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Abstract:

Offshore wind turbines (OWT) are considered one the most promising ways of harvesting green
energies in the world. OWTs are dynamically sensitive as their loading frequency is close to
their natural frequency, allowing a narrow frequency band to avoid resonance. Therefore,
precise estimation of their natural frequency (fn) can be crucial. Soil-structure interactions (SSI)
can be of great importance in the estimation of dynamic characteristics of OWTS. In this study,
a standard offshore wind turbine is modeled using FLAC-3D in two cases of fixed-base, i.e.,
with no SSI, and another case with a entire system of soil and structural parts to estimate the
effects of SSI on the natural frequency of the OWT systems. The result showed that modeling
the OWT in the fixed base state results in an overestimation of the natural frequency of the
system by 20 percent, which can be misleading in the design process. In addition, the damping
ratio was largely underestimated in the fixed base condition due to the main contribution of soil
damping. Therefore, the importance of soil-structure interactions was emphasized in the
modeling and design of offshore wind turbines.

(Ssh).

1. Introduction

Offshore wind turbines (OWTs) have attracted a lot of
attention as one of the most promising means of harvesting
green energies. Every year, more investments are made in
development and optimization of offshore wind turbines.
The wind farm industry is growing by increasing the larger
turbines, taller towers, and deeper installation in seabed to
achieve more efficiency of energy production. Increasing the
size and cost of OWTs demands securing their structural
integrity in the harsh offshore environment [1]. Offshore
wind turbines are sensitively dynamic structures, as their
natural frequency is close to their loading frequency. Due to
the special structural shape, i.e., a combination of a long
slender column with a heavy mass on top, a low natural
frequency results in OWTs falling within the range of 0.3-
0.5 Hz [2]. On the other hand, the frequencies of service
loads, which are mainly comprised of environmental loads
of wind and wave thrust, are applied in the same range of
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frequencies. The wind load is applied at the rotor with a
frequency in the range of 0.12-0.3 Hz [2], called the 1P. The
passing of the blades across the tower induces a cyclic load,
called the shadowing effect, with a frequency of 3P (number
of blades multiplied by the 1P frequency), in the range of
0.35-0.9 Hz [2]. This condition makes the OWTs susceptible
to resonance and excessive increase of dynamic loads, which
can lead to damage to the OWTSs. Subsequently, design
codes such as DNV [3] and GL [4] impose strict regulations
to keep the first global natural frequency of the system at
least +10 percent away from the 1P and 3P frequencies. This
implies a relatively narrow frequency band to be allowed. In
addition, the natural frequency of the system is of great
importance in the fatigue design of OWTs as an OWT
experiences millions of cycles in a life span of 20 years [5].
Moreover, future changes in the system stiffness, such as
variations in soil stiffness, can affect the natural frequency
of the system, leading to a violation of the allowed frequency
band [6, 7]. Therefore, special care should be taken to avoid
resonance by keeping a safe distance between the loading
frequencies and the natural frequency of the OWT. There are
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three options to tackle this design issue, called the soft-soft
(placing f, before 1P), soft-stiff (placing f, between 1P and
3P), and stiff-stiff approaches (placing f, after 3P), as
depicted by Figure 1. As a result, precise estimation of
natural frequencies of the OWTs, especially the 1%/first
mode, is of great importance. Recent studies showed the
crucial effect of soil-structure interactions on the dynamic
characteristics of OWTs [8-13]. In this regard, Seong et al.
[14], using a centrifuge study, showed a 30 percent decrease
in natural frequency in the SSI condition compared to the
fixed base state.

The soil-structure interactions can be modelled using
various methods from simplified analytical models to
advanced numerical analyses. Spring models in terms of
non-linear p-y springs are widely used due to their advantage
of low computational cost. However, they have some
shortcomings, such as non-realistic modelling of damping,
incapability of modelling pore water pressure generation,
etc. [2]. Nevertheless, numerical modelling, using advanced
non-linear constitutive models, is becoming more popular
due to the precise simulation of the problem by bridging
between the micro-element mechanisms to macro-structure
behaviour [15].

