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A B S T R A C T

The effect of non-linear and inelastic behaviour of the soil–pile interaction on the seismic response of offshore
wind turbine pile foundations embedded in sandy soils is analysed. For this purpose, the responses obtained
assuming three different Beam on Dynamic Winkler Foundation (BDWF) models are compared: a Plastic
Non-Linear Model (PNLM), an Elastic Non-Linear Model (ENLM) and a simple elastic linear model with non-
degraded properties of soil (NDLM). The influence of non-linearity and plasticity assumption is studied by
evaluating the effects of the kinematic and inertial interaction within soil–pile interaction. Two soil stiffness
levels are analysed: very loose and medium dense sand. The seismic response under ten earthquakes is
computed in terms of mean envelopes of internal forces along the pile length. The non-linearity and inelastic
influence of soil–pile interaction is quantified by means of relative differences with respect to the linear elastic
model. Results show that the non-linear and inelastic models acquire relevance when the contribution of the
inertial interaction dominates, leading to lower maximum responses than the linear elastic model. If the inertial
interaction is not significantly activated, similar results between the three models are obtained, being the linear
elastic model enough to reproduce the soil–pile dynamic interaction.
1. Introduction

One of the most relevant applications of piled foundations is its
use in offshore wind turbine (OWT) structures. Monopiles are the
dominant OWT foundation, representing 64.4% of the total OWTs
foundation market for installed projects in 2021 (Musial et al., 2022).
This type of foundation predominates due to its ease of installation
and manufacturing, which make it a very economically competitive
solution. Monopiles with larger dimensions are evolving to increase its
range of application, both in seabed depths and in supporting high-
powered wind turbines. The new generation of OWTs (≥ 15 MW)
requires monopiles with more than 10 meters in diameter and 100
meters in length. For smaller OWTs, monopiles acquire diameters of up
to 8 m and lengths of up to 90 m (BOSLAN Engineering and Consulting,
2022). In addition, piles are also very present in the rest of the OWT
bottom-fixed foundations. Jackets, tripods and tripiles substructures are
founded on suction caissons or on smaller sized piles, which generally
have diameters between 1 and 4 m and lengths from 25 to 80 m. In this
way, piles can acquire a great variety of sizes depending on the type of
OWT foundation.
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The wide expansion of the offshore wind technology has led to
considering its installation in seismically active regions with more
aggressive environmental conditions. For this reason, with the aim
of analysing the dynamic-structural response of bottom-fixed OWTs,
numerous dynamic studies have been carried out in recent years (Shi
et al., 2022; Liang et al., 2022; Wang et al., 2018; Yang et al., 2019;
Xi et al., 2022; Mo et al., 2021; Patra and Haldar, 2021; Padrón et al.,
2022; Medina et al., 2021; Kaynia, 2021; Álamo et al., 2018; Jiang and
Lin, 2022; Jiang et al., 2021; Bisoi and Haldar, 2014; Ju and Huang,
2019; Yan et al., 2022; Alati et al., 2015; Hassan, 2018; Carswell et al.,
2016; Bisoi and Haldar, 2015; Wang et al., 2023). In many of these
studies (Shi et al., 2022; Yang et al., 2019; Padrón et al., 2022; Medina
et al., 2021; Kaynia, 2021; Álamo et al., 2018), especially those that
focus on monopiles, the relevance of soil–structure interaction in the
structural behaviour is demonstrated, both in the dynamic properties
of the systems (natural frequencies, damping, etc.) and its responses.
The dynamic soil–structure interaction essentially includes kinematic
and inertial interaction. Kinematic interaction is mainly affected by
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soil motion and soil–pile interface, while inertial interaction is mainly
associated to the mass of the superstructure.

The seismic and dynamic analysis of OWTs can be carried out
assuming a linear or non-linear soil–structure interaction. Although it
is more complex, the non-linear behaviour is commonly used (Shi
et al., 2022; Liang et al., 2022; Wang et al., 2018; Yang et al., 2019;
Xi et al., 2022; Mo et al., 2021; Jiang and Lin, 2022; Jiang et al.,
2021; Bisoi and Haldar, 2014; Hassan, 2018; Patra and Haldar, 2021;
Carswell et al., 2016; Bisoi and Haldar, 2015; Wang et al., 2023),
because it is considered a more realistic approach than the linear one.
In these type of numerical simulations, the soil–pile dynamic interac-
tion is usually represented by a non-linear Beam on Dynamic Winkler
Foundation (BDWF) model with springs in parallel with dashpots, that
can be considered elastic or plastic. In these BDWF models the soil
resistance - deflection (p-y) relationship is usually modelled by using
he API (Designing API RP 2A-WSD, 2002) expressions (Hassan, 2018;
arswell et al., 2016; Bisoi and Haldar, 2015; Wang et al., 2023; Bisoi
nd Haldar, 2014; Wang et al., 2018; Mo et al., 2021; Shi et al., 2022).
lthough this API method has not been designed to simulate the p-y

curves for large diameter piles, its application has been recommended
by several design guidelines, as the DNV-OS-J101 (DNV, 2014a), and it
has been widely employed in the dynamic study of monopile-supported
OWTs, as well as in prominent works such as the OC3 project (Jonkman
and Musial, 2010), where the soil–pile dynamic interaction of the NREL
5MW OWT (6 m diameter pile) is reproduced by employing the API
method.

On the other hand, linear models have also been used in numerous
studies (Padrón et al., 2022; Medina et al., 2021; Kaynia, 2021; Álamo
et al., 2018; Arany et al., 2016), and they may be a necessary and
sufficient approximation depending on the case and phenomenon to be
addressed. In these linear approaches, the soil–pile dynamic interaction
is usually modelled by a set of impedance functions and kinematic
interaction factors. Despite being simplified models, they are useful
when a large number of simulations have to be addressed, and they
are generally accepted as a initial approach. Regardless of the fact that
both approaches have been studied in detail, many few works have
focused on comparing them: Firoj and Maheshwari (2022) compares
two linear soil behaviours with two non-linear ones, for combined piled
raft foundation of a Nuclear Power Plant structure; Cheng et al. (2023)
employs an elastoplastic and a elastic soil to analyse the dynamic
response of a monopile-supported OWT in clay; and Tabesh and Poulos
(2001) analyses the effects of soil yielding on the seismic response of
small piles (up to 1.5 m diameter) embedded in clay and sandy soils,
comparing an elastic and an elastoplastic soil–pile interaction.

For this reason, in the absence of an exhaustive comparison between
these considerations, this paper aims to compare the structural-seismic
response of OWT pile foundations embedded in sandy soils considering
three different soil–pile interaction models: a Plastic Non-Linear Model
(PNLM), an Elastic Non-Linear Model (ENLM) and a simple elastic lin-
ear model with non-degraded properties of soil (Non-Degraded Linear
Model, NDLM). These three models have been specifically designed
for isolating the influence of the soil–pile interaction. Thus, all the
differences obtained in the results can be directly explained by the
assumptions made for the soil–pile interaction phenomena. This fact
allows to focus on the main scope of this work: the analysis of the
effects of assuming a linear or non-linear (either inelastic or elastic)
behaviour in the soil–pile interaction for evaluating seismic loads, and
how this influence depends on the contribution of the inertial properties
of the structure. In order to obtain general trends and useful conclusions
that can help to choose the appropriate model depending on the interest
problem, an exhaustive parametric study for a wide range of excitations
and OWT pile foundations is carried out.

