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Abstract. Offshore wind turbines are relatively complex structural and mechanical systems located in a
highly demanding environment. In the present paper the fundamental aspects and the major issues related
to the design of these special structures are outlined. Particularly, a systemic approach is proposed for a
global design of such structures, in order to handle coherently their different parts: the decomposition of
these structural systems, the required performance and the acting loads are all considered under this
philosophy. According to this strategy, a proper numerical modeling requires the adoption of a suitable
technique in order to organize the qualitative and quantitative assessments in various sub-problems, which
can be solved by means of sub-models at different levels of detail, for both structural behavior and loads
simulation. Specifically, numerical models are developed to assess the safety performances under
aerodynamic and hydrodynamic actions. In order to face the problems of the actual design of a wind farm
in the Mediterranean Sea, in this paper, three schemes of turbines support structures have been considered
and compared: the mono pile, the tripod and the jacket support structure typologies. 

Keywords: offshore wind turbines; systemic approach; numerical modeling; environmental actions;
structural analysis and design.

1. Introduction

Offshore Wind Turbines (OWTs), which provide a renewable power resource (Hau 2006), are the

result of an evolution of onshore plants, whose construction process is a relatively widespread and

consolidated practice; in order to make the generated wind power more competitive than

conventional exhaustible and high environmental impact sources of energy, the attention has been

turned toward offshore wind power production (Breton and Moe 2008).

Besides being characterized by a reduced visual impact since they are placed far from the coast,

OWT can take advantage from the more constant and intense wind force; this could increase the

regularity and the amount of the productive capacity and could make such a resource more cost-

effective, should the plant turn out to be durable and operating with minimum stoppage throughout
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its life. This point is very demanding, being these structures located in a very harsh design

environment.

From the general point of view, an OWT is formed by mechanical and structural elements. As a

consequence, it is not a “common” civil engineering structure; it behaves differently according to its

various functional phases (idle, power production etc.), and it is subjected to highly variable loads

(wind, waves, sea currents etc.). 

Moreover, since the structural behavior of offshore wind turbines is influenced by nonlinearities,

uncertainties and interactions, this kind of structure can be defined a complex one (Bontempi 2006).

In fact, it is now considered an emblematic example of structures on which new structural

philosophies and smart technologies can be explored and applied (ASCE 2010). 

These considerations highlight that, in Structural Engineering, a modern approach has to evolve

from the idea of “Structure” as a simple device for channeling loads to the idea of a “Structural

System” as “a set of interrelated components which interact one with the other in an organized

fashion toward a common purpose” (NASA 2007): this systemic approach includes a set of

activities which lead and control the overall design, implementing and integrating all the sets of

interacting components (Bontempi et al. 2008a). In the present paper, the original NASA definition

has been extended in such a way that the “structural system” contains also the actions; in this way,

in what follows, the “set of interrelated components” is called simply “structure”.

This general framework can handle all the design difficulties related to the different structural

aspects; some of them can be referenced as:

• Foundation Design and Soil-Structure Interaction (Westgate and DeJong 2005, Zaaijer 2006),

•Marine Environment and Scour (Sumur and Fredsøe 2002, van der Tempel et al. 2004),

• Aerodynamic Optimization (Snel 2003),

• Structural Optimization and Fatigue Calculations (Veldkamp 2007, van der Tempel 2006),

• Vessel Impact and Robustness (Biehl and Lehmann 2006),

• Innovative Concepts and Possible Floating Support Configurations (Henderson and Patel 2003,

Jonkman and Buhl 2007),

• Life Cycle Assessment (Gerdes 2006, Martìnez et al. 2008, Weinzettel et al. 2008),

• Standards Certification (API 1993, DNV 2004, GL 2002, GL-OWT 2005, BSH 2007, IEC

61400-3 2005).

This absolutely partial and biased toward authors’ involvement list of problems and references

gives a glimpse of what one means with problem complexity. Due to this reason, the design of

these structures has to be carried out profitably under a Performance-Based Design philosophy:

different aspects and various performances under several load conditions (referring to all possible

system configurations that can be assumed by the blades and then by the rotor) have to be

investigated for this type of structures (Bontempi et al. 2008a). 

A noticeable amount of complexity comes from the lack of knowledge about the environment in

which the turbine is located and from the pertinent modeling (Petrini et al. 2010). In particular, two

main sources of uncertainty can be individuated: the stochastic nature of the environmental actions

(aerodynamic and hydrodynamic actions, especially) and the possible presence of non linear

interaction phenomena among different actions and among the actions and the structure.

Generally speaking, the uncertainties can be subdivided into three basic typologies: the aleatoric

uncertainties (arising from the unpredictable nature of the magnitude, the direction and the variance

of the environmental actions), the epistemic uncertainties (deriving from both insufficient

information and errors in measuring the previously mentioned parameters) and the model
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uncertainties (deriving from the approximations in the models).

With regards to the wind model, for example, an aleatoric uncertainty is the one affecting the

mean wind speed; an epistemic uncertainty is the one affecting the values of the aerodynamic

coefficients of the structure, measured by wind tunnel tests, and, finally, considering the turbulent

wind velocity field like a Gaussian stochastic process, a model uncertainty is related to the very

hypothesis of the Gaussian character introduced.

While for the sake of simplicity, the epistemic uncertainties are not considered in the present

paper; it is important to remark that the aleatoric uncertainties can be treated by carrying out a

semi-probabilistic (looking for the extreme response) or a probabilistic (looking for the response

probabilistic distribution) analysis while a possible way to reduce the model uncertainties is given

by the differentiation of the modeling levels. This can be carried out for the structural models but

also for both action and interaction phenomena models. For this last reason, various model levels

have been adopted in the paper.