In this study, the natural frequency of a standard offshore
wind turbine is estimated using three-dimensional numerical
modelling in two cases of inclusion of SSI and the case of
exclusion of SSI (i.e., in the fixed base state). Two models
were built, one in the fixed base state with no influence of
soil-structure interaction, and the other with soil and
foundation, considering the SSI.
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Fig. 1: Loading frequencies and possible design options in OWTs
[16]

2. Numerical model
In this study, FLAC-3D was used for numerical modeling.

This program is a finite difference program capable of
solving complex dynamic problems. The NREL-5MW
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turbine with the listed parameters in Table 1[17] was
adopted/used for modeling. The built model is shown in
Figure 2. The modeling procedure included the following
steps: First, geometry of the model, including the soil and
the structural parts (i.e., the monopile, the tower, and the
rotor-nacelle-assembly), was built by generating the grids.
The in-situ state was set by establishing the initial stresses
and pore water pressures. The construction stage was
modeled using the wished-in-place approach by replacing
the materials of the monopile and assigning appropriate
properties (linear elastic model with elastic modulus of 210
GPa, Poisson’s ratio of 0.2, and mass density of 7800 kg/m2)
to the structural parts. The rotor-nacelle-assembly (RNA)
was modeled as a lumped mass at the top of the tower with
equivalent mass density to represent its total mass. However,
to avoid stress concentration, the lumped mass was modeled
as a hollow cylinder as the continuation of the tower.
Afterwards, the model was brought to an equilibrium due to
the construction loads. Finally, the model was run in the
dynamic mode for the free vibration test, as described in the
next section.

The size of the model was set as five times the monopile
diameter in the horizontal direction [18, 19], and twice its
length in the vertical direction. Free field boundaries were
adopted in the dynamic mode to eliminate the spurious
waves returning along the side boundaries. Three interface
layers were used to govern the soil-monopile contact
interactions for the inner and outer walls of the monopile as
well as for the top lid of the monopile.

Damping modeling in OWTs is a controversial issue as there
are different sources of damping of different natures. There
are different damping contributors in an OWT system,
including the tower oscillation damping, the damping caused
by the steel structure, the aerodynamic damping, the
hydrodynamics damping, and most importantly, the soil
damping. The total damping is estimated to be 7-10 % in the
service state and 1-3 % in the parked state [20, 21]. In this
study, the soil damping was merely taken into consideration
as it has the most contribution in total damping [21].

The hysteretic damping of soil was considered by adopting
the non-linear constitutive model of SANISAND [22]. This
model is an advanced plasticity model with bounding
surface plasticity using the critical state soil mechanics and
the state parameter. The model has been developed
numerously, especially by adding a memory surface [15, 23-
28]. The adopted model parameters are presented in Table 2,
calibrated by Eslami and Ghorbani [29]. However, a 0.5
percent of Rayleigh damping was also considered to damp
the high-frequency spurious components, as suggested by
Itasca [30].
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Table 1: Properties of NREL-5MW wind turbine [17] and the
monopile foundation modeled in this study
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Table 2: SANISAND model parameters used in this study [29]

Parameter Value
Property Value
Rating 5 MW Elasticity
Rotor orientation, configuration Upwind, 3 blades Elastic material constant (Go) 145
Rotor diameter, hub diameter 126 m,3 m Poisson’s ratio (v) 0.05
Hub height 90 m Critical-state stress
. . 3m/s, 11.4 m/s, 25 " .
Cut-in, rated, cut-out wind speed mis Critical-state stress ratio (M) 1.35

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

The ratio of critical-state stress ratio in

- extension and compression (c) 0.70
Rated tip speed 80 m/s

Rotor mass 110 Ton State line constant (Ac ) 0.019
Nacelle mass 240 Ton Void ratio at p=0 (eo) 0.934
Tower mass 347.466 Ton State line constant (&) 0.70
Tower height 87.6m Yield surface constant (m) 0.0.1

