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ABSTRACT
Monopiles are at present the most widespread foundation

type for offshore wind turbines (OWTs), due to their simplicity
and economic convenience. The current trend towards increas-
ingly powerful OWTs in deeper waters is challenging the existing
procedures for geotechnical design, requiring accurate assess-
ment of transient soil-monopile interaction and, specifically, of
the associated modal frequencies.

In this work, advanced 3D finite element (FE) modelling is
applied to the dynamic analysis of soil-monopile-OWT systems
under environmental service loads. Numerical results are pre-
sented to point out the interplay of soil non-linearity and cyclic
hydro-mechanical (HM) coupling, and its impact on transient re-
sponse of the system at increasing load magnitude. It is shown
how the lesson learned from advanced modelling may directly in-
spire simplified, yet effective, spring models for the engineering
dynamic analysis of OWTs.

INTRODUCTION
An obvious relationship links nowadays the gradual deple-

tion of hydrocarbon reserves and the need for clean/sustainable
energy sources. Since the late 1990s, significant wind energy
programmes have been started in several European countries to
install large offshore wind farms (see e.g. Fig. 1). According
to Wind Europe (formerly European Wind Energy Association),

∗Address all correspondence to this author.

FIGURE 1. KENTISH FLATS OFFSHORE WIND FARM (UK).

UK is currently the largest offshore wind market and accounts
for over 40% of installed global capacity, while 3 GW of new
offshore wind capacity came online in Europe in 2015, 75%
of which in Germany [1]. At present, more than half OWTs
in Europe are supported by monopile foundations, whose de-
sign/installation relies upon simplified procedures currently be-
ing challenged by the trend towards deeper waters.

The dynamic response of OWTs is governed to a large extent
by the cantilever-like eigenmode associated with the first natural
frequency f0 of the system. Its identification is a major design
issue [2], and relates to preventing structural resonance under the
vibrations induced by environmental loads and blade rotation.
Profound understanding of dynamic soil-monopile interaction is
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FIGURE 2. REFERENCE 5MW OWT AND FOUNDATION SYS-
TEM.

therefore essential for effective design, to be achieved through an
accurate evaluation of f0. In this respect, monopiles have been
found to behave quite differently from the slender piles of typical
offshore platforms, so that the accuracy of standard p− y curves
when applied to large diameter monopiles is questionable [3].

In agreement with the research agenda by the European
Academy of Wind Energy [4], this work aims to complement the
current approaches to monopile design by gaining insight from
the 3D finite element (FE) analysis of non-linear geotechnical
systems. The OpenSees simulation platform [5] and an advanced
soil constitutive model are used to capture the interplay of cyclic
effects and hydro-mechanical (HM) coupling in soil-monopile
dynamic interaction [6, 7]. The outcomes of advanced FE simu-
lations are finally exploited to inspire simplified, yet sound, en-
gineering models.

3D FE MODELLING OF SOIL-MONOPILE-OWT
The OWT system modelled in this study is consistent with

the reference 5 MW OWT defined by Jonkman et al. [8]. A com-
plete description of all numerical modelling aspects, only sum-
marised here, is available in [7].

Structural set-up
Figure 2 depicts the reference system under consideration:

the monopile foundation is wished-in-place into the soil, while
the tapered superstructure is subjected to wind/wave thrust forces
(Fwind and Fwave) and modelled as a 1D Timoshenko beam (ge-
ometric/inertial properties are linearly varying along the eleva-
tion). The structural model includes both mass (M) and rotational
inertia (IM) of the turbine, as well as discrete added masses (mw)
mimicking the presence of the sea water around the structure. All
structural specifications are listed in Tab. 1.

TABLE 1. STRUCTURAL PROPERTIES OF THE OWT-
MONOPILE SYSTEM.

h d L Dpile−top t M IM mw

[m] [m] [m] [m] [-] [te] [te ·m2] [te]

90 20 20 5−3 0.01D 350 2600 785
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FIGURE 3. WIND THRUST TIME HISTORIES.