Generally speaking, the uncertainties can spread themselves during the various analysis phases

which are developed in cascade; a malicious alignment of uncertainty sources could produce an

unacceptable level of unquantifiable risk. For this reason, a suitable tool to govern the complexity is

given by the structural system decomposition which is represented from the design activities related

to the classification and the identification of the structural system components and of the hierarchies

(and the interactions) among the components. The decomposition regards the structure, the actions

and the performances, and it is the subject of the first part of the paper. In the second part, these

ideas are applied to explore and assess different structural configurations for offshore wind turbines

design, located in a wind farm project in the Mediterranean Sea. 

2. Structural system decomposition

As previously stated, the decomposition is a fundamental tool for the design of complex structural

systems (Simon 1998). It has to be done both for the structure and the design environment, and can

be carried out focusing the attention on different levels of detail: the decomposition, usually, starts

from a macro-level vision and goes on toward the micro-level details which, in the case of the

structure, regard the connections level. Finally, the same process must be applied to the

performances. 

2.1 Structure decomposition

Following the previously introduced philosophy, the OWT structure is organized hierarchically,

considering the structural parts categorized in three levels:

•Macroscopic (Macro level), related to geometric dimensions comparable with the whole

construction or with a general role in the structural behavior; the parts so considered are called

macro-components; one has essentially three components, as shown in Fig. 1:

- the main structure which has to carry on the main loads;

- the secondary structure, connected with the structural part directly loaded by the energy

production system;

- the auxiliary structure, related to specific operations that the turbine can normally or

exceptionally face during its design life: serviceability, maintainability and emergency.
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Focusing the attention on the main structure, in general, the following segments can be further

identified:

a. support structure (foundation, substructure and tower), which is the main subject of this paper;

b. blades-rotor-nacelle assembly.

•Mesoscopic (Meso level), related to geometric dimensions still relevant if compared to the

whole construction but associated with a specialized role in the macro components; the parts so

considered are called meso-components. In particular, the support structure can be decomposed

in the following parts:

a. foundation: the part which transfers the loads acting on the structure to the seabed; 

b. substructure: the part which extends itself upwards from the seabed and connects the

foundation to the tower;

c. tower: the part which connects the sub-structure to the rotor-nacelle assembly;

•Microscopic (Micro level), related to smaller geometric dimensions with specialized structural

role: these are the components or elements.

The scheme of Fig. 1 can be then appreciated when related to Fig. 2, where the main parts of an

offshore wind turbine structure are exposed. In this figure, it is shown that several substructure

types could be adopted: the choice is related principally to water depth (h), soil characteristics and

economical reasons. According to DNV-OS-J101 (2004), the following rough classification can be

used: monopile, gravity and suction buckets (h < 25 m); tripod, jacket and lattice tower

(20 m < h < 40 ÷ 50 m); low-roll floaters and tension leg platform (h > 50 m). In the present study,

attention has been focused on monopile, tripod and jacket types which are schematically depicted in

Fig. 2.

Fig. 1 Scheme for structural decomposition of an offshore wind turbine 
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The previous introduced structural decomposition has several meanings. One of the most

important is related to the different safety and reliability characterization of the recognized parts:

usually, foundations have, due to their fundamental role, safety requirements larger than the upper

parts which can be more fallible. Roughly speaking, it means that one accepts to lose, for some

reason, first, the rotor and the tower, then, the substructure and at last the foundations. There are

also constructability differentiations, being the towers usually standardized parts, and also,

obviously, differences on constructive tolerances. Of course, the most mechanical intensive parts,

the blades-rotor-nacelle, have manufacturing standards more oriented toward industrial engineering

than the remaining parts. 

2.2 Actions decomposition

The second step of the structural system decomposition is connected to the actions. These can be

decomposed as shown in Fig. 3, from which one can appreciate the high variety of acting loads.

These actions can be connected with the environmental conditions as properly decomposed in

Fig. 4. 

It is important to underline that, since the environmental conditions have, in general, a stochastic

Fig. 2 Main parts of an offshore wind turbine structure with reference to three typologies (monopile, tripod,
jacket) (a) foundation, (b) sub-structure, (c) tower, (d) blades-rotor-nacelle 
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Fig. 3 Environmental actions/loads decomposition

Fig. 4 Environmental conditions classification (partially adapted from IEC 61400-3) 
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nature, the magnitude of the actions involved can usually be characterized by a certain return period

TR: low values of TR are associated with the so called “normal condition” while high values of TR
are associated with “extreme conditions”. It is obvious that one of the most delicate design

decisions is the choice of this value. 

2.3 Performances decomposition

The performance requirements express qualitatively the performances that the structure must

provide. These can be identified and decomposed as follows:

• assurance of the serviceability and operability of the turbine, as well as of the structure in

general; as a consequence, the structural characteristics (stiffness, inertia, etc.) have to be equally

distributed and balanced along the structure;

• assurance of a proper level of reliability for the entire life-span of the turbine; as a consequence,

a check of the degradation due to fatigue and corrosion phenomena is required;

• safety assurance with reference to collapse in probable extreme conditions; this is applicable

also to the transient phases in which the structure, or parts of it, may reside (e.g., transportation

and assembly) which have to be verified as well;

• assurance of sufficient robustness of the structural system, that is to assure the proportionality

between possible damage and resistance capacity, independently from the triggering cause

providing, at the same time, an eventual endurance of the structure in hypothetical extreme

conditions.

