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Abstract: In this study, a flexible monopile foundation is modeled considering the Pile-Soil Interaction (PSI) enhancing
a previously designed Offshore Wind Turbine (OWT) model controlled by an optimal passive-adaptive Pendulum-Tuned
Mass Damper (PTMD). The PSI is designed by a pile modeled as beam-column elements supported by nonlinear springs
for lateral loads (p-y curves) and axial loads (t-z and Q-z curves), applied at the nodal points between the elements. The
estimation of wind and wave spectra, as well as the hydrodynamic and aerodynamic loads, are conducted by using an
in-house built MATLAB® routine working together with an ANSYS® 3-D finite element (FE) global model for evaluating
the resultant peak displacement response at the OWT hub by a power spectral density (PSD) analysis. This procedure
basis on the 5-MW baseline OWT proposed by the National Renewable Energy Lab (NREL). A selected design case
of PTMD parameters compares the PSD response with and without soil interaction and an static analysis procedure
evaluates the monopile displacements and stresses along the pile.

Keywords: flexible monopile foundation, offshore wind turbine, pendulum tuned mass damper, power spectral density
analysis, structural control

INTRODUCTION

Wind energy is one of the renewable sources in fast developing and implementation all over the world. Wind resources
can be classified into onshore and offshore, covering, respectively, onshore and coastal installations. The Global Wind
Energy Council (GWEC, 2020) reports that new installed wind power worldwide was 93.6 GW in 2021, reaching over
837 GW of total wind capacity, a growth of 12.4% compared to 2020. The offshore wind energy market in the year 2021
had a record year generating more than 21.1 GW, three times more than the previous year. Investors are now eyeing Brazil,
reflected in applications for licensing more than 80 GW in offshore wind projects submitted to the Brazilian Institute for
the Environment and Renewable Natural Resources (IBAMA). This is just a fraction of the technical resource potential in
Brazil, which is over 700 GW, according to the EPE. The EPE also provides a conservative forecast that, by 2050, Brazil
will reach 16 GW of offshore wind capacity installed at sea.

An offshore wind turbine is composed of a tower that receives excessive vibrations caused by the turbine and by the
actions of the wind and sea currents, especially due to its slender geometry and great height. The analysis of the structural
behavior of the tower is of great importance due to its cost, which can represent approximately 20% of the total cost of
the system (Morais et al., 2009). Tuned Mass Damper (TMD) is a widely used passive structural control (Housner et al.,
1997; Soong and Dargush, 1997; Elias and Matsagar, 2017). Briefly, it is a damper which transfers the kinetic energy from
the main structure to a secondary mass usually. Extensive applications of passive devices coupled to wind turbines and
OWTs have been investigated in the last years (Lackner and Rotea, 2011; Murtagh et al., 2007; Ghassempour et al., 2019).
Murtagh et al. (2007) used as a passive controller to mitigate the vibration level of a simplified wind turbine model. Other
authors present numerical models based on open-source FAST (NREL) (Stewart and Lackner, 2014; Park et al., 2019).
Applying optimization techniques, several authors define passive device parameters to maximize vibration mitigation
(Bekdaş and Nigdeli, 2013; Pietrosanti et al., 2020) The Pendulum Tuned Mass Damper (PTMD) is an alternative for
TMD where the passive device is a pendulum (Park et al., 2019; Resende et al., 2020; Kecik and Mitura, 2020). Sun
and Jahangiri (2018) developed an analytical model of the National Renewable Energy Lab (NREL) monopile 5-MW
OWT coupled with a 3D-PTMD, under the misaligned wind, wave, and seismic loading. Deraemaeker and Soltani (2017)
introduced an analytical procedure for the optimum design of a linear PTMD that was coupled to an undamped primary
system, applying Den Hartog’s equal peak method to derive the optimum design (Den, 1957). Tuning the PTMD consists
of finding optimum values of stiffness and the damping function of both pendulum mass and length regarding a specific
coupled system.