Environmental loads
Three loading scenarios (cases A, B and C) are set to rep-

resent the environmental loads corresponding with the wind
speeds of 5 m/s (case A), 12 m/s (case B) and 20 m/s (case C).
The Fwind time histories in Fig. 3 are obtained by converting
anemometric records from an instrumented OWT in the Irish Sea
through Blade Element Momentum (BEM) theory [9]. Fwave time
histories are derived from the given wind speed via the spectral
formulation of Pierson and Moskowitz [10]; the conversion from
wave spectra to thrust forces is performed via the well-known
Morison equation [11, 12], resulting in mono-harmonic loading
with increasing amplitude and period at larger wind speed (Fig.
4). The present simplified modelling of environmental loads
does not account for air-rotor interaction, so that the aerodynamic
component of the global operational damping is neglected.

Formulation and FE solution of soil dynamic problems
The so-called u-p formulation is adopted to describe the dy-

namic HM response of the soil. This formulation stems from the
assumption of negligible soil-fluid relative acceleration, which
suits typical offshore applications with wind/wave loading fre-
quencies lower than 0.5 Hz.

Geometrical and loading symmetries are exploited to re-
duce the computational burden. The halved soil domain in
Fig. 5 is discretised by using approximately 6000 8-node two-
phase bricks element of the SSP (Stabilized Single Point) type
[13]. These equal-order elements can prevent spurious pore
pressure oscillations close to the undrained-incompressible limit
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FIGURE 4. WAVE THRUST TIME HISTORIES.

FIGURE 5. FE DISCRETIZATION OF THE SOIL DOMAIN.

through a non-residual-based stabilization. Conversely, the steel
monopile is modelled by means of one-phase SSP solid elements.

The implicit Newmark algorithm (β = 0.6, γ = (β +
0.5)2/4) is employed for time marching in combination with ex-
plicit forward Euler integration of soil constitutive equations.

Sand cyclic HM behaviour
A homogeneous deposit of medium dense silica sand is con-

sidered as foundation soil. Sand cyclic behaviour is reproduced
via the UCSD08 multi-surface plasticity model [14], able to re-
produce pressure-sensitiveness, volumetric-deviatoric coupling
and cyclic hysteresis. Table 2 reports the UCSD08 soil param-
eters calibrated against triaxial test results performed on sand
specimens from offshore Myanmar (sampled 20 m below the
mudline). A thin layer as thick as 4% of monopile diameter with
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FIGURE 6. UCSD08 SIMULATION VS CYCLIC TRIAXIAL TEST
DATA (COURTESY OF D’APPOLONIA S.P.A).

TABLE 2. UCSD08 SAND PARAMETERS (DR ≈ 60%, ρ =

1.8Mgm−3).

Gr Kr p′r φ ′ γmax φPT γsmax

[MPa] [MPa] [kPa] [deg] [%] [deg] [%]

100 170 100 35.5 8.5 31 0.0

c1 c2 c3 d1 d2 d3 p′y

[−] [−] [−] [−] [−] [−] [−]

0.125 0.5 1 0.25 3.9 5.7 1.95

reduced friction and phase transformation angles is inserted to
model soil-monopile interface, and a permeability k = 10−5 m/s
is assumed. Figure 6 exemplifies the quite satisfactory agreement
between UCSD08 simulations and experiments in terms of q− p′

stress path and excess pore pressure accumulation.

RESPONSE TO ENVIRONMENTAL LOADING
This sections summarises the outcomes of 3D soil-

monopile-OWT dynamic simulations for the above-mentioned
loading scenarios (cases A, B, C). All considered time histories
last 200 s and require approximately 500 hours of sequential cal-
culation on a 3.70 GHz Intel Xeon CPU. The following results
represent a step forward compared to the shorter simulations re-
cently performed by Corciulo et al. [7].

Soil-monopile interaction
Figures 7-8 illustrate the mechanical response of the soil

(shear stress-strain curves and effective stress paths) at the two
control points P1 and P2 indicated in Fig. 2; the colorbars on the
side represent time elapsing over the 0-200 s interval.