For the structural system identified, some criteria, which express quantitatively the performances,

can be identified and, eventually, associated with appropriate Limit States subdivided in

Serviceability Limit State - SLS, Ultimate Limit State - ULS and Accidental Limit State - ALS:

• Dynamic characterization of the turbine as dictated by the functionality requirements (SLS):

- natural vibration frequencies of the whole turbine (comprehensive of the rotor-nacelle

assembly), the support structure and the foundations;

- compatibility of the intrinsic vibration characteristics of the structural system with those of the

acting forces and loads;

- compatibility assessment of the movement and the accelerations of the support system with the

functionality of the turbine;

• Structural behavior regarding the serviceability (SLS): 

- limitation of deformations;

- connections decompression;

• Preservation of the structural integrity in time (SLS): 

- durability with regards to the corrosion phenomenon;

- structural behavior related to fatigue;

• Structural behavior for near collapse conditions (ULS):

- assessment of the solicitations, both individual and as a complex, for the whole structural

system, its parts, its elements and connections;

- assessment of the resistance for global and local instability phenomena;

- assessment of the global resistance of the structural system;

• Structural behavior in presence of accidental scenarios (ALS):

- decrease in the load bearing capacity proportionally to the damage;

- survival of the structural system in presence of extreme and/or unforeseen situations, such as
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the possibility of a ship impacting the structural system (support system or blades), with

consequences accounted for in risk scenarios.

3. Design environment and actions analytical models

The hierarchy that would be followed, in modeling the environmental loads acting on the

structure, implies, first of all, the modeling of the generic environmental field (e.g., the wind

velocity and hydrodynamic fields) and, successively, the modeling of the environment-structure

interactions from which the environmental actions arise (e.g., the aerodynamic or aeroelastic

phenomena for what wind actions and hydrodynamics for waves are concerned). 

It is known that an environmental action, if it is observed during a short time period, is composed

by two parts: a mean (or slowly variable) part and a stochastic part. In the case of the aerodynamic

and hydrodynamic actions, the first component is generated by the mean wind velocity and by the

sea current, while the stochastic component is generated by the turbulence wind velocity and by the

not rotational (exception made for breaking waves) waves.

The definition “mean” must be specified in the sense that it is consistent only if one considers a

Fig. 5 Problem statement and main wind and wave actions configuration 



Basis of design and numerical modeling of offshore wind turbines 607

specified “short time period” (usually less than 1 hour); on the contrary, the so called “mean

component” varies in a stochastic manner during long time periods. For this reason, in what

follows, the mean components will be considered as constant only for short periods of analyses. 

The generic environmental configuration is shown in Fig. 5, where the macro geometric

parameters defining the problem are also represented. These are: the water mean depth (h), the hub

height above the mean water level (H) and the blades length (or rotor radius) (R). 

A correct prediction of the structural response under extreme and normal load conditions requires

the definition of their probability distribution and statistical parameters; these are site specific and

have to be estimated by carrying out statistical analyses of the measurements database. In particular,

two kinds of investigations are usually carried out: short term and long term statistics for

performing fatigue and ultimate limit state analysis respectively. 

To define the extreme load cases one needs to estimate the probability distribution for: (i) the

extreme 10-min average wind velocity at the reference height; (ii) the significant wave height

estimated in a 3-hour reference period along with the associated range of wave peak spectral

periods. 

When no information is available for defining the long term joint probability distribution of

extreme wind and waves, the extreme 10-min mean wind speed, with 50-year recurrence period

occurring during the extreme sea state with 50-year recurrence period (IEC 64100-3), shall be

assumed and, possibly, reduced to suitable values.

3.1 Wind field model

Concerning the wind modeling for aerodynamic actions computation, a Cartesian three-

dimensional coordinates system (x, y, z), with origin at water level and the z-axis oriented upward is

adopted, as shown in Fig. 5. Focusing on a short time period analysis, the three components of the

wind velocity field Vx(j), Vy(j), Vz(j) at each spatial point j (the variation with time is omitted for

simplicity) can be expressed as the sum of a mean (time-invariant) value Vm and turbulent

components u(j), v(j), w(j) with mean value equal to zero. Assuming that the mean value of the

velocity is non zero only in the x direction, the three components are given by 

(1)

The mean velocity Vm(j) can be determined by a database of values recorded at or near the site

and evaluated as the record average over a proper time interval (e.g., 10 minutes). 

The variation of the mean velocity Vm with the height z over a horizontal surface of homogeneous

roughness can be described, as usual, by the exponential law  

(2)

In this expression, Vhub is the reference wind velocity at the rotor altitude zhub, with α = 0.14 for

extreme wind conditions. The 10-minute wind speed Vhub is defined as a function of the return

period TR; it is the (1-1/TR) quantile in the distribution of the annual maximum 10-minute mean

wind speed, i.e., the 10-minute mean wind speed whose probability be exceeded in 1 year is 1/TR. It

is given by (DNV-OS-J101 2004)

Vx j( ) Vm j( ) u j( ); Vy j( )+ v j( ); Vz j( ) w j( )= = =

Vm z( ) Vhub
z

zhub
--------⎝ ⎠
⎛ ⎞α=
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(3)

where TR > 1 year and (•) is the cumulative distribution function of the annual

maximum value of the 10-minute mean wind speed.

The turbulent components of the wind velocity have been modeled as zero-mean Gaussian ergodic

independent processes. Moreover, in probabilistic calculations, only the random spatial variation

with the height z has been taken into account by considering the wind acting on N vertically aligned

points. By neglecting the vertical component w of the wind velocity, the turbulent components u

and v are completely characterized by the power spectral density matrices [S]i (i = u, v). 