In the three models under analysis, the soil–pile interaction is rep-
resented by a BDWF approach based on the p-y curves recommended
by the API RP 2A-WSD (Designing API RP 2A-WSD, 2002). Vertically
2

incident S waves that propagates through an elastic medium with linear
variation of soil properties with depth is considered in each model. In
this way, the effect of non-linear and inelastic behaviour of soil–pile
interaction is isolated and analysed. Besides, the relevance of the soil
properties is also studied by considering two stiffness levels: a very
loose and a medium dense sandy soil (following the API sandy soil
classification (Designing API RP 2A-WSD, 2002)). In order to examine
the role of the kinematic and inertial effects on the non-linear and
inelastic soil–pile behaviour, different single piles with several cap
masses values from 0 to the mass equivalent to its ultimate axial bearing
capacity are studied. Results are presented in terms of envelopes of
maximum internal forces, accelerations and soil resistances. To bet-
ter quantify the relevance of the non-linear and plastic behaviour of
soil–pile interaction, the relative differences of the maximum seismic
responses with respect to those corresponding to the linear elastic
model are computed. Finally, the conclusions drawn of this analysis are
tested with three reference monopiled OWTs of different rated powers
(5, 10 and 15 MW), comparing the envelopes of the three OWTs with
those of its corresponding monopiles with a pile cap mass equivalent
to its supported superstructure weight.

2. Methodology

The seismic response of the soil-monopile system is obtained
through a BDWF model, the pile is discretized by beam finite elements,
and the soil–pile interaction is reproduced through independent springs
attached to each node of pile elements (Fig. 1). To study the effects of
non-linearity and the consideration of the plastic-cyclic behaviour of
soil–pile interaction, the three different models studied are (Fig. 1(a)): a
Plastic Non-Linear Model (PNLM), an Elastic Non-Linear Model (ENLM)
and a Non-Degraded Linear Model (NDLM). In order to limit the study
to the relevance of the plastic and non-linear behaviour of soil–pile
interaction, the gap formation between the soil–pile is not considered.
In these three models, the seismic excitation is assumed to be a planar
and harmonic S-wave vertically propagating through an elastic non-
homogeneous halfspace with linear variation of soil properties with
depth. Only the system seismic response is analysed (no environmental
loads due to wind or waves are considered).

First, in order to study the kinematic and inertial effects in soil–pile
interaction, several values of translational cap masses (𝑚) are studied
in a soil–pile subsystem (see Fig. 1(b)) by considering the three soil–
pile models previously introduced. On this manner, the influence of the
non-linear and inelastic behaviour of soil–pile interaction is analysed.
These translational masses (𝑚) are defined as a fraction (𝛿) of the
ultimate axial bearing capacity of piles (𝑄𝑢). Finally, the application
of the main conclusions drawn of this study are verified by using an
integrated system that includes different reference monopiled OWTs
(see Fig. 1(c)). In this section, the methodology followed to define the
different systems and models is explained.

2.1. System modelling

The pile and wind turbine are discretized into finite elements of
two nodes (Bernoulli’s beams). Therefore, the soil–pile interface is
concentrated into the beam axis, and consequently the local effects
produced at the soil-shell interface are not captured. This simplification
has been verified in previous works, such as in Álamo et al. (2021),
which concludes that a soil-beam model accurately reproduces the
global foundation response for not excessively high frequencies, even
for foundations with small aspect ratios (𝐿∕𝐷). Given the particularities
of the problem, only the lateral behaviour of the system is considered.
Thus, each node 𝑛 has two degrees of freedom: a lateral displacement
(𝑢𝑛) and a rotation (𝜃𝑛). Distributed inertial properties are assumed
for each element. Based on a convergence study, an element length
(𝐿𝑒) of 0.5 m and 1 m have been chosen to discretize the foundation
(embedded pile) and the supestructure respectively, so that the soil–

pile interaction and the conical shape of the tower are reproduced
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Fig. 1. (a) Soil–pile interaction models studied in this work. (b) Soil–pile subsystem for kinematic and inertial effects parametric analysis. (c) Integrated model including OWT
superstructure.
𝐌

𝐌

accurately enough. For the soil–pile subsystem the pile cap mass (𝑚)
s modelled as a punctual and translational mass at the top node (pile
ead rotation is assumed to be restricted, as depicted in Fig. 1(b)).
n the integrated system with the OWT superstructure the mass of
he rotor-nacelle assembly is also considered as a punctual mass at
he highest node. In this last model, the transition piece between the
onopile and the tower is not taken into account for simplification

easons (see Fig. 1(c)).
The classic Bernoulli’s stiffness and elementary mass matrices (𝐊𝐞

nd 𝐌𝐞) used for each element are shown in (1) and (2), being 𝐿𝑒
he element length, 𝐴𝑒 the cross-sectional area of the element, 𝐼𝑒 the
oment of inertia of the cross-section, 𝜌 the material density and 𝐸

he Young’s Modulus of the material. For the soil–pile subsystem and
or the integrated system including OWT superstructure, the equivalent
oil mass inside the foundation is considered as an added distributed
lementary mass. For the integrated model with OWT superstructure
he interaction between the monopile and the water is modelled as
wo added distributed elementary masses: one for the water inside the
ile and another for the mobilized water outside the substructure, as
t is described in (3), being 𝜌𝑤 the water density, 𝐴𝑖𝑛 and 𝐴𝑜𝑢𝑡 the

circle areas corresponding to the inner and outside diameters of the
pile section, and 𝐶𝑎 an added mass coefficient that, for long cylinders
n infinite fluid, takes a value of 1 following the DNV-RP-C205 (DNV,

2014b). It is important to consider these two water added masses, since
they can significantly affect the first natural system frequency, as it
is demonstrated in Chen et al. (2022). All these elemental matrices
are assembled to obtain the global stiffness and mass matrices of the
3

system.

𝐊𝐞 =
𝐸𝐼𝑒
𝐿3
𝑒

⎡

⎢

⎢

⎢

⎢
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12 6𝐿𝑒 −12 6𝐿𝑒

6𝐿𝑒 4𝐿2
𝑒 −6𝐿𝑒 2𝐿2

𝑒

−12 −6𝐿𝑒 12 −6𝐿𝑒

6𝐿𝑒 2𝐿2
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2

⎤
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𝐞 =
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420
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⎢

⎢

⎢

⎢
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156 22𝐿𝑒 54 −13𝐿𝑒
22𝐿𝑒 4𝐿2

𝑒 13𝐿𝑒 −3𝐿2
𝑒

54 13𝐿𝑒 156 −22𝐿𝑒
−13𝐿𝑒 −3𝐿2

𝑒 −22𝐿𝑒 4𝐿𝑒
2

⎤

⎥

⎥

⎥

⎥

⎦

(2)

𝐞𝐰 =
𝜌𝑤𝐿𝑒(𝐴𝑖𝑛 + 𝐶𝑎𝐴𝑜𝑢𝑡)

420

⎡

⎢
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⎢

⎢
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𝑒 13𝐿𝑒 −3𝐿2
𝑒
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𝑒 −22𝐿𝑒 4𝐿𝑒
2

⎤
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⎥

⎥

⎥

⎦
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2.2. Dynamic soil–pile interaction models

In this work, in order to study the effects of non-linear and inelastic
behaviour of soil–pile interaction, three different models are studied: a
Plastic Non-Linear Model (PNLM), an Elastic Non-Linear Model (ENLM)
and a Non-Degraded Linear Model (NDLM).

