430.0 696.5

p-y curve with 

group effect
2708.5 -507.5 392.9 626.6

Table 8 Statistics and DELs from stochastic load case for Leg 2 shear

force at first K-joint (unit: kN)

Model Max Min Std.Dev DEL(m=3)

fixed-base 13.8 -26.4 5.0 10.0

p-y 16.1 -25.3 5.2 11.7

p-y curve with 

group effect
16.1 -26.2 5.2 10.6

Table 9 Statistics and DELs from stochastic load case for axial force in

center of Brace 59 (unit: kN)

Model Max Min Std.Dev DEL(m=3)

fixed-base 107.4 -663.6 92.9 225.1

p-y 74.8 -758.0 98.3 242.3

p-y curve with 

group effect
111.1 -755.6 104.9 270.4

Table 10 Statistics and DELs from stochastic load case shear force in

center of Brace 59 (unit: kN)

Model Max Min Std.Dev DEL(m=3)

fixed-base 5.4 -3.2 1.3 2.0

p-y 6.4 -5.7 1.6 3.5

p-y curve with 

group effect
5.0 -14.4 2.4 4.3

Table 11 Statistics and DELs from stochastic load case for axial force

for pile 1 at the mudline (unit: kN)

Model Max Min Std.Dev DEL(m=3)

fixed-base -5041.7 -9980.7 639.5 1267.1

p-y -4753.6 -10509.7 716.1 1254.9

p-y curve with 

group effect
-4554.7 -10273.2 688.4 1216.8

Table 12 Statistics and DELs from stochastic load case for shear force

for pile 1 at the mudline (unit: kN)

Model Max Min Std.Dev DEL(m=3)

fixed-base 510.0 -325.2 105.4 202.9

p-y 563.5 -350.4 109.1 213.0

p-y curve with 

group effect
578.8 -294.9 108.1 221.6
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frequency range, where the first support structure natural frequency, the

peak spectral frequency of the waves (fp = 1/Tp), and the 1P frequency

all occur. The 1P frequency refers to the frequency at which the rotor

makes a complete revolution. Since the stochastic sea state used in our

study has mean wind speeds (18 m/s) above the rated wind speed

(11.4 m/s), the rotor will predominantly be rotating at the rated rotor

speed of 12.1 rpm, or approximately 0.2 Hz. The flexible foundation

models have relatively more energy in this low-frequency range

compared with the fixed-base model. The 3P frequency, which refers to

the blade passing frequency, is shown clearly in the power spectra of

the three models. The fixed-base model shows peaks at first and second

support structure frequency slightly to the right of the p-y model and

the p-y curve with group effect model. It is the evident from Table 6

that the fixed-base model has higher frequencies than the other two

models. The p-y curve with group effect model reveals peaks at the

same frequency as the p-y model for all power spectra, but the energy

content is slightly higher than the p-y model.

6. Conclusions

In this paper, the effect of the soil-structure interaction on the

dynamic response of a 5 MW OWT with a jacket foundation is

investigated using two flexible foundation models. The p-y model is

adopted to consider lateral soil resistance. Because of the pile–soil–pile

interaction of jacket piles, the p-multiplier is used to take the pile group

effect into account. The coupled dynamic responses from two flexible

Fig. 9 Comparison of the PSD of the force in Leg 2 at the first level of

K-joint under stochastic condition for (a) Axial force (b) Shear force

Fig. 10 Comparison of the PSD of the force in center of brace 59

under stochastic condition for (a) Axial force (b) Shear force

Fig. 11 Comparison of the PSD of the force of pile 1 at the mudline

under stochastic condition for (a) Axial force (b) Shear force
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models are compared with the fixed-base model.

Modal analysis shows that the fixed-base model overestimates the natural

frequencies related to the support structure. There is a minor decrease from

the p-y curve with group effect model compared with the p-y model.

The dynamic responses of the axial and shear forces of leg 2 at the

first level K-joint, the axial and shear forces in the center of brace 59,

and the axial and shear force of pile 1 at the mudline under the

deterministic condition show that the fixed-base model and p-y curve

model underestimate the responses in the leg and pile while

overestimate the response in the brace comparing with p-y curve with

group effect model. Only a small effect comes from the pile group

effect for the deterministic condition.

The fixed-base model leads to higher DELs for the axial force in leg

2 and the axial force in pile 1 than the p-y model and the p-y curve with

group effect model, while lower DEL are found for the axial force in

the center of brace 59 and the shear force in pile 1. The largest

difference between the p-y model and the p-y curve with group effect

model occurs for the DEL of the axial force in the center of brace 59.