The diagonal terms (auto-spectra)  of [S]i (j = 1, 2, …, N) have been expressed in terms of

normalized one-side power spectral density (Solari and Piccardo 2001) as

(4)

where n is the current frequency (in Hz), zj is the height (in m) of point j, 
 and  are the

variances of the velocity fluctuations, given by the relationships (Solari and Piccardo 2001)

(5)

Where z0 is the roughness length, u* is the friction or shear velocity (in m/s), given by: (0.006)
1/2

Vm(z = 10), ni(zj) is a non-dimensional height dependent frequency given by 

(6)

The integral scale Li(zj) of the turbulent component can be derived for i = u, v, according to the

procedure given in ESDU (2001). 

The out of diagonal terms (cross-spectra)  of [S]i (j, k = 1, 2, …, N) are given by

(7)

where for vertically aligned points (Di Paola 1998)

(8)

and Cz represents the decay coefficient that is inversely proportional to the spatial correlation of the

process.

Using the proposed model, it is possible to generate samples of the wind action exerted on each

point j of the structure.

Vhub TR z( ), FVhub max 1 year, ,
1–

1
1

TR

-----–⎝ ⎠
⎛ ⎞=

FVhub max 1 year, ,

Sijij
n( )

nSujuj
n( )

σu

2
--------------------

6.868 nu⋅

1 10.302nu

2
zj( )+[ ]

5/3
------------------------------------------------=

nSvjvj n( )

σv

2
-------------------

9.434 nv⋅

1 14.151nv
2
zj( )+[ ]

5/3
------------------------------------------------=

σu

2
σv

2

σi

2
6-1.1arctang log z0( ) 1.75+( )[ ]u*

2
=

σv

σu

----- 0.7=

ni z( )
nLi zj( )
Vm zj( )
----------------=

Sijik n( )

Sijik n( ) Sijij n( )Sikik
n( ) exp fjk n( )–( )⋅=

fjk n( )
n Cz

2
zj zk–( )2

2π Vm zj( ) Vm zk( )+( )
-----------------------------------------------=
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3.2 Hydrodynamic field model

The hydrodynamic actions are due to sea currents and waves.

The sea currents caused by the tidal wave propagation in shallow water can be characterized by a

practically horizontal velocity field whose intensity slowly decreases with the depth. Adopting a

Cartesian coordinate system (x', y', z') with origin at the still water level and the z-axis oriented

downward (Fig. 5), the variation in current velocity with the depth is given by (DNV-OS-J101

2004)

(9)

where Vtide(z') and Vwind(z') are the velocities generated by the tide and the wind; z' is the depth

under the mean still water level; Vtide0 and Vwind0 are the tidal current and the wind-generated current

at still water level; h is the water depth from still water level (taken as positive); h0 is a reference

depth (typically taken equal to 20 m).

In absence of site-specific measurements, the wind-generated current velocity may be taken equal

to (DNV-OS-J101 2004) 

(10)

where V1hour is the 1-hour mean wind speed. 

Waves act on the submerged structural elements and on the transition zone above the still water

level; therefore, the wave actions are due to the motion of the fluid particles and to the breaking

waves, which may occur in shallow water conditions.

In general, the wave height is a time-dependent stochastic variable, described by:

- the significant wave height HS, defined as four times the standard deviation of the sea elevation

process; it is the measure of the intensity of the wave climate as well as of the variability in the

arbitrary wave heights;

- the spectral peak period TP, related to the mean zero-crossing period of the sea elevation process.

For extreme event analysis, the significant wave height is defined as a function of the return

period TR (DNV-OS-J101 2004)

(11)

where  represents the maximum annual significant wave height, which can be deduced

by means of a Weibull distribution. 

For particular performance investigations, like the fatigue analysis of the structure subjected to the

wave action, it is necessary to define an appropriate spectral density of the sea surface elevation. 

The characteristic spectral density of the specific sea-state S( f ) is defined by means of the

parameters HS and TP and an appropriate mathematical model. Usually the Jonswap spectrum is

adopted for a developing sea, given by 

Vcur z′( ) Vtide z′( ) Vwind z′( )+=

Vtide z′( ) Vtide0
h z′–

h
------------⎝ ⎠
⎛ ⎞

1/7

⋅=

Vwind z′( ) Vwind0

h0 z′–

h0

--------------⎝ ⎠
⎛ ⎞⋅=

Vwind0 0.01 V1hour z 10 m=( )⋅=

HS TR, z( ) FHS max 1year, ,
1–

1
1

TR

-----–⎝ ⎠
⎛ ⎞=

FHS max 1year, ,
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(12)

where f = 2π/T is the frequency; fP = 2π/TP is the peak frequency; α and g are constants; σ and γ

are parameters depending on HS and TP.

In general, the sea state is characterized by a distribution of the energy spectral density dependent

on the direction of the wave components: this can be obtained by multiplying the one-dimensional

spectrum S(f ) by a function that takes into account the directional spreading and is symmetrical

with respect to the principal direction of the wave propagation.

Finally, the designer has to identify the analytical or numerical wave theories and their range of

validity, which may represent the kinematics of waves:

- linear wave theory (Airy theory) for small-amplitude deep water waves; wave profile is

represented by a sine function;

- Stokes wave theories for high waves;

- stream function theory, based on numerical methods accurately representing the wave kinematics

over a broad range of water depths;

- Boussinesq higher-order theory for shallow water waves;

- solitary wave theory for waves in very shallow water.