Some authors investigates the influence of the PSI using different tuned mass dampers (TMD) types (Brodersen et al.,
2016; Hussan et al., 2018; Sun and Jahangiri, 2018), concluding that excluding the PSI effect could be the reason of
overestimating the TMD performance (Hussan et al., 2018). The aim of this study is investigating the PSI effects on a
monopile of the NREL 5-MW OWT considering the PTMD by using static and dynamic analysis.
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METHODOLOGY

Numerical global modeling of OWTs

The OWT is modeled using the FE method following some specifications of the Phase II (Monopile with Flexible
Foundation) of the Offshore Code Comparison Collaboration (OC3) of the NREL 5-MW OWT, presented by Jonkman
and Musial (2010). An integrated MATLAB®/ANSYS® APDL routine generates and evaluate the wave and wind rota-
tional spectra, as well as the hydrodynamic and aerodynamic loads over the structure following the procedures adopt by
Colherinhas et al. (2021) with some adaptations to consider the PSI described on the next subsection.

The aerodynamic loads follow the blade-element/momentum (BEM) theory and the rotating blades conditions are
estimated by a power spectrum of a single blade root moment induced by turbulent wind velocity (Burton et al., 2001),
generating stochastic wind fields corresponding to a hub-height rated wind speed of 11.4 m/s. The Kaimal spectrum is
used in conjunction with the Normal Turbulence Model (IEC, 2009) to produce the wind speed vectors along the tower. In
across-wind direction, at certain critical ranges for the mean velocities, the frequency vortex shedding originating around
the tower coincides with the first natural frequency of the lateral motion of the tower resulting in lock-in vibration, so a
maximum across-wind displacement is applied in the tower to consider the lock-in effect.

The sea currents in shallow water follows a velocity field in which intensity decreases with depth (DNV, 2014) with
a tidal and wind-generated current at the Mean Sea Level (MSL). For the wave dynamics, the particles’ velocities and
accelerations are computed by a linear Airy Theory for a wave height of Hw = 6 m and wave period of Tw = 10 s with
a water depth of 20 meters. The wave loading are calculated using the Morison equation (Chakrabarti, 2005) with the
sum of drag and inertia components, by applying the Airy wave theory. The Pierson-Moskowitz (PM) power spectrum is
considered for the sea-surface elevation.

The tower geometry is modeled in ANSYS® APDL and the environmental actions are applied on the nodes, as shown
Fig. 1, to perform a modal, spectral and static analysis. The auto- and cross-spectrum in force are inputs applied along
the tower over the water nodes. The tower is modeled as BEAM188 elements and the monopile as PIPE288. The grout
connection are neglected. The rotor-nacelle assembly (RNA) is modeled by two MASS21 elements: one for the hub
and other for the nacelle, and they are connected through the shaft with a rigid connection (CERIG). The PSI model
consists in 36×2 (p-y) nonlinear springs (each pair for a meter of pile depth) for both fore-aft (FA) and side-to-side (SS)
directions, 36 (t-z) nonlinear springs for axial loads and one (Q-z) end bearing nonlinear spring. All spring are modeled
with COMBIN39 elements related to the flexible foundation nodes.

The PTMD is modeled using a rigid connector (BEAM4) connected to a COMBIN14 torsional linear spring atop of
the tower, then a mass (MASS21) is connected to the connector with a pendulum length (Lp). The PTMD is designed to
be implemented in the turbine inside the tower and attached to the nacelle.

The dynamic structural response (rp) are expressed in terms of its mean value (rm) generated by the mean wind
(including the vortex shedding effect on the tower) and by sea current and the response standard deviation (σr) related to
the effects of turbulent wind and waves, using a response peak factor (gr), as follows

rp = rm +gr ·σr (1)

For a complete non-linear analysis, the dynamic structural response is used in a static analysis to estimating the
displacements and stresses of the flexible foundation.

Pile-Soil Interaction (PSI)

The geotechnical data applied in this study follows the realistic soil properties considered by the OC3 Phase II project
for the 5-MW OWT (Jonkman and Musial, 2010), to modeling the flexible monopile foundation. The soil consists in a
three-layers profile with soil density increasing with its depth. The effective soil weigh is γ = 10.0 kN/m3 for the three
layer. The first layer (from 0 to 5 meters depth) has angle of internal friction φ ′ = 33.0◦, the second (5 to 14 meters depth)
φ ′ = 35.0◦, and the third (14 to 36 meters depth) φ ′ = 38.5◦, as shown Fig. 2 (a).