The stress-strain plots in Fig. 7 point out clearly the increase
in soil non-linearity mobilised at increasing load level. Indeed,
while a nearly linear response is produced in case A (weak vibra-
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FIGURE 7. SHEAR STRESS-STRAIN RESPONSE AT THE
POINTS P1 (TOP) AND P2 (BOTTOM) IN FIG. 2. (COLORBAR:
0-200 SEC TIME-TRACKING)

FIGURE 8. SOIL EFFECTIVE STRESS PATHS AT THE POINTS
P1 (TOP) AND P2 (BOTTOM) IN FIG. 2 (COLORBAR: 0-200 SEC
TIME-TRACKING).

tion case), evident stress-strain hysteresis loops and strain accu-
mulation result in case C (strong vibration case). Consistently,
the effective stress paths in Fig. 8 show the occurrence of cyclic
mobility at shallow soil locations (point P1): this is associated
with the temporary increase in effective confinement p′ when the
stress path crosses the phase transformation line (dashed lines),
due to prevented soil dilation; conversely, no cyclic mobility ef-
fects are observed at point P2 because of the stress path always ly-
ing within the phase transformation locus. Variations in effective
confinement go hand in hand with the excess pore pressure (∆u)
time-plots in Fig. 9. In case C, a general pore pressure accumu-
lation trend is clearly visible as counterpart of the p′ reduction in
Fig. 8, especially close to the mudline (point P1). Pore pressure
build-ups are direct outcome of the interaction between cyclic
loading and dynamic consolidation, with an obvious influence of
the loading amplitude – sands exhibit low deviatoric-volumetric
coupling in the nearly linear, weak vibration regime.

Figures 10-11 illustrate the performance of the foundation
in terms of horizontal load-displacement (H − δ ) and moment-
rotation (M− θ ) curves at the monopile head (i.e. at mudline),
chosen here as global measure of local HM processes through-
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FIGURE 9. TIME EVOLUTION OF EXCESS PORE PRESSURE
AT THE POINTS P1 (TOP) AND P2 (BOTTOM) IN FIG. 2.

out the soil domain. The corresponding H− δ backbone curves
from static FE analyses are plotted alongside to highlight the dif-
ferences between monotonic and cyclic behaviour of the founda-
tion. For each case, equivalent translational (KL) and rotational
(KR) stiffness values can be identified in combination with a spe-
cific load level. Obviously, deriving foundation stiffness from
global H − δ and M − θ plots does not enable to distinguish
compliance and inertial components, although with not dramatic
consequences in case of low-frequency loading (Figs. 3-4). Figs.
10–11 suggest the following observations:

- in the transition from weak to strong vibration a gradual
decrease in lateral foundation stiffness is observed as an
effect of soil non-linearity – KL,A = 210MNm−1, KL,B =
130MNm−1, KL,C1 = 100MNm−1;

- the lateral stiffness is apparently unsteady in case C. Af-
ter an initial degradation (from KL,C1 = 100MNm−1 to
KL,C2 = 80MNm−1), stiffness recovery occurs (KL,C3 =
110MNm−1) towards the end of the time history (see col-
orbars), possibly due to soil cyclic mobility;

- lateral displacement and rotation are gradually accumulated
at the monopile head, with increasing energy dissipation as
the load amplitude gets higher;

- the rotational monopile stiffness appears to be less sensi-
tive to soil non-linearity – KR,A = 52GNmrad−1, KR,B =
45GNmrad−1 = KR,C1, KR,C2 = 40GNmrad−1.

The above points are all relevant to the resulting OWT dy-
namics and should be taken into account when formulating sim-
plified analysis approaches.

OWT dynamics
Figures 12-13 show the displacement time histories simu-

lated for the monopile head and the OWT hub (cases A, B and
C). The increasing vibration amplitude of the OWT hub at larger
wind speed is apparent, as well as the gradual displacement ac-
cumulation characterising case C above all.
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FIGURE 10. HORIZONTAL FORCE-DISPLACEMENT RE-
SPONSE AT THE MONOPILE HEAD (COLORBAR: 0-200 SEC
TIME-TRACKING).

FIGURE 11. HORIZONTAL MOMENT-ROTATION RESPONSE
AT THE MONOPILE HEAD (COLORBAR: 0-200 SEC TIME-
TRACKING).

The vibrational response of the OWT is also inspected in the
frequency domain in Fig. 14. The Frequency Response Function
(FRF) of the structure is derived for all loading scenarios from
the spectral ratios between Fourier amplitude of the OWT hub
velocity and the wind speed history. Such spectral ratios pro-
vide here a good representation of the OWT frequency response
for two reasons: (i) regardless of non-linear effects, the mono-
harmonic wave loads in Fig. 4 do never align with any natu-
ral frequency of the system; (ii) the typical “noise” in numerical
spectral ratios is mitigated by avoiding unnecessary differentia-
tions (for instance to derive the inertial force at the hub).