2.2.1. Plastic Non-Linear Model (PNLM)
In this model, the lateral soil resistance-deflection is modelled using

the non-linear p-y relationship for sands, established and recommended
by the API (Designing API RP 2A-WSD, 2002):

𝑃 = 𝐴𝑝𝑢 tanh
[

𝑘𝑧 �̃�
]

(4)

𝐴𝑝𝑢
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Fig. 2. Extended masing rules, example of the evolution of soil resistance (𝑃 ) versus
oil–pile relative displacement (�̃�).

here 𝑃 is the reaction force of soil per unit length; �̃� is the soil–pile
elative displacement (�̃� = 𝑢 − 𝑢𝐼 ), defined as the difference between
he lateral displacement of the pile (𝑢) and that of the soil due to the
ncident field (𝑢𝐼 ); 𝐴 is a dimensionless coefficient which depends on
he type of loading, in this case, 𝐴 is taken as 0.9 (cyclic loading);

is the initial modulus of subgrade reaction, that can be graphically
alculated as function of angle of internal friction (𝛷𝑠) with Figure
.8.7-1 of API RP 2A-WSD (Designing API RP 2A-WSD, 2002); and 𝑝𝑢 is

the ultimate bearing capacity at depth 𝑧, which is computed according
to:

𝑝𝑢 = min(𝑝𝑢𝑠, 𝑝𝑢𝑑 ) (5)

where:

𝑝𝑢𝑠 = (𝐶1𝑧 + 𝐶2𝐷)𝛾𝑠𝑧 (6)

and

𝑝𝑢𝑑 = 𝐶3𝐷𝛾𝑠𝑧 (7)

being 𝛾𝑠 the effective soil weight; 𝐷 the pile diameter; and 𝐶1, 𝐶2, 𝐶3
imensionless coefficients which are functions of 𝛷𝑠 and can be de-
ermined with Figure 6.8.6-1 of API RP 2A-WSD (Designing API RP
A-WSD, 2002).

To model the plastic-cyclic behaviour of soil–pile interaction, the
on-linear p-y relationship of soil is modelled by using a cyclic ex-
ended Masing model, in which the backbone curve is described by
4). These types of cyclic non-linear models are very common to
imulate the stress–strain hysteretic behaviour of soil, since they can
eproduce the unloading-reloading behaviour, stiffness degradation and
ther effects (Gerolymos and Gazetas, 2005b,a). The four Masing rules
hat define the cyclic model are (see e.g. Kramer (1996)):

1. For initial loading, the p-y curve follows the backbone curve
(from A to B in Fig. 2).

2. If a deflection reversal occurs at a point defined by (𝑃𝑟, �̃�𝑟) (point
B in Fig. 2), the p-y curve follows a path given by:

𝑃 = 𝑃𝑟 + 2𝐴𝑝𝑢 tanh
[

𝑘𝑧
𝐴𝑝𝑢

�̃� − �̃�𝑟
2

]

(8)

3. If the unloading or reloading curve exceeds the maximum past
deflection and intersects the backbone curve, it follows the
backbone curve until the next deflection reversal (from C to D
in Fig. 2).

4. If an unloading or reloading curve crosses an unloading or
reloading curve from the previous cycle, the p-y curve follows
that of the previous cycle (from G to F in Fig. 2).
4

In this way, in each time step, using the Newmark non-linear
method (Section 2.6.2) with the correct p-y curve ((4) or (8) depending
on the path given by the Masing Rules), displacements, velocities and
accelerations of the system are computed.

2.2.2. Elastic Non-Linear Model (ENLM)
In this model, as in the previous one, the non-linear relationship

between the lateral soil resistance-deflection is computed by means
of the API p-y curve for sands. However, an elastic soil behaviour is
considered. Thus, Masing rules are not applied and the p-y relationship
is limited to the original backbone curve (dashed line in Fig. 2).
Therefore, in each time step, applying Newmark non-linear method
(Section 2.6.2) with the p-y curve (4), displacements, velocities and
accelerations of the system are calculated.

2.2.3. Non-Degraded Linear Model (NDLM)
A linear relationship between the lateral soil resistance-deflection

is considered in this model. This linear relationship is defined as the
initial slope of the p-y curve (4) at �̃� = 0 m. Thus, the linear relation
between the soil reaction per unit length (𝑃 ) and lateral soil–pile
relative displacement (�̃�) is:

𝑃 = 𝑘𝑧�̃� (9)

2.3. System damping

System material damping is considered following the Rayleigh ap-
proach, so the damping matrix 𝐂𝐌 can be computed by (see e.g. Chopra
(2011)):

𝐂𝐌 = 𝐴𝐌𝐦 + 𝐵𝐊𝐦 (10)

where 𝐌𝐦 and 𝐊𝐦 are the global stiffness and mass matrices of the
system (without considering the interaction with the soil and the
water). Parameters 𝐴 and 𝐵 are calculated as:

𝐴 = 𝜁
2𝜔𝑖𝜔𝑗

𝜔𝑖 + 𝜔𝑗
(11)

𝐵 = 𝜁 2
𝜔𝑖 + 𝜔𝑗

(12)

eing 𝜔𝑖 and 𝜔𝑗 the natural frequencies, and 𝜁 the damping fraction for
he 𝑖𝑡ℎ and 𝑗𝑡ℎ modes. In this work, the first and last modes are chosen
nd a damping value of 2% is considered.

In order to model the loss of the energy transmitted from the
oundation to the soil, a radiation damping in parallel with lateral
oil–pile spring is contemplated. Considering that the soil is nearly in-
ompressible, this radiation damping per unit length can be calculated
ollowing (Gazetas and Dobry, 1984):

𝑟 = 4𝐷𝜌𝑠𝑉𝑠 (13)

eing 𝐷 the pile diameter; 𝜌𝑠 and 𝑉𝑠 the density and shear wave velocity
of soil respectively. With these radiation and material dampings, the
global damping matrix of the system is determined.

2.4. Seismic input incident field

The system is excited by planar shear waves that propagate verti-
cally through the soil acting in the 𝑦 direction, producing a free-field
(without foundation) lateral displacement at ground level that is de-
noted as 𝑢𝑓𝑓 . The harmonic incident field is assumed to propagate
through a non-homogeneous medium with continuous variation of soil
properties with depth and linear behaviour.

For a continuously non-homogeneous soil with a single layer, the
horizontal displacements (𝑢𝐼 ) in frequency domain due to the inci-

dent field can be computed following the expressions proposed by
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Rovithis et al. (2011), where the shear wave propagation velocity (𝑉𝑠)
s determined according to the generalized power-law function:

𝑠(𝑧) = 𝑉𝑟

(

𝑏 + 𝑞 𝑧
𝑧𝑟

)𝑛
(14)

being 𝑧 the depth from ground surface; 𝑉𝑟 and 𝑧𝑟 the reference shear
wave velocity and depth respectively (established at 15 m); 𝑏 =
(𝑉0∕𝑉𝑠)1∕𝑛 and 𝑞 = 1 − 𝑏 the parameters that determine the shear wave
velocity at surface level (𝑉0); and 𝑛 the parameter that determines the
evolution of the shear wave with depth. In this work, in order to follow
the same profile represented by the API curves (linear variation with
depth of the soil shear modulus), the values 𝑉0 = 0 m∕s and 𝑛 = 0.5 are
onsidered.