The most common and more accurate PSI model is the distributed springs (DS) model or Winkler foundation beam
model, presented in Fig. 2 (b). The DS model is considered in this paper for representing the resistance of soil and consists
in using lateral nonlinear springs (p-y) in along and across directions of the OWT, and axial nonlinear springs (t-z and
Q-z). These springs supports the foundation, modeled as pipe elements with 1-meter equally separated nodes.

For construction of p-y curves, the type of soil, the type of loading, the remoulding due to pile installation and the
effect of scour should be considered. The lateral soil resistance-deflection (p-y) relationships for sand are also non-linear
and in the absence of more definitive information, the American Petroleum Institute (API, 2016) suggests the use of the
following expression

p(y) = Apu tanh
(

kx
Apu

y
)

(2)

where x is the position along the pile axis, y is the lateral displacements of the pile, k is the initial modulus of subgrade
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Figure 1 – OWT geometry and environmental actions over the nodes

reaction determined as function of angle of internal friction, φ ′, estimated from Fig. 3 (a) (API, 2016), and A is the factor
to account cyclic or static loading condition, evaluated by

A =

{
0.9 for cyclic loading(
3.0−0.8 x

D

)
for static loading

(3)

The static ultimate lateral resistance per unit length pu is the maximum value that p can take on when the pile is
deflected laterally, estimated by the minimum value of the equations

pu = min

{
pus = (C1x+C2D)γx
pud =C3Dγx

(4)

where D is the average pile diameter from surface to depth, γ is the effective soil weight, and C1, C2, and C3 are coefficients
from Fig. 3 (b) in function of φ ′ (API, 2016).

A viscoelastic dashpot is placed in parallel with the lateral p-y springs, and the damping coefficient is determined
as (Shi et al., 2022)

cm = ks
βm

π fn
(5)

where fn is the first-order natural frequency of supporting structure [Hz], ks is the secant stiffness [kN/m2] of the (p-y)
curve of Fig. 4 (a), βm is the hysteretic damping ratio, taken as 5%.

For small displacements and distances between the springs, the secant stiffness values presented in Fig. 4 (b) are
estimated considering the linearization of the (p-y) curve by the following equation (Wang et al., 2013)

ks =
3
y3

x

∫ yx

0
p(y)ydy (6)

This linearization of the monopile damping and stiffness is used to consider the effects of turbulent wind and waves in
the spectral analysis.
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Figure 2 – (a) Soil Profile (Jonkman and Musial, 2010); (b) PSI model (Shi et al., 2022)

Figure 3 – (a) initial modulus of subgrade reaction k. (b) C1, C2, and C3 coefficients; (API, 2016)

The pile capacity for axial bearing loads are computed in terms of the skin friction resistance and the total end bearing.
The API (2016) provides theoretical-based curves for axial load transfer curves (t-z) and tip-load curves (Q-z) in function
of the axial pile deflection (z), estimated for cohesionless soils (siliceous soil), respectively, in terms of the unit shaft
friction f and the unit end bearing q as:

f = β p′o ≤ f1 (7)

q = Nq p′o ≤ q1 (8)

where β is the dimensionless shaft friction factor, Nq is the dimensionless bearing capacity factor, and p′o is the effective
overburden pressure at the depth in question. The unit skin friction capacity ( f ) and the unit end bearing (q) are limited
by the upper limiting values of unit skin friction, f1, and unit end bearing, q1, respectively. The values for β , Nq, f1, and
q1 are taken in function of the relative density and soil description, as shown Table 6.4.3 of the API (2016).