In the numerical calculations, for the sake of simplicity, the kinematics of waves has been

described by the linear wave theory applied to small-amplitude deep water waves, and the wave

profile has been represented by a sinusoidal function.

3.3 Actions model

In general, the actions components could be calculated separately for all structural elements

adopting a common frame of reference and then superimposed by a vectorial sum in a phase-correct

manner.

The aerodynamic force can be decomposed, as usual, in a drag (parallel to the mean wind

velocity) and a lift (orthogonal to the mean wind velocity) component, while moments have been

neglected in the present paper. These can be computed for each structural component, for the

specific wind velocity field and for each structural configuration (for example, extreme wind and

parked turbine configurations), by using well known expressions (Petrini et al. 2007, Bontempi et

al. 2008b). Equivalent static load can be derived by using peak factors based on the probabilistic

characteristics of the wind velocity modeled as stochastic process (Van Binh et al. 2008). Another

important aspect, concerning the wind action, regards the presence of the so called aerodynamic

damping in addition to the material one. This arises when, depending on the actual tower top

movement and blade deflection, the relative wind speed vector is reduced or enlarged, with a

consequent change in the wind-blades angle of attack. This effect is relevant only in the load cases

characterized by the operational activity of the turbine rotor. 

Concerning the hydrodynamic loads on a structural slender cylindrical member (D/L < 0.2, with:

D member diameter normal to the fluid flow, L wave length), both wave and (stationary) current

generate the following two kind of forces:

• a force per unit length acting in the direction perpendicular to the axis of the member and is
related to the orthogonal (with respect to the member) components of the water particle velocity

(wave vw plus current Vcur induced) and acceleration (wave only); it can be estimated by means

S f( ) αg
2

2π( )4
------------- f

5–
exp

5

4
---

f

fP
----⎝ ⎠
⎛ ⎞ 4–

– γ

exp 0.5
f fP–

σfP
-----------⎝ ⎠
⎛ ⎞2–

=
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of Morison equation (Brebbia and Walker 1979) 

(13)

where ρwat is the water density, ci and cd are the inertia (including added mass for a moving

member) and drag coefficient respectively, which are related to structural geometry, flow

condition and surface roughness: the dot indicates the time derivate. Periodic functions are

adopted for both wave velocities and accelerations (Brebbia and Walker 1979).

• a non-stationary (lift) force per unit length acting in the direction perpendicular both to the axis
of the slender member and to the water current. This component is induced by a vortex

shedding past the cylinder and inverts direction at the frequency fl of eddies separation which is

related to flow field and structural geometry through Strouhal number St = Dfl /Vcur. It should be

kept far from the structure’s natural frequency to avoid resonances.

In the case of static analysis, equivalent static forces are applied considering the maximum values

of the fluctuating actions components and, eventually, applying certain load amplification factors.

4. Numerical modeling

As previously stated, in order to reduce the model uncertainties, a differentiation of the modeling

level is adopted. The level of a generic model of the structure is here identified by means of two

parameters: the maximum detail level and the scale of the model. If the finite element method is

adopted, at each model level it is possible to associate a certain typology of finite element which is

mainly used to build the model. To explain this point, one can say that, in general, four model

levels are defined for the structure:

1. systemic-level (S): the model scale comprises the whole wind farm and can be adopted for

evaluating the robustness of the overall plant. Highly idealized model components are used in

block diagram simulators;

2. macro level or global modeling (G): in these models the scale is reduced to the single turbine,

neglecting the connections among different structural parts; the component shapes are modeled

in an approximate way, only the geometric ratios among the components being correctly

reproduced; beam finite elements are mainly adopted;

3. meso-level or extended modeling (E): these models are characterized by the same scale of the

previous level but with a higher degree of detail: the actual shape of the structural components

is accounted for and the influence of geometrical parameters on the local structural behavior is

evaluated. Shell elements are adopted for investigating the internal state of stress and strain (e.g.,

for fatigue life and buckling analysis) in the structure extrapolated from previous models; 

4.micro-level or detail modeling (D): this kind of models is characterized by the highest degree of

detail and is used for simulating the structural behavior of specific individual components,

including connecting parts, for which a complex internal state of stress has been previously

identified e.g. due to the presence of concentrated loads. Shell or even solid finite elements are

used.

The different structural model levels features are summarized in Table 1; an analogous distinction

can be made for the specification of the external loads.

According to what stated above, at the initial stage of investigation, structural analyses have been
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carried out with macro-level and meso-level models for the three offshore wind turbine types

previously described. Some of the developed structural models (macro level models only) are shown

in Fig. 6.

The effect of the foundation soil should be simulated with a full non-linear model in order to

account for possible plastic effects and load time-history induced variation of the mechanical

properties (Zaaijer 2006). At this level of investigation an idealized soil has been simulated through:

• linear springs - such technique has been adopted for macro-level models. Springs are applied at

the pile surface and act in the two coordinate horizontal directions. The corresponding

mechanical parameters have been set up on the basis of soil characteristic available to simulate

its lateral resistance at the pile interface;

Table 1 Definition of the model levels

Model level Scale Maximum detail level Main adopted Finite Elements

Systemic level wind farm approximate shape of the structural 
components

BLOCK elements

Macro level single turbine approximate shape of the structural 
components, correct geometry

BEAM elements

Meso level single turbine detailed shape of the structural 
components

SHELL, SOLID elements

micro level individual components detailed shape of the 
connecting parts

SHELL, SOLID elements

Fig. 6 Macro level finite element models: (a) monopile, (b) tripod and (c) jacket support types, springs for
preliminary soil-foundation-structure interaction are shown 
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• solid elements - used for meso-level models; these three dimensional elements simulate the

linear mechanical behavior of the soil. The extension of the foundation included in the model

has been selected in order to minimize boundary effects.