The lateral displacements at a certain level and frequency (𝑢𝐼 (𝑧, 𝜔))
ue to an incident field propagating in a non-homogeneous medium
ith these characteristics is determined by the following equation
stablished in Rovithis et al. (2011):

𝐼 (𝑧, 𝜔) =
𝐶1(𝑏 + 𝑞𝑧∕𝑧𝑟)𝜇

𝑁𝜈+1(𝜆𝑏𝓁∕2)

{

𝐽𝜈

[

𝜆
(

𝑏 + 𝑞 𝑧
𝑧𝑟

)𝓁∕2
]

𝑁𝜈+1
(

𝜆𝑏𝓁∕2
)

− 𝐽𝜈+1
(

𝜆𝑏𝓁∕2
)

𝑁𝜈

[

𝜆
(

𝑏 + 𝑞 𝑧
𝑧𝑟

)𝓁∕2
]}

(15)

where 𝐶1 is a boundary constant; 𝐽𝜈 and 𝑁𝜈 are the Bessel functions
of the first and second kind and order 𝜈 respectively; 𝓁, 𝜇 and 𝜈 are
dimensionless parameters defined as 𝓁 = 2(1 − 𝑛), 𝜇 = (1 − 2𝑛)∕2
and 𝜈 = (2𝑛 − 1)∕(2(1 − 𝑛)); and 𝜆 = 2𝑘𝐼𝑧𝑟∕(𝓁𝑞) is the wave length
corresponding to the wave number 𝑘𝐼 = 𝜔∕𝑉𝑟.

With the displacements 𝑢𝐼 (𝑧, 𝜔) calculated, the velocities 𝑣𝐼 (𝑧, 𝜔)
due to the seismic excitation in the frequency domain are determined:

𝑣𝐼 (𝑧, 𝜔) = i𝜔𝑢𝐼 (𝑧, 𝜔) (16)

once the horizontal displacements and velocities are computed in fre-
quency domain, they are obtained in time domain employing the
frequency domain method. For this purpose, the frequency response
functions of displacements and velocities at the desired depths with
respect to the free field displacement are computed by using (15).

2.5. Ultimate axial bearing capacity

In this section, the methodology followed to compute the differ-
ent cap translational masses (𝑚) studied for the soil–pile subsystem
(Fig. 1(b)) is explained. As it has been mentioned, the values adopted
for these cap masses are a fraction (𝛿) of the ultimate axial bearing ca-
pacity (𝑄𝑢) of the piles, that is computed following the API (Designing
API RP 2A-WSD, 2002):

𝑄𝑢 = 𝑄𝑓 +𝑄𝑝 = 𝑓𝐴𝑠 + 𝑞𝐴𝑝 (17)

being 𝑄𝑓 the skin friction resistance, 𝑄𝑝 the total end bearing, 𝑓 the
unit skin friction capacity, 𝐴𝑠 the side surface area of pile, 𝑞 the unit
end bearing capacity and 𝐴𝑝 the gross end area of pile.

If the pile is unplugged, the shaft friction 𝑓 acts on both inside
and outside the pile, for plugged piles this shaft friction only acts on
outside the pile. On this manner, the ultimate axial bearing capacity
for unplugged piles is computed as the sum of the outside and inside
skin friction resistance and the total end bearing corresponding to the
annular section of the pile; while for plugged piles this ultimate bearing
capacity is calculated as the sum of the external skin friction resistance
and the total end bearing of the entire cross section of the pile. To
determine if the pile is plugged or unplugged, the minimal value of
the 𝑄𝑢 for unplugged and plugged pile is selected, as it is established
in the API.

The shaft friction 𝑓 , for piles in cohesionless soils, can be computed
as:
5

𝑓 = 𝐾𝑝𝑜 tan 𝛿𝑠 (18)
where 𝐾 is the coefficient of lateral earth pressure, that takes a value
of 0.8 and 1 for unplugged and plugged piles, respectively; 𝑝𝑜 is the
effective overburden pressure at the point in question, that is the
product of the soil density and depth; and 𝛿𝑠 the friction angle between
the soil and pile wall (whose values are described in the Table 6.4.3-
1 of the API (Designing API RP 2A-WSD, 2002)). This shaft friction
𝑓 is assumed to linearly increase with the overburden pressure until
a limiting skin friction value is reached (𝑓𝑙𝑖𝑚, whose value is also
established in Table 6.4.3-1 of API).

The unit end bearing 𝑞 for cohesionless soils can be computed as:

𝑞 = 𝑝𝑜𝑁𝑞 (19)

being 𝑁𝑞 a dimensionless bearing capacity factor. The value of 𝑞 is also
limited by a unit end bearing value (𝑞𝑙𝑖𝑚, Table 6.4.3-1 of API).

2.6. Dynamic analysis

The time response of the system under variable loads can be com-
puted by using the dynamic equation of motion in finite elements:

𝐌 ̈⃗𝑢(𝑡) + 𝐂 ̇⃗𝑢(𝑡) +𝐊𝑢(𝑡) = 𝐹 (𝑡) (20)

where 𝑢, ̇⃗𝑢, ̈⃗𝑢 are the nodal displacements, velocities and accelerations,
respectively; 𝐌, 𝐂, 𝐊 are the mass, damping and stiffness matrices of
the system; 𝐹 is the nodal force vector; and 𝑡 is the time. To solve
(20) the Newmark Method is employed (see e.g. Chopra (2011)). In
this study, the average acceleration method is considered. The nodal
force vector (𝐹 ) is composed of the elastic and damping linear forces
that the soil–pile interaction exerts on the pile due to the incident field.

Once displacements, velocities and accelerations of the system have
been computed, with the stiffness, mass, damping matrices of each ele-
ment, and by using (20), internal forces of each element are determined
(shear forces 𝑉 and bending moments �⃗�).

2.6.1. Linear system resolution
Newmark Method for linear systems is used to compute displace-

ments, velocities and accelerations for the NDLM. According to this
method, the displacement in the time step (𝑢𝑡+1) can be calculated by:
(

𝐊 +
𝛾
𝛽𝛥𝑡

𝐂 + 1
𝛽(𝛥𝑡)2

𝐌
)

𝑢𝑡+1 =
̂⃗𝐹𝑡+1 (21)

where 𝛥𝑡 is the time step and ̂⃗𝐹𝑡+1 is the equivalent force vector at time
𝑡 + 1, which can be computed from the response of the previous time
instant as:
̂⃗𝐹𝑡+1 = 𝐹𝑡+1 +

[

1
𝛽(𝛥𝑡)2

𝐌 +
𝛾
𝛽𝛥𝑡

𝐂
]

𝑢𝑡 +
[

1
𝛽(𝛥𝑡)

𝐌 +
(

𝛾
𝛽
− 1

)

𝐂
]

̇⃗𝑢𝑡

+
[(

1
2𝛽

− 1
)

𝐌 + 𝛥𝑡
(

𝛾
2𝛽

− 1
)

𝐂
]

̈⃗𝑢𝑡 (22)

once 𝑢𝑡+1 is computed, the velocities and accelerations in the next time
step ( ̇⃗𝑢𝑡+1 and ̈⃗𝑢𝑡+1 respectively) are determined using:

̇⃗
𝑡+1 =

𝛾
𝛽𝛥𝑡

(𝑢𝑡+1 − 𝑢𝑡) +
(

1 −
𝛾
𝛽

)

̇⃗𝑢𝑡 + 𝛥𝑡
(

1 −
𝛾
2𝛽

)

̈⃗𝑢𝑡 (23)

̈⃗
𝑡+1 =

1
𝛽(𝛥𝑡)2

(𝑢𝑡+1 − 𝑢𝑡) −
1
𝛽𝛥𝑡

̇⃗𝑢𝑡 −
(

1
2𝛽

− 1
)

̈⃗𝑢𝑡 (24)

2.6.2. Non-linear system resolution
Newmark Method for non-linear system is used to solve (20) in non-

linear models (PNLM and ENLM). This method is based on iterating the
value of the displacement until a solution of the non-linear equilibrium
equation is achieved. The main equation governing this method is (see
e.g. Chopra (2011)):

̂ (𝑗) 𝛥𝑢
(𝑗)

≡ ̂⃗𝑅(𝑗) (25)
(𝐊𝑇 )𝑡+1 𝑡+1
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Table 1
Main characteristics of soils considered in this work.