In this paper, the values adopted for the variables that constructs the (p-y), (t-z), and (Q-z) curves varies in function of
the soil-pile friction angle (dense/ very dense), considering that the friction angle increases in function of the depth for
the considered three-layers of the OC3 Phase II soil, taking the values of Tab. 1.
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Figure 4 – (a) p-y curves; (b) secant stiffness’

Table 1 – Design parameters for lateral and axial resistance of driven piles in cohesionless soils

Angle of in-
ternal fric-
tion, φ ′ [◦]

C1
[-]

C2
[-]

C3
[-]

initial modulus
of subgrade, k
[MPa/m]

shaft fric-
tion factor,
β [-]

limiting unit
skin friction,
f1 [kPa]

end bear-
ing factor,
Nq [-]

limiting unit
end bearing,
q1 [MPa]

33.0 2.5 3.2 40 18 0.46 96 40 10
35.0 3.0 3.5 55 33 0.50 110 45 11
38.5 4.0 4.0 80 36 0.56 115 50 12

RESULTS

From the results obtained by Colherinhas et al. (2021), a pre-selected optimal PTMD design case (DC) obtained from
a Genetic Algorithm optimization, perform the results of this study considering the PSI. The torsional and the friction
damping of the PTMD are considered as Kp = 0.5 kNm/rad and Cp = 15.0 kNms/rad, with a pendulum length of Lp = 4.5
m, and mass ratio between the pendulum and the tower of µ = 0.05 (or pendulum mass Mp = 44.88 ton).

Table 2 presents a reduction of all natural frequencies between the OWT (with and without PTMD) with rigid foun-
dation and considering PSI. These values are consistent when compared to the reference (Jonkman and Musial, 2010).
Figure 5 shows graphically the shifting to the left of the tower-top PSD responses when considering the PSI for both
OWT and OWT+PTMD configurations. The dynamic structure response decreases from 1.10 m to 0.90 m (18%) in FA
direction and from 0.39 m to 0.34 m (13%) in SS direction, for the OWT with rigid foundation when coupling the PTMD.
For the flexible foundation (with PSI) the response decreases from 1.58 m to 1.26 m (20%) in FA and from 0.57 m to 0.54
m (5%) in SS direction.

Table 2 – Natural frequencies for the OWT and OWT+PTMD models.

Rigid Foundation Flexible Foundation
Mode FA (Hz) SS (Hz) FA (Hz) SS (Hz)

OWT 1st 0.275 0.275 0.254 0.255
2nd 2.230 2.301 1.902 1.946

OWT+PTMD
1st 0.223 0.247 0.217 0.235
2nd 0.292 0.316 0.277 0.309
3rd 2.230 2.300 1.902 1.946

Figures 6 (a) and (b) shows the horizontal displacements in FA and SS direction, respectively, of the flexible foundation
in function of the soil depth, presenting a 20% of displacement reduction in FA direction when the OWT is controlled by
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Figure 5 – PSD of tower-top displacements comparison for DC with and without foundation.

the PTMD. Figure 7 shows the axial axial and bending stresses acting in the pile. It’s noticeable that the axial stresses
increases when the PTMD is installed but the bending stresses decreases. A reduction from 156.80 MPa to 132.74 MPa
(15%) of the stresses combined is reached when the PTMD controls the OWT.
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Figure 6 – Results from static analysis: FA (a) and SS (b) displacements

CONCLUSIONS

This study proposes a 3D-PTMD design to mitigate the vibration of OWTs in operational conditions considering the
PSI effects over a flexible monopile foundation. The modal analysis presenting values near to the references when the PSI
is considered for the NREL 5-MW OWT. When considering the PSI effects on a flexible monopile foundation the PSD
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Figure 7 – Axial and bending stresses at the pile

analysis presents an increase of 30.4% in the FA direction and 28.6% in SS direction of the OWT tower-top response, in
comparison to a rigid monopile (fixed at the seabed). It is noticed that the bending moments and the displacements on the
foundation decreases due to the mitigating of the vibrations when the PTMD is installed.

For further studies the authors will: investigate more optimal PTMD configurations to reduce, even more, the tower-top
responses; vary the wind velocity analyzing its effect over the tower-top response; improve the OWT model, considering
the grout connection between the monopile and the tower; evaluate the uncertainty of the environmental and structural
parameters for a multi-level structural modeling considering a performance-based design.
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