Both kinds of models have been used for evaluating the modal response of the structural system. 

The decomposition of both structural system and performances and the differentiation of the

model levels can be used to guide and optimize the numerical analysis efforts in this design phase:

focusing on a certain structural component and selecting a specific performance that has to be

investigated for that specific component, the choice of both the model level and the type of analysis

to be adopted can be done so as to obtain the best efficiency of the analysis (deriving from the

balance between the level of outputs detail and the computational efforts). 

For example, focusing the attention on the tower (having a steel tubular section), the maximum

stresses for Ultimate Limit States calculation can be preliminary obtained by adopting a macro level

model and by carrying out a static extreme analysis (characterized by extreme values of the

environmental loads). If one wants to assess the local buckling phenomena, at least a meso-level

structural model and a static incremental analysis are needed. These considerations are resumed in

Table 2.

5. Application

The numerical analyses have been conducted for the three support typologies previously

introduced for OWT, designed for a wind farm project in the Mediterranean Sea. The main

structural characteristics of the models are listed in Table 3.

A typical situation in the initial design step is the choice among various design configurations.

This decision has to be taken essentially on the basis of the results deriving from basic numerical

analyses (e.g., static or modal analysis). In a successive design phase, more advanced (prevalently

dynamic) analyses have to be carried out in order to optimize the performances of the previously

selected configuration. 

Following this philosophy, first of all, the performances of the three support typologies are

compared by carrying out modal and extreme static analyses. Successively, the structural response

of the selected support typology (jacket) is investigated by means of dynamic analyses carried out

adopting both time and frequency domain techniques.

Table 2 Model and analysis type selection

Structural component Performance Model level Analysis type

Tower

Stress Level (ULS) →
Macro
Meso

Static extreme

Global Buckling (ULS) →
Macro
Meso

Static incremental

Local Buckling (ULS) →
Meso
Micro

Static incremental

Fatigue (FLS) →

Macro (poor)
Meso
Micro

Dynamic
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5.1 Modal analysis

The preliminary task of the modal analysis is to assess the natural modes of vibration in order to

avoid that a non-stationary load could cause the system resonance when excitation and natural

frequencies are closer.

Geometrical parameters of the three support structures have thus been selected with the aim of

maintaining the corresponding natural frequency far from the one of the non-stationary external

forcing loads (wind and wave).

Finite element modal analysis has provided the deformed shapes given in Fig. 7: here, have been

displayed only odd modes since modes i and i + 1 (with i = 1, 3 …) have the same frequency but

vibration occurs in orthogonal planes, according to the axial symmetry of the tower (the eccentricity

of the mass of the blades is neglected). 

In particular, in Fig. 7(d), the two x-parallel dashed lines correspond, when referred to a constant

rotor velocity, to the mean rotor frequency (1P) and to the frequency of a single passing pale (3P)

which is three times the former one, for a three bladed turbine. These frequencies determine the

sampling period of the wind turbulent eddies and, as a consequence, the characteristics of the

induced non-stationary actions.

As a consequence, they acquire importance when performing a dynamic analysis and are

generally compared to the first natural frequency fnat to classify the structural behavior: 

• if fnat falls below 1P, the structure is said soft-soft. For this type of structures, the wave load

could be dominant. Because of the structural low frequency, the fatigue effects could be

relevant;

Table 3 Main structural characteristics

Monopile [m] Tripod [m] Jacket [m]

H = 100
h = 35
lfound = 40
D = 5
tw = 0.05
Dfound = 6

H = 100
h = 35
lfound = 40
D = 5
tw = 0.05
Dtripod = 2,5
tw tripod = 0,05
Dfound = 2.5

H = 100
h = 35
lfound = 40
D = 5
tw = 0.05
jacket members:
Dvert = 1.3
tw vert = 0.026
Dhor = 0.6
tw hor = 0.016
Ddiag = 0.5
tw diag = 0.016

D = tubular tower diameter; 
Dfound = foundation piles diameter (concrete);
Dtripod = tubular tripod arm diameter; 
Dvert, hor, diag = diameter of the jacket vertical, horizontal or 
diagonal tubular members
tw = thickness of the tower tubular member;
tw tripod = thickness of the tripod arm tubular member; 
tw vert, hor, diag = thickness of the jacket vertical, horizontal or 
diagonal tubular members
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• when fnat is between 1P and 3P the structure is called soft-stiff. For this type of structures the

wind action frequencies could be more dangerous than the waves’ ones. The fatigue effects

could still be relevant;

• if fnat is greater than 3P the structure is called stiff-stiff; for this type of structures the fatigue

effects are in general not relevant.

From the results plotted in Fig. 8(d) one can see that the structural system falls in the soft-stiff

range only if the jacket support type is adopted. 

For the first couple of modes, the dynamic behavior of the jacket is stiffer than that of other types,

but the trend is inverted after the third mode. 

5.2 Static extreme analysis

Static analysis under extreme environmental loads can be useful in order to obtain preliminary

structural members dimensioning in the first design stage. 

Here, steady loads have been assumed for the principal environmental actions with no functional

loads (parked condition). 