Very loose sand Medium dense sand
(Loose) (Dense)

Poisson’s ratio [𝜈𝑠] 0.49 0.49
Density [𝜌𝑠] (kg∕m3) 2000 2000
Shear wave velocity [𝑉𝑠] (m∕s) 92.41 232.56
Angle of internal friction [Φ] (◦) 28 36
Initial modulus of subgrade reaction [𝑘] (MN∕m3) 4.07 25.79
𝐶1 1.60 3.30
𝐶2 2.40 3.60
𝐶3 22 60
Soil-pile friction angle [𝛿𝑠] (◦ ) 15 25
Limiting skin friction value [𝑓𝑙𝑖𝑚] (kN∕m2) 47.8 81.3
𝑁𝑞 8 20
Limiting unit end bearing value [𝑞𝑙𝑖𝑚] (MN∕m2) 1.9 4.8
F
(

p
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being (�̂�𝑇 )
(𝑗)
𝑡+1 the tangent stiffness for the 𝑗𝑡ℎ iteration in the next time

tep 𝑡 + 1; 𝛥𝑢
(𝑗)

the variation of displacement; and ̂⃗𝑅(𝑗)
𝑡+1 the residual

force. All these terms must be updated in each iteration and time step
following:

(�̂�𝑇 )
(𝑗)
𝑡+1 ≡ (�̂�𝑇 )

(𝑗)
𝑡+1 +

𝛾
𝛽𝛥𝑡

𝐂 + 1
𝛽(𝛥𝑡)2

𝐌 (26)

𝛥𝑢
(𝑗)

= 𝑢(𝑗+1)𝑡+1 − 𝑢(𝑗)𝑡+1 (27)

̂⃗𝑅(𝑗)
𝑡+1 = 𝐹𝑡+1 − (𝐹𝑆 )

(𝑗)
𝑡+1 −

[

1
𝛽(𝛥𝑡)2

𝐌 +
𝛾
𝛽𝛥𝑡

𝐂
]

(

𝑢(𝑗)𝑡+1 − 𝑢𝑡
)

+
[

1
𝛽𝛥𝑡

𝐌 +
(

𝛾
𝛽
− 1

)

𝐂
]

̇⃗𝑢𝑡 +
[(

1
2𝛽

− 1
)

𝐌 + 𝛥𝑡
(

𝛾
2𝛽

− 1
)

𝐂
]

̈⃗𝑢𝑡 (28)

where the term (𝐹𝑆 )
(𝑗)
𝑡+1 is the restoration force, that is, the elastic

orce. The initialization of the iteration is carried out considering a
isplacement equal to that of the previous time instant.

After each iteration, the solution is verified and the iterative process
nds when a measure of error is less than a specified tolerance. In this
ork, the convergence criterion is established in terms of the norm of

he difference of the displacement vectors between iterations:

𝛥𝑢
(𝑗)
| ≤ 𝜀𝑢 (29)

being 𝜀𝑢 the tolerance, fixed as 10−10 m. Once the tolerance criterion is
fulfilled, the velocities and accelerations are computed following (23)
and (24).

3. Problem definition

3.1. Soil properties

A very loose (Loose) and a medium dense (Dense) sandy soils
are considered in this study. Each soil is assumed to be a halfspace,
where the lateral bearing capacity and the soil resistance deflection
relationship varies with depth following the API expressions. The main
characteristics of each soil type are shown in Table 1, together with
the values assumed for the definition of the API p-y curves and the 𝑄𝑢
alculation.

.2. Pile properties

In order to analyse typical piles of OWT foundations, three different
iles with diameters 𝐷 = 0.5, 1 and 5 m are studied. For all piles, a
ength 𝐿 = 30 m is considered. In this way, small piles (typical of
ackets) and larger piles (typical of monopiles) are included. Two more
engths (𝐿 = 15 and 60 m) are considered for the pile with 𝐷 = 1 m.

The thickness of each pile (𝑡𝑝) is determined by the expression proposed
by the API RP 2A-WSD (Designing API RP 2A-WSD, 2002):

𝑡 ≥ 6.35 + 𝐷 [mm] (30)
6

𝑝 100 g
Table 2
Main characteristics of the piles studied in this work.
𝐷 (m) 𝐿 (m) 𝑡𝑝 (mm) 𝑄𝑢 (t) -

Loose
𝑄𝑢 (t) -
Dense

Plugged/Unplugged

0.5 30 11.35 232.8 428.8 Plugged

15 16.35 290.4 508.6 Unplugged
1 30 16.35 541.8 1050 Plugged

60 16.35 1001 1831 Plugged

5 30 56.35 3850 6721 Unplugged

The cap masses (𝑚) analysed in the soil–pile subsystem (see
ig. 1(b)) are defined as a fraction (𝛿) of the ultimate bearing capacity
𝑄𝑢), ranging from 𝛿 = 0 to 1, with steps of 0.125. The main informa-

tion about the piles analysed in this work, along with the ultimate axial
bearing capacity (𝑄𝑢) of each pile and soil is presented in Table 2.

3.3. OWT properties

Three reference OWTs with rated powers of 5, 10 and 15 MW and its
corresponding monopiles are analysed in this study. The main charac-
teristics of these OWTs and monopiles are summarized in Table 3. The
monopile dimensions have been extracted from Medina et al. (2021),
where its sizing has been addressed based on the procedure described
by Arany et al. (2016).

Finally, the necessary inertial characteristics to reproduce the equiv-
alent weight of the superstructure of these OWTs are indicated in
Table 4. In this table, the masses of the different components of the
system (Fig. 1(c)), the total mass of the superstructure (𝑚), and the
ultimate axial bearing capacity of the OWT monopiles (𝑄𝑢) are listed.
Besides, to quantify this total mass with respect to the 𝑄𝑢 of each
monopile and soil, the relation between these two parameters (𝛿) is also
resented. Piles and the wind turbine are considered of S355 structural
teel, whose main characteristics are: Young’s modulus of 210 GPa,
oisson’s ratio of 0.3 and density of 7850 kg∕m3. To determine the
dditional mass due to the interaction between pile and water, a density
f sea water of 1030 kg∕m3 and a maximum water depth of 25 m have
een considered.

.4. Seismic signals

Ten accelerograms are used in this study, all of them obtained from
he PEER Ground Motion Database (Pacific Earthquake Engineering
esearch Center (PEER), 2022). Table 5 provides the main information
f each earthquake: the record sequence number (RSN) of the database,
he direction with respect to the north of the horizontal component
sed, name and year of the earthquake event, name of the measuring
tation, the time-average shear-wave velocity for the upper 30 m depth
𝑉𝑠,30) of the soils in which they have been measured, the maximum

round acceleration (𝑎𝑔,𝑚𝑎𝑥) and the time step (𝛥𝑇 ) of each signal.
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Table 3
Main characteristics of the OWTs used in this work.
Source: Medina et al. (2021).