From this study, it is concluded that soil-structure interaction should

be considered in the design and load calculation of an OWT with a

jacket-support structure. The pile group effect is more important in the

fatigue analysis. In this specific jacket model, a significant effect is also

found for S/D of 5.764. The pile group effect should be taken into

account in the load calculation for the jacket foundation.

ACKNOWLEDGEMENT

This research was supported by Defense Acquisition Program

Administration and Agency for Defense Development under the

contract UD120037CD and also supported by the New & Renewable

Energy of the Korea Institute of Energy Technology Evaluation and

Planning (KETEP) grant funded by the Korea Government Ministry of

Knowledge and Economy (MKE), South Korea (No. 20124030200110)

and also supported by the National Research Foundation of Korea

(NRF) funded by the Ministry of Education, Science and Technology

(grant number 2012R1A1A2008870 and 2012R1A2A2A04047240).

REFERENCES

 1. BTM Consult, “International Wind Energy Development: World

Market Update 2011,” 2012.

 2. Ackermann, T. and Söder, L., “Wind Energy Technology and

Current Status: A Review,” Renewable and Sustainable Energy

Reviews, Vol. 4, No. 4, pp. 315-374, 2000.

 3. Davenport, A. G., “Past, Present and Future of Wind Engineering,”

Journal of Wind Engineering and Industrial Aerodynamics, Vol. 90,

No. 12, pp. 1371-1380, 2002.

 4. Shi, W., Kim, C. W., Chung, C. W., and Park, H. C., “Dynamic

Modeling and Analysis of a Wind Turbine Drivetrain using the

Torsional Dynamic Model,” Int. J. Precis. Eng. Manuf., Vol. 14, No.

1, pp. 153-159, 2013.

 5. Shi, W., Park, H. C., Na, S. K., Song, J. S., Ma, S. J., et al., “Dynamic

Analysis of Three-Dimensional Drivetrain System of Wind Turbine,”

Int. J. Precis. Eng. Manuf., Vol. 15, No. 7, pp. 1351-1357, 2014.

 6. Shi, W., Park, H. C., Han, J. H., Na, S. K., and Kim, C. W., “A

Study on the Effect of Different Modeling Parameters on the

Dynamic Response of a Jacket-Type Offshore Wind Turbine in the

Korean Southwest Sea,” Renewable Energy, Vol. 58, pp. 50-59,

2013.

 7. Hensel, J., Sharma, R. M. S., Baxter, C. D. P., and Hu, S.-L. J.,

“Development of a Technical Type Factor for Jacket Structures for

Offshore Wind Turbines in Rhode Island,” Journal of Renewable

and Sustainable Energy 4, Vol. 4, No. 6, Paper No. 063120, 2012.

 8. Snyder, B. and Kaiser, M. J., “A Comparison of Offshore Wind

Power Development in Europe and the U.S.: Patterns and Drivers of

Development,” Applied Energy, Vol. 86, No. 10, pp. 1845-1856,

2009.

 9. Coulling, A. J., Goupee, A. J., Robertson, A. N., Jonkman, J. M.,

and Dagher, H. J., “Validation of a Fast Semi-Submersible Floating

Wind Turbine Numerical Model with Deepcwind Test Data,”

Journal of Renewable and Sustainable Energy, Vol. 5, No. 2, Paper

No. 023116, 2013.

10. Mostafa, Y. E. and El Naggar, M. H., “Response of Fixed Offshore

Platforms to Wave and Current Loading Including Soil-Structure

Interaction,” Soil Dynamics and Earthquake Engineering, Vol. 24,

No. 4, pp. 357-368, 2004.

11. Elshafey, A. A., Haddara, M. R., and Marzouk, H., “Dynamic

Response of Offshore Jacket Structures under Random Loads,”

Marine Structures, Vol. 22, No. 3, pp. 504-521, 2009.

12. Rollins, K. M., Olsen, K. G., Jensen, D. H., Garrett, B. H., Olsen, R.

J., et al., “Pile Spacing Effects on Lateral Pile Group Behavior:

Analysis,” Journal of Geotechnical and Geoenvironmental

Engineering, Vol. 132, No. 10, pp. 1272-1283, 2006.