Fig. 7 Modal analysis (macro-level models). (a) Natural mode shapes for monopile, (b) tripod and (c) jacket
support structures, (d) comparison of natural frequencies 
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The numerical analysis for the selected support structure types has been carried out considering

the three load cases summarized in Table 4, where Vhub represents the wind velocity at the hub

height; VeN (with N = 1 or 100) represents the extreme wind velocity whit a return period TR equal

to N years and it is derived from the reference wind velocity associated with the same return period

VrefN multiplied by a certain peak factor; VredN represents the reduced wind velocity whit a return

period TR equal to N years and it is derived from the VrefN by applying a reduction factor. In the

Fig. 8 (a)Actions (monopile), (b) overturning moment, (c) total shear reaction at the mud line and (d) hub
displacements for the three different load cases of Table 4

Table 4 Load cases 

Design Situation
Combina-
tion name

Wind 
Condition

Marine 
Condition

Load Factors γF

Environmental Gravitational Inertial

Parked
 (standstill or idling)

6.1b Vhub=Ve100 H=Hred100 1.35 1.1 1.25

6.1c Vhub=Vred100 H=Hmax100 1.35 1.1 1.25

6.3b Vhub=Ve1 H=Hred100 1.35 1.1 1.25
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same table HmaxN and HredN represent respectively the design wave maximum height and the design

wave reduced height associated whit a return period TR equal to N years. 

A steady wind field has been assumed along with stationary and regular wave actions; both

actions have been assumed to act in the same direction.

The design wind exerts a force distribution which is dependent on the undisturbed flow pattern:

the resultant action on the rotor blades has been concentrated at the hub height while the drag forces

acting on the support are distributed along the tower and the exposed piece of the substructure

(jacket type only). The submerged part of the support structure is subject to combined drag and

inertia forces induced by undisturbed wave and current induced flow field. 

In Fig. 8(a), the calculated vertical profiles of the aerodynamic and hydrodynamic actions induced

per unit length on the tower and the substructure respectively are shown for the monopile case. 

The analyses carried out through macro-level models allow the evaluation of both the reactions at

the mud line (shear and overturning moment) and the induced displacement at the hub height. 

Results obtained with macro level models are summarized in Figs. 8(b),(c),(d): the maximum

shear stress at the mud line is reached for load case 6.1c, which is the one characterized by the

maximum wave height and reduced wind speed (see Table 4). On the other hand, the combination

giving the maximum bending moment at the mud line corresponds to the extreme wind and reduced

wave height (combination 6.1b). 

It follows that waves and currents deeply influence the resultant shear force, while the wind

appears to be more critical for the overturning moment being distributed at a higher distance from

the bottom.

Moreover, from the same figure, one can see that the three structural types experience

approximately the same resultant shear and moment under each load combination. Concerning the

horizontal displacement at the hub height, one can see an increasing stiffness of the support

structure going from the monopile to the jacket type under each load combination. Maximum

displacement occurs always for load case 6.1b, giving place to the higher overturning moment; for

the jacket type it is almost one third of the monopile type.

In Table 5 the applied loads and the numerical results obtained for the more severe combination

(6.1b) are reported. The maximum stress in the tower has been computed by combining

compression (or tension) and bending stresses. 

Table 5 Applied loads and the numerical results (loads combination 6.1b)

Monopile Tripod Jacket

Actions

Wind on rotor (kN) 1663 1663 1663

Wind on tower (kN) 740 740 428

Wave and current (kN) 3372 3372 3500

Overturning moment (kN*m) 350456 350456 337087

Reactions at 
mud line

Shear reaction at mud line (kN) 5775 5775 5591

Vertical reaction at mud line (kN) 10714 10356.3
(max in pile=15018)

13768 
(max in pile =9929)

Structural 
checks

Maximum stress in the tower (N/mm2) 286 230 151

Nacelle displacement (m) 4.66 3.72 1.82
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Fig. 9 Meso-level structural model of jacket type (a) and deformed shape under static aerodynamic and
(b) hydrodynamic loads  

Fig. 10 Elastic internal state of stress at critical zones (b) jacket-tower connection and (c) tower thickness
transition  
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From the previous results it can be deduced that, for the present design context, the jacket support

type is the best choice for what concerns the structural response (above all for the maximum stress

in the tower and for the nacelle displacement) under extreme loads. 

A meso-level model has been constructed for this type of support, including the ground model

(five substrates with different mechanical characteristics) by using brick finite elements (Fig. 9(b)).

The connection between the tower (shell elements) and the jacket has been modeled by using rigid

beams elements (Fig. 10(b)). This detail level allows the designer to investigate the internal state of

stress for critical parts (Fig. 10).

The meso-model is subjected to the load case referred to as 6.1b in Table 3 (most severe); the

model gives a nacelle displacement equal to 2 m and a maximum stress in the tower equal to

178 MPa (jacket-tower connection). The results of the meso-level model are in good agreement with

the macro-level one. The small differences are probably due to the variation in the tower diameter

(ranging from 5.0 meters at the base to 3.4 meters at the top) along the vertical direction and to the

thickness variation of the tubular member at a fixed transition section (see Fig. 10(a)), these two

features are not detailed in macro-level models, where mean values are assumed along the tower for

both tower diameter and thickness.

5.3 Buckling analysis

Another important aspect concerns the structural stability characteristics. A static incremental

analysis has been conducted in order to assess the buckling load; in this case, the hydrodynamic

actions have been schematically depicted using a single force acting on the jacket at the mean water

level (see Fig. 11). 

The analysis gives a multiple of 1.17 for the extreme load case referred to as 6.1b in Table 3. It is

important to outline that the first buckling mode shows a local instability of the tower tubular

section (Fig. 11) which cannot be seen in the macro models. 