OWT 5 MW (Jonkman et al., 2009) 10 MW (Bak et al., 2013) 15 MW (Gaertner et al., 2020)

Tower height (m) 90 119 135
Rotor diameter (m) 126 178 240
Rated wind speed (m/s) 11.4 11.4 10.6
Cut-out wind speed (m/s) 25 25 25
Rotor operational speed range (rpm) 6.9–12.1 6–9.6 5–7.6
Tower top diameter (m) 3.9 5.5 6.5
Tower bottom diameter (m) 6 8.3 10
Tower top thickness (m) 0.019 0.020 0.024
Tower bottom thickness (m) 0.027 0.038 0.041

Pile diameter (m) 6.04 8.30 10.00
Pile thickness (m) 0.067 0.090 0.107
Pile length over mudline (m) 32.6 32.6 32.6
Pile embedded length (m) 49.7 63.8 73.8
s

Table 4
Inertial characteristics of the OWTs and its corresponding monopiles in the two soils
studied in this work.

Mass (t) 5 MW 10 MW 15 MW

Rotor-nacelle assembly 350 674 1017
Tower 347.46 605 860
Substructure 321.74 594.05 851.04
Water inside substructure 703.38 1329.6 1931.1
Total weight [m] 1722.6 3202.7 4659.1

Loose

𝑄𝑢 (t) - Unplugged 8292.7 15 057 21 275
𝛿 [𝑚∕𝑄𝑢] 0.208 0.213 0.219

Dense

𝑄𝑢 (t) - Unplugged 14 346 26 037 36 784
𝛿 [𝑚∕𝑄𝑢] 0.120 0.123 0.127

Based on a convergence analysis, these time steps are the ones used
to compute the system kinematic variables with the Newmark Method.

These acceleration signals are assumed to correspond to the free-
field acceleration at surface level for all soil profiles. In order to
make the structural response of all these seismic signals comparable
to each other, the accelerograms are scaled to a maximum ground
acceleration of 0.6 g. The system seismic response is computed as the
average response of the ten accelerograms, following the DNV-RP-0585
guidelines (DNV, 2021), which recommends to evaluate the seismic
design of wind power plants by computing the mean response of, at
least, seven earthquakes.

4. Results and discussion

This section presents the comparative analysis carried out for the
soil–pile subsystem (Fig. 1(b)) and its applicability to understand the
behaviour of the complete OWT-monopile system (Fig. 1(c)).

Regarding the parametric analysis conducted using the soil–pile
subsystem, the results are organized as follows:

− First, the mean envelopes of maximum seismic responses for three
different piles without pile cap (soil–pile subsystem with 𝛿 = 0)
are studied (Fig. 3) with the aim of quantifying the non-linear and
inelastic behaviour in the kinematic soil–pile interaction problem.

− Secondly, these same envelopes are analysed for the same piles
with a cap mass equivalent to its ultimate axial bearing capacities
(𝛿 = 1, Fig. 4) in order to study the inertial interaction effect
within soil–pile non-linear and plastic behaviour.

− Next, the soil resistance temporal evolution in each model at
two different depths is presented in Figs. 5 and 6 for the two
previous configurations in order to illustrate the activation of the
non-linear an plastic behaviours.
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− After that, the contribution of the inertial effect within soil–pile
interaction is analysed for several piles and 𝛿 values, computing
the relative differences of the maximum seismic responses of each
model with respect to those of the linear one (Figs. 7–9).

Finally, the mean envelopes of maximum seismic responses of three
different monopiled OWTs are studied and compared with the en-
velopes of its corresponding monopiles with a pile cap mass equivalent
to the weight of each supported OWT (Fig. 10) in order to verify the
conclusions of the parametric analysis.

4.1. Envelopes of maximum seismic responses

Fig. 3 shows the mean envelopes of maximum bending moments
(𝑀), shear forces (𝑉 ), accelerations (𝑎) and soil resistances (𝑃 ) for
the three diameters (𝐷) considered. These results correspond to the
oil–pile subsystem (Fig. 1(b)) without pile cap mass (𝛿 = 0) and

with a pile length of 30 m. Results of each response variable are
disposed by columns, while those corresponding to the diameters are
arranged by rows. Each subgraph is divided into two parts separated
by a line of points and dashes: the envelopes corresponding to the
medium dense sandy soil (Dense) and the very loose one (Loose) are
shown on left and right sides, respectively. The depth and the envelopes
values are represented on 𝑦-axis and 𝑥-axis accordingly. The envelopes
obtained in the different considered models (NDLM, ENLM, PNLM) are
distinguished with different colours. In the envelopes corresponding
to the soil resistance (fourth column), an additional green curve is
included to represent the ultimate lateral resistance of the soil (𝑃𝑢).

In Fig. 3 it can be observed that virtually the same results between
the three models are obtained for all diameters and response variables
studied. Thus, in this case without pile cap mass, where the kinematic
effects governs the soil–pile interaction, the consideration of a non-
linear and inelastic soil–pile interaction model seems to be irrelevant,
so a linear elastic model is enough to reproduce the soil–pile kinematic
response.

Regarding the influence of the soil type, it can be appreciated that
greater bending moments and shear forces are reached in the Loose
soil, while higher accelerations are obtained in the Dense one. As the
diameter increases, greater internal forces and lower acceleration en-
velopes are found. The maximum bending moments and accelerations
are obtained at pile head, however, the maximum shear forces are
reached at shallow levels, increasing this depth when the pile diameter
grows. With respect to the soil resistance envelopes (fourth column
of Fig. 3), it can be seen that the ultimate lateral bearing capacity of
soil (𝑝𝑢) is not reached in any case. In fact, the soil resistance is quite
smaller than the value of the ultimate resistance at the different depths,
approaching the limit only near the free surface level. This fact, will be
further studied in Section 4.2.

To analyse the effect of the inertial interaction within soil–pile

dynamic interaction, the same envelopes than those presented in Fig. 3
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Table 5
Information about the seismic signals (accelerograms) used in this work.
Source: Pacific Earthquake Engineering Research Center (PEER) (2022).
RSN Dir. (◦) Event name Year Station name 𝑉𝑆,30 (m/s) 𝑎𝑔,𝑚𝑎𝑥 (g) 𝛥𝑡 (s)

186 90 Imperial Valley-06 1979 Niland Fire Station 212 0.11 0.005
266 102 Victoria Mexico 1980 Chihuahua 242 0.15 0.010
729 0 Superstition Hills-02 1987 Imperial Valley W.L.A 179 0.21 0.005
1176 60 Kocaeli Turkey 1999 Yarimca 297 0.23 0.005
1498 59 Chi-Chi Taiwan 1999 TCU059 273 0.16 0.005
1792 90 Hector Mine 1999 Indio-Riverside C.F.G 282 0.12 0.010
2715 47 Chi-Chi Taiwan-04 1999 CHY047 170 0.13 0.004
3683 11 Taiwan SMART1(45) 1986 SMART1 O11 295 0.13 0.010
3965 8 Tottori Japan 2000 TTR008 139 0.32 0.010
5666 7 Iwate Japan 2008 MYG007 167 0.13 0.010
Fig. 3. Mean envelopes of maximum seismic responses for the soil–pile subsystem without a cap mass (𝛿 = 0).
but with a pile cap mass equivalent to the ultimate axial bearing
capacity of each pile (𝛿 = 1) are shown in Fig. 4. The same graph
distribution that the one previously used for Fig. 3 is also employed
in Fig. 4.

In Fig. 4 remarkable differences between the envelopes obtained
in the three different models are seen. So, the non-linear and inelastic
behaviour of soil–pile dynamic interaction becomes relevant when the
inertial interaction is activated by the dynamic excitation. For lower
diameters (0.5 and 1 m), greater differences between the envelopes of
the three models can be distinguished; while for the diameter of 5 m,
the envelopes are very similar between the three models. The highest
maximum value of the seismic responses (that are obtained at pile head
for bending moments, shear forces and accelerations) are found for
the linear model (NDLM) in the pile diameters of 0.5 and 1 m. Thus,
in terms of maximum seismic responses, the NDLM is a conservative
assumption for lower diameters.