13. Dong, W., Moan, T., and Gao, Z., “Long-Term Fatigue Analysis of

Multi-Planar Tubular Joints for Jacket-Type Offshore Wind Turbine

in Time Domain,” Engineering Structures, Vol. 33, No. 6, pp. 2002-

2014, 2011.

14. Fischer, T., Popko, W., Sørensen, J. D., and Kühn, M., “Load

Analysis of the Upwind Jacket Reference Support Structure,”

DEWI, 2010.

15. Gao, Z., Saha, N., Moan, T., and Amdahl, J., “Dynamic Analysis of

Offshore Fixed Wind Turbines under Wind and Wave Loads using

Alternative Computer Codes,” Proc. of the Torque Conference, 2010.

16. Klose, M., Dalhoff, P., and Argyriadis, K., “Integrated Load and

Strength Analysis for Offshore Wind Turbines with Jacket

Structures,” Proc. of the Seventeenth International Offshore and

Polar Engineering Conference, pp. 1-6, 2007.

17. Moll, H., Vorpahl, F., and Busmann, H.-G., “Dynamics of Support

Structures for Offshore Wind Turbines in Fully-Coupled

Simulations-Influence of Water Added Mass on Jacket Mode



148 / APRIL 2015 INTERNATIONAL JOURNAL OF PRECISION ENGINEERING AND MANUFACTURING-GREEN TECHNOLOGY  Vol. 2, No. 2

Shapes, Natural Frequencies and Loads,” Proc. of the European

Wind Energy Conference and Exhibition, 2010.

18. Seidel, M., “Jacket Substructures for the Repower 5 m Wind

Turbine,” Proc. of the European Offshore Wind Conference and

Exhibition, 2007.

19. Manwell, J. F., McGowan, J. G., and Rogers, A. L., “Wind Energy

Explained: Theory, Design and Application,” John Wiley & Sons,

1st Ed., 2002.

20. Chakrabarti, S. K., “Hydrodynamics of Offshore Structures,” WIT

Press, 1987.

21. Chakrabarti, S. K., “Handbook of Offshore Engineering,” Elsevier,

2005.

22. Faltinsen, O. M., “Sea Loads on Ships and Offshore Structures,”

Cambridge University Press, 1993.

23. Merz, K. O., Moe, G., and Gudmestad, O. T., “A Review of

Hydrodynamic Effects on Bottom-Fixed Offshore Wind Turbines,”

Proc. of the 28th ASME International Conference on Ocean,

Offshore and Arctic Engineering, pp. 927-941, 2009.

24. Jonkman, J. M., “Dynamics Modeling and Loads Analysis of an

Offshore Floating Wind Turbine,” ProQuest, 2007.

25. American Petroleum Institute, “Recommended Practice for

Planning, Designing and Constructing Fixed Offshore Platforms-

Working Stress Design,” Thomson Reuters, 21st Ed., 2007.

26. Hesham, E. N. M. and Bentley, K. J., “Dynamic Analysis for

Laterally Loaded Piles and Dynamic p-y Curves,” Canadian

Geotechnical Journal, Vol. 37, No. 6, pp. 1166-1183, 2000.

27. Brown, D. A., Morrison, C., and Reese, L. C., “Lateral Load

Behavior of Pile Group in Sand,” Journal of Geotechnical

Engineering, Vol. 114, No. 11, pp. 1261-1276, 1988.

28. Jonkman, J. M., Butterfield, S., Musial, W., and Scott, G.,

“Definition of a 5-MW Reference Wind Turbine for Offshore

System Development,” National Renewable Energy Laboratory

Golden, Paper No. NREL/TP-500-38060, 2009.

29. Vorpahl, F., Kaufer, D., and Popko, W., “Description of a Basic

Model of the ‘Upwind Reference Jacket’ for Code Comparison in

the OC4 Project under IEA Wind Annex 30,” Fraunhofer Institute

for Wind Energy and Energy System Technology IWES, 2011.

30. De Vries, W., Vemula, N. K., Passon, P., Fischer, T., Kaufer, D., et

al., “Final Report WP4.2: Support Structure Concepts for Deep

Water Sites,” UpWind D4.2.8, Paper No. 019945, 2011.

31. International Electrotechnical Commission, “Wind Turbines-Part 3:

Design Requirements for Offshore Wind Turbines,” Paper No.

IEC61400-3, 2009.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
>> setdistillerparams
<<
  /HWResolution [72 72]
  /PageSize [612.000 792.000]
>> setpagedevice