5.4 Dynamic analyses

Modal analysis, quasi-static analysis and buckling analysis are cornerstones in the exploration of

Fig. 11 Results of buckling analysis 
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the structural response of the proposed OWT supports. Nevertheless, dynamic analyses have to be

carried out in the central design phases in order to consider some specific aspects like fatigue

analysis, aeroelastic stability analysis, dynamic interactions, etc. As known, the structural dynamic

analysis can be carried out both in time (Petrini et al. 2007) and in frequency domain (Solari 1997).

The first one is widely adopted in the case of structures having a marked non-linear behavior and it

requires the definition of actions time histories. If no experimental or full scale measurements are

available, the actions time histories are usually generated by proper numerical algorithms (see

Carassale and Solari 2006): the computational efforts may become remarkable in the case of

multivariate processes and they are certainly more important if compared with the ones spent in the

frequency domain approach.

On the other side, the frequency domain approach is characterized by less computational efforts

but also by a lower level of detail for the results; for example, the peak response (rp) is computed

from the response variance and from the medium response by using the so called peak factor

(Davenport 1998) as follows 

 (14)

where rm is the medium response; σr is the response standard deviation and gr is the peak factor.

Along wind response of structures has a probability distribution which is closely Gaussian. For this

case, Davenport derived the following expression for the peak factor

 (15)

where η is the “cycling rate” of effective frequency for the response: this is often conservatively

taken as the natural frequency, n1. Twind is the time interval over which the maximum value is

required.

Here, both approaches have been implemented in order to investigate the dynamical response of

the jacket-supported structure and to compare the results derived from the two techniques. For what

concerns the dynamic actions modeling, here, the attention has been focused on the wind forces

only. The hydrodynamic actions have been modeled again as static forces having the same value of

the previous sections.

In order to compare the dynamic response computed by the two methods, the analyses have been

conducted with reference to various mean wind velocity magnitudes: in the case of the time domain

analysis, five distinct samples of the wind time histories have been generated and applied for each

mean wind velocity magnitude at hub height (Vhub). The average value of the time domain result

samples obtained for a certain wind velocity magnitude has been compared with the analogous

result of the frequency domain approach. The time histories of the wind velocities have been

numerically generated by adopting the so-called WAWS method, using the proper orthogonal

decomposition technique for the power spectral matrix decomposition (Carassale and Solari 2006);

both the along wind and the across wind actions have been applied and they have been considered

uncorrelated.

The analyses have been conducted with reference to the parked (standstill or idling) configuration;

in the model adopted for dynamic analyses, the foundation has not been modeled and then the

jacket has been supposed fixed to the soil.

In Fig. 12 both the along and the across wind structural displacement time histories at hub height

r
p
h( ) rm gr+ σr h( )⋅=

gr 2loge η Twind⋅( )
0.577

2loge η Twind⋅( )
---------------------------------------+=
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Fig. 12 Structural displacement time histories at hub height under a incident wind mean velocity of 30 m/s:
(a) along-wind, (b) across-wind 

Fig. 13 Comparison between time and frequency
domain analysis: mean along-wind displace-
ments at hub height

Fig. 14 Comparison between time and frequency
domain analysis: peak along-wind displace-
ments at hub height

Fig. 15 Comparison between time and frequency domain analysis: peak across-wind displacements at hub height
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are shown for an incident mean wind velocity at hub height equal to 30 m/s.

The results obtained by a total of 20 time domain simulations and the results from the frequency

domain analyses are compared in Fig. 13 (mean along-wind displacement at hub height), in Fig. 14

(peak along-wind displacement at hub height) and in Fig. 15 (peak across-wind displacement at hub

height), showing a fairly good agreement. Of course, this is a validating starting for more realistic

time domain analysis, where nonlinear effects can be introduced.

6. Conclusions

In this paper, the systemic approach has been proposed as a conceptual approach for the design of

offshore wind turbines: this vision can be effective in organizing the design problem, in collecting

information and data and organizing models and structural analysis. The structural system

decomposition has then been performed, with a focus on the structural analysis and on the

performances definition.

All these considerations have been applied to a design problem which compares the safety and the

performances of three different types of support structures commonly adopted for water depth lower

than 50 m: monopile, tripod and jacket support structures. Extreme loads with a recurrence period of

50 years have been applied. With this application, the first steps connected with the basis of design

of offshore wind turbines, as a support to the decision making process, with specific reference to the

structural safety and reliability for the entire lifespan have been enlightened.

A preliminary static analysis has been carried out simulating three different load combinations as

prescribed by International Standards (Det Norske Veritas 2004): the relative influence of

aerodynamic and hydrodynamic loads has been assessed on resultant shear force and overturning

moment at the mud line and on horizontal displacement at hub height. This step is introductory to

the selection of the jacket as the appropriate support structure type. 

Moreover, the internal state of stress under the above mentioned steady extreme loads has been

evaluated by means of two different levels of detail for the numerical models (macro and meso-

level). The analyses have confirmed that macro-level model results can predict the basic aspects of

the structural response, but the meso-level model provides an additional and more detailed picture

of the structural behavior due to both greater capabilities of the adopted finite elements (shell and

brick instead of beam) and higher geometrical resolution of the model. 

An incremental analysis has been then carried out to assess the buckling load of the examined

offshore wind turbine. The analysis has shown that there is a local buckling in the tower tubular

section, with a multiplier equal to 1.17, for the most severe extreme loads.

Finally, the necessary exploration of the dynamic behavior has been considered, even if with

preliminary modeling, both in the time domain and in the frequency domain.

In conclusion, it seems that the proposed approach is able to manage all the aspects related with

the design of complex structures like offshore wind turbines, and can effectively guides the different

activities.
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