Comparing the responses corresponding to the plastic and elastic
non-linear models (PNLM and ENLM), very similar envelopes are ob-
tained. Only in the acceleration envelopes of the diameters 0.5 and 1 m,
and for the Dense soil, a relevant difference between these two models
can be observed. Higher envelopes are reached in the ENLM for the
two soils and the three diameters. Thus, although the consideration
of an elastic and plastic non-linear model leads to similar structural-
seismic responses, the elastic non-linear approach seems to be the most
8

conservative between these two.
Regarding the highest responses values, these are generally com-
puted at pile head for the internal forces and accelerations. Further-
more, greater internal forces, accelerations and soil resistances are
obtained when a Dense soil is defined, a contrary trend to what has
been obtained when the pile cap mass is not considered (Fig. 3), where
greater internal forces are computed in the Loose soil.

According to the soil resistance envelopes, for the shallower depths,
the soil resistance corresponding to the Non-Degraded Linear Model
overpasses the ultimate lateral bearing capacity of soil (𝑝𝑢), while in the
non-linear plastic and elastic models the soil ultimate lateral bearing
capacity is reached in these same depths (note that the soil resistance
in these two models are limited to the 𝑝𝑢 value). Furthermore, it can
be observed that the soil resistance of the linear model exceeds 𝑝𝑢 to
a greater extent as the diameter becomes smaller. This fact justifies
the remarkable differences between the linear and the two non-linear
models for the diameters of 0.5 and 1 m. Finally, it is important to
highlight that the differences between the three models are obtained in
the shallower depths, that is, in the same soil levels where the ultimate
lateral bearing capacity is exceeded by the linear model.

4.2. Evolution of soil resistance

To better understand the differences between the two non-linear

models and the linear one in the soil–pile subsystem without and with
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Fig. 4. Mean envelopes of maximum seismic responses considering a mass equal to the ultimate axial bearing capacity (𝛿 = 1).
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pile cap mass previously studied in Section 4.1, the evolution of soil
resistance (𝑃 , y-axis) with respect to the soil–pile deflection (�̃�, x-
axis) at pile head and at depth equal to a diameter are represented in
Figs. 5 and 6. These results correspond to the same earthquake event:
the Imperial Valley signal (see Table 5). Fig. 5 shows the temporal
evolutions for the subsystem without pile cap mass (𝛿 = 0), while Fig. 6
those corresponding to the subsystem with pile cap mass equal to the
ultimate axial pile bearing capacity (𝛿 = 1). In both figures, results of
the three diameters are presented by columns, and those corresponding
to the two depths and soils are shown by rows: the two upper rows
presents the results of the Loose soil and the two bottom ones, those of
the Dense soil. The soil resistance evolution at pile head and at a depth
equal to the pile diameter are disposed in the first and second row of
each soil, accordingly. By using different colours the three models are
distinguished.

The temporal evolutions of the p-y relation clearly show the non-
linear behaviour of the plastic (red curve) and elastic non-linear models
(black curve). When only the kinematic interaction effect is analysed
(Fig. 5), the three models reach similar values of maximum soil resis-
tances and soil–pile deflections, except for the soil resistances at pile
head for the diameters of 0.5 and 1 m, where the maximum values
correspond to the Non-Degraded Linear Model. When the diameter
and depth increases, the evolution of soil resistance of non-linear
models tend to assimilate to the evolution obtained in the linear model,
indicating that the ultimate lateral bearing capacity is far from being
reached. Higher soil resistances and soil–pile deflections are found
for the Loose soil, in agreement with the previous results in terms
of envelopes (Fig. 3). When a Dense soil is considered, for a depth
equivalent to the pile diameter, the evolution of soil resistance for the
non-linear models is practically linear.

When a pile cap mass equivalent to the ultimate axial bearing
capacity of pile is considered (𝛿 = 1, Fig. 6), high differences are
obtained between the soil resistances of the two non-linear models with
respect to the linear one. For the small diameters (0.5 and 1 m), the soil
resistances of the linear model greatly exceed the ultimate lateral soil
resistance. Furthermore, contrary to what has been stated for Fig. 5, the
9

maximum soil resistance values are obtained for the Dense soil, where r
a remarkable difference between the maximum values of the linear and
non-linear models can be appreciated. Note that these trends coincide
with the ones for the envelopes with 𝛿 = 1 (Fig. 4).

4.3. Relative differences with respect to the non-degraded linear model

With the aim of comparing the three models for different 𝛿 values,
the relative differences between the maximum results of the non-
linear models (ENLM and PNLM) with respect to those obtained in
the non-degraded linear model (NDLM) are depicted in Figs. 7–9. The
differences of maximum mean bending moments (𝑀), shear forces (𝑉 ),
ccelerations (𝑎) and soil resistances (𝑃 ) are arranged by columns;
hile the different two soil profiles are placed in rows. In all these

epresentations, the relative differences (y-axis) with respect to the
ifferent value of 𝛿 (x-axis) are shown. The results corresponding to
he PNLM and ENLM are presented in different colours.

In Fig. 7, the relative differences of the maximum responses for
he subsystem with a pile diameter of 1 m and a length of 30 m
re shown. The relative differences corresponding to the ten seismic
ignals are depicted with points, while the relative differences of the
aximum mean responses of the ten seismic signals are presented with
continuous line. Analysing the relative differences of the maximum
ean responses, it can be appreciated that in the Loose soil similar

esults between the non-linear models and the linear one are obtained
or 𝛿 values lower or equal than 0.5. When 𝛿 increases, relevant relative
ifferences are obtained, reaching values between 5 and 10% for the
nternal forces, accelerations and soil resistances in the highest values
f 𝛿. Regarding the Dense soil, important relative differences can be
bserved from 𝛿 values higher than 0.25. The differences computed
n the Dense soil are approximately three and four times greater than
hose of the Loose one, reaching values over a 30%. In both soils, once
he inertial interaction effect acquires relevance, the relative differences
f the Plastic Non-Linear Model (PNLM) are higher than those of the
lastic Non-Linear Model (ENLM). However, these relative differences
re, in general, negative, indicating that the Non-Degraded Linear
odel (NDLM) is the most conservative in terms of maximum seismic
esponses.
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Fig. 5. Evolution of soil resistance (𝑃 ) versus soil–pile relative displacement (�̃�), for 𝛿 = 0. Results for the Imperial Valley signal.
Attending to the relative differences of each earthquake, it can be
observed that some differences are positive for a few seismic signals in
the bending moments and soil resistances. Furthermore, it can be seen
that several seismic excitations leads to remarkable higher and lower
differences than the ones obtained for the maximum mean responses,
justifying the importance of considering the mean response of at least
seven earthquakes (as it is recommended in the DNV-RP-0585 guide-
line DNV, 2021). Also, it can be observed that for large values of 𝛿 the
dispersion of the results tends to increase.

Fig. 8 shows the relative differences for the three pile diameters
studied, all of them with a pile length of 30 m. By using different
types of lines the results of each diameter are distinguished. The highest
relative differences are reached for the lowest pile diameters, following
a similar trend to what Tabesh and Poulos (2001) exposes. Besides, for
small pile diameters, lower 𝛿 values are required to obtain relevant dif-
ferences between the linear and non-linear models. Note how for a pile
diameter of 0.5 m and 𝛿 values greater than 0.25, significant relative
differences appear. The relative differences in the three diameters are
mostly negative, excepting the bending moments and soil resistances
of the 5 m pile diameter. For this pile diameter, negligible relative
differences (lower than 5%) are generally obtained in the entire 𝛿
interval, excepting the bending moment and soil resistance differences
for the highest 𝛿 values. For all diameters and 𝛿 values, greater relative
differences are reached in the Plastic Non-Linear Model. As it has
been previously commented, in the Dense soil higher differences are
generally reached compared to the Loose one.