Tower top diameter, wall thickness 3.87m, 0.019 m Plastic modulus
Tower base diameter, wall thickness 6m, 0.027 m h 8.40

0 .
Substructure base diameter, wall 6:m. 0.06 m
thickness e Ch 0.968
Support structure steel density 8500 kg/m3 nd 1.20
Steel Young’s modulus 210 GPa Dilatancy
Monopile Diameter, length, and wall 6m. 27 m. 0.04 m Ao 0.704
thickness
nd 35
RNA Fabric-dilatancy tensor parameters
Zmax 7.50
Cz 625
Tower
Overshooting correction
“ep 0.01
. Monopile
soil ep 1
-l
| interfaces 3. Free vibration Test
free field
boundaries After reaching equilibrium in the construction stage, the
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Fig. 2: Numerical models built in this study; a) the full model
including the SSI, b) the fixed base state excluding the SSI

mode is ready for the free vibration test in the dynamic
mode. The static boundary conditions were modified by
removing the horizontal constraints, and the free-filed
boundaries were activated. The model was allowed to
vibrate in the dynamic mode on its own weight. The
vibrations were recorded at the top of the tower as a time
history of displacements. The records were transferred into
the frequency domain by the Fourier transform (FFT). The
natural frequencies of the models were estimated by
inspecting the peaks of the Fourier spectrum.

4. Results

Figure 3 (a) presents the results of the free vibration test as
time histories of horizontal displacements of the tower at the
hub level for the two cases of SSl-included (full system) and
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SSl-excluded (fixed base). Furthermore, Figure 3 (b)
presents the results in the frequency domain obtained by the
Fourier transform. As can be observed/seen, the natural
frequency of the system was obtained as 0.39 Hz in the SSI
case and 0.48 Hz in the fixed base case. This means that a
lower natural frequency of at least 20% is obtained by
considering the soil and foundation as well as related
interactions. This is in fair agreement with Seong et al. [14],
in which a 30 percent decrease in natural frequency in the
SSI condition was obtained compared to the fixed base state.
Due to the level of precision required in the estimating the
first natural frequency of the OWT systems, and the narrow-
allowed frequency band of design, it can be concluded that
considering soil-structure interactions is crucial in the design
and analysis of OWTSs.

In addition, the total damping ratio ({) was estimated using
the logarithmic decrement (5), using the following
relationships:

6=iln [A‘)] @)

n A

¢ 2
1+(2—”j
o
Where A is the initial amplitude of interest, and A, is the
final amplitude of interest, and n is the number of peaks
calculated in a period of the signal. As can be seen in Figure3
(@), a much higher damping is observed in the SSI case
compared to that of the fixed base state, represented by more
decrease in oscillation amplitudes. The damping ratio was
estimated as 11 % in the SSI case and 4 % in the fixed base
state. Therefore, it can be concluded the effect of soil-
structure interaction is of great importance in estimating the

damping of the OWT system, as soil damping is the main
contributor in the total damping of the OWT system.
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Fig. 3: Results of free vibration test; a) time history of
displacements at the hub level, b) Fourier transform of the
response

5. Conclusion

In this study, the importance of soil-structure interactions
(SSI) on the dynamic characteristics of offshore wind
turbines (OWTs) was manifested by numerical modeling.
Two cases of numerical models were built in the fixed base
state and in the case of modeling the entire system of soil,
foundation, and the structural parts to include the soil-
structure interactions. It was found modeling the OWT in the
fixed-base state overestimates the first natural frequency of
the system by 20 percent due to the effects of soil-structure
interactions. This can be considered critical due to the
dynamic sensitivity of OWTs, which allows only a narrow
band of natural frequency in design. Moreover, the damping
ratio was underestimated in the fixed base state,
emphasizing the importance of soil-structure interactions in
the design and analysis of offshore wind turbines.
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