The relative differences corresponding to the soil–pile subsystem
10

with a diameter of 1 m and three different pile lengths (15, 30 and
60 m) are represented in Fig. 9. Different line plots are used to dis-
tinguish the three lengths studied. The highest differences are reached
for large pile lengths. A similar trend in the results than the ones
previously commented is generally obtained: the differences are mostly
negative and the Plastic Non-Linear Model leads to the highest relative
differences; the bending moment and soil resistance relative differences
are sometimes positive for a length of 15 m, a similar trend to those
it has been obtained for the differences of the 5 m pile diameter
(previously shown in Fig. 8). In conclusion, for non-slender piles, the
non-linear models lead to a greater response than the linear one in
terms of bending moments and soil resistances if the inertial effects are
activated.

4.4. Envelopes of monopiled OWTs and its corresponding monopiles

Fig. 10 shows the mean envelopes of maximum bending moments
(𝑀), shear forces (𝑉 ) and accelerations (𝑎), for three monopiled OWTs
with rated powers of 5, 10 and 15 MW obtained by the integrated
model including OWT superstructure, (Fig. 1(c)) and its corresponding
monopiles subsystems, with a pile cap mass equivalent to its supported
superstructure weight (see Table 4). The different response variables
are arranged by columns, while the envelopes corresponding to each
OWT are disposed by rows. The same results disposal than the ones
previously used for the envelopes of Figs. 3 and 4 is employed: the
envelopes corresponding to the dense and the loose soil are shown
on left and right side respectively (separated by a vertical line); the

envelopes obtained in the different models considered (NDLM, ENLM,
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Fig. 6. Evolution of soil resistance (𝑃 ) versus soil–pile relative displacement (�̃�), for 𝛿 = 1. results for the Imperial Valley signal.

Fig. 7. Relative differences of maximum results of each earthquake with respect to those of the NDLM.
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Fig. 8. Relative differences of mean maximum results with respect to those of the NDLM, for several pile diameters (𝐿 = 30 m).
Fig. 9. Relative differences of mean maximum results with respect to those of the NDLM, for several pile lengths (𝐷 = 1 m).
PNLM) are distinguished with different colours. Two dashed horizontal
lines are used to represent the seabed surface (yellow line) and the
height of the substructure (blue line). The envelopes for the soil–pile
subsystems are presented by dotted lines.

In Fig. 10 it can be observed that similar envelopes are obtained
for the three models studied. Note that the equivalent 𝛿 value of
these superstructures and its corresponding monopiles are around 0.2
and 0.12 for the Loose and Dense soil respectively (see Table 4). As
presented in Section 4.3, these values correspond to the 𝛿 range for
which the non-linearity of the soil–pile interaction has no relevance.
Some small differences can be observed between the linear and non-
linear models in the envelopes of the Dense soil, where the results of the
12
Non-Degraded Linear Model are slightly larger than those of the non-
linear models. In terms of the global foundation-structure-OWT system
seismic response, the linear elastic model for soil–pile interaction is
conservative, as it has been obtained throughout this study.

Comparing the envelopes of the entire system (OWT and monopiles)
with those of the monopiles and the equivalent pile cap OWT masses,
greater maximum internal forces are obtained for the Dense soil when
the entire system is considered, while in the Loose soil higher internal
forces values are reached in the single monopile configuration. With
respect to the kinematic variables studied (displacements and accelera-
tions), similar envelopes are computed in the two configurations. Note
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Fig. 10. Mean envelopes of maximum seismic responses for the monopiled OWTs and its corresponding soil–pile subsystems.
that the principal difference between the two models is the pile head
rotation restriction that is imposed in the soil–pile subsystem.

5. Conclusions

This paper studies the influence of non-linearity and plasticity of
soil–pile interaction on the seismic response of OWT pile foundations
embedded in two different types of sandy soils. For this purpose, three
different models: a Plastic Non-Linear, an Elastic Non-Linear and a Non-
Degraded Linear Model are analysed and compared. These three models
reproduce the soil–pile interaction by a Beam on Dynamic Winkler
Foundation approach based on the p-y curves established by the API RP
2A-WSD. An incident field for non-homogeneous medium with linear
variation of soil properties is contemplated in each soil–pile model.
Characteristic pile geometries of jacket and monopile foundations em-
bedded in very loose and medium dense sandy soils are studied. The
effects of the non-linear and plastic assumptions are analysed by eval-
uating the kinematic and inertial effects within soil–pile interaction.
For this purpose, different translational cap masses are studied in a
soil–pile subsystem. From the analysis of the envelopes of maximum
responses and its relative differences with respect to the linear model,
the following conclusions are drawn:

− Similar results between models are obtained when the kinematic
interaction effect predominates within soil–pile dynamic interac-
tion. Thus, the consideration of a linear elastic model is enough
to reproduce the soil–pile kinematic interaction.

− The non-linear and inelastic behaviour of soil–pile dynamic inter-
action acquires relevance when the inertial interaction is excited.
13
Nevertheless, the consideration of a linear elastic model leads
generally to higher maximum seismic responses.

− Similar seismic responses are obtained by considering a plastic
or elastic non-linear model. Between these two models, greater
responses are found in the elastic non-linear one. For this reason,
if a non-linear model must be used, it is enough to consider an
elastic soil–pile interaction, avoiding the complexity of the cyclic
behaviour of soil–pile interaction.

− Greater internal forces are obtained in soft (Loose) soils when
the kinematic interaction effect prevails, while when the inertial
interaction predominates higher internal forces are computed in
stiffer (Dense) soils.

− Higher differences between models are produced for small-
diameter slender piles and in the Dense soil. These differences
arise because the ultimate lateral resistance is greatly exceeded
in the Non-Degraded Linear Model.

The main conclusions drawn of the analysis of the soil–pile subsys-
tems are tested with three reference OWTs, comparing its envelopes of
maximum responses with those of its corresponding monopiles with a
pile cap mass equivalent to the superstructure mass.

− For these configurations, similar envelopes of maximum bending
moments, shear forces and accelerations between models are
obtained, as the mass of the superstructure is not enough to
activate the inertial interaction effects.

Therefore, focusing on the soil–pile interaction phenomena, when

the kinematic interaction dominates and a linear incident field is
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considered, an elastic linear Winkler model formulated through non-
degraded soil properties allows to reach accurate and conservative
seismic responses. This is a general and interesting conclusion due to
the simplicity of the proposed solution and it has been fully demon-
strated with an extensive study of problems and excitations. By means
of a simple model that reduces the complexity of the soil–pile inter-
action phenomena, it is possible to obtain accurate and conservative
results. As a second phase of the two non-linear models and the work
carried out, it is necessary to incorporate the non-linear behaviour
of the incident field and to compare it with the linear assumption.
On this manner, it can be evaluated to what extent a linear model is
accurate enough to reproduce the system seismic response, or how it
should be modified to adjust to that response. In this respect, there
are very interesting recent works, see e.g Stacul et al. (2022), which,
from a different approach and less specific analysis, obtain conclusions
that follow a similar trend to what has been obtained in this study:
the kinematic pile seismic response is mainly influenced by the model
stiffness, rather than by the non-linear or inelastic behaviour of free
field response and soil–pile interaction.
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