Figure 14 shows raw spectral ratios (lilac lines) and the more
readable results obtained after preliminary low-pass filtering (red
lines). The main natural frequency f0 is also indicated in all FRF
plots. Transiting from weak (case A) to strong (case C) vibration
conditions, a reduction in f0 is caused by the evolution of the
monopile stiffness (see Figs. 10–11). However, the f0 decrease
rate with the loading amplitude is not constant, but a slower rate
is observed as the wind speed grows higher. It is argued that
this interesting outcome arises from the peculiar behaviour of
medium-dense/dense sands under closely undrained conditions:
they lose shear stiffness at increasing strain amplitude (i.e. wind
speed), but also tend to regain stiffness owing to negative excess
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FIGURE 12. HORIZONTAL DISPLACEMENT TIME HISTORIES
AT THE MONOPILE HEAD.
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FIGURE 13. HORIZONTAL DISPLACEMENT TIME HISTORIES
AT THE OWT HUB.

pore pressures. As a result, undrained dilatancy effects induce
higher effective confinement and in turn a recovery of founda-
tional stiffness. As previously mentioned, this aspect is clearly
depicted for case C in Fig. 10, where the non-monotonic stiff-
ness variation trend may be regarded as the cause of the steady
f0 value from case B to C.
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FIGURE 15. SIMPLIFIED OWT MODEL WITH TRANSLA-
TIONAL AND ROTATIONAL SPRING SUPPORTS.

FROM ADVANCED TO ENGINEERING MODELLING
In this section, the findings from advanced FE analyses are

exploited to tune engineering spring models for dynamic soil-
structure interaction. A simplified version of the model in Fig.
2 is developed according to the sketch in Fig. 15, that is by set-
ting translational and rotational elastic supports in lieu of the 3D
soil domain (a similar approach was previously attempted by Ad-
hikari and Bhattacharya [15]). Accordingly, the global stiffness
components KL and KR defined above need to be calibrated for
lumped 3D soil-structure interaction.

For this purpose, three different stiffness calibrations are
adopted:

- Simplified Model 1. KL,1 = 450MNm−1 and KR,1 =
56GNmrad−1, calibrated against the initial branches of
static/monotonic H−δ and M−θ FE curves;

- Simplified Model 2. weak vibration cyclic stiffness KL,2 =
210MNm−1 and KR,2 = 52GNmrad−1. Note that in gen-
eral monotonic and dynamic small strain stiffness may not
coincide due to HM coupling and inertial effects;
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FIGURE 16. COMPARISON BETWEEN 3D AND SPRING
MODEL 1-2 SIMULATIONS OF LOADING SCENARIO A.

- Simplified Model 3. strong vibration cyclic stiffness KL,3 =
90MNm−1 and KR,3 = 40GNmrad−1, plus a translational
viscous damper (viscous coefficient: CD = 20MNm−1 s) to
capture hysteretic energy dissipation at the dominant oscilla-
tion period. The intermediate large oscillation stiffness KL,3
is substantially lower than KL,1, although it is not the lowest
value exhibited during the vibration history C.

Figure 16 shows for the loading case A the comparison be-
tween 3D FE results and the outcomes of the simplified models 1
and 2. No relevant differences can be noticed, although the hub
motion is better reproduced by model 2, supporting the idea of
neglecting soil non-linearity when the OWT is subjected to weak
environmental loading. It is noteworthy that despite KL is halved
in model 2 with respect to model 1, a very similar frequency
response is observed for the two models. Hence, the natural fre-
quency seems to be mainly governed by the rotational stiffness
and, as recently suggested by Arany et al. [16, 17], lateral stiff-
ness has only a minimal effect on it.

The performance of model 2 is further illustrated in Figs. 17-
18 for the bounding cases A and C. Compared to case A, model 2
works less well in presence of substantial non-linearity (case C):
model 2 provides a 3% overestimation of f0, whereas the hub
displacements are inaccurate in both cyclic amplitude and global
trend – no displacement accumulation can be in fact reproduced
by the spring model. This shortcoming may only be remedied
by acknowledging the dependence of spring stiffnesses on the
loading amplitude.

Figure 19 testifies that improved simulation of the case C
3D response is achieved by means of the third simplified model,
i.e. by setting the spring stiffnesses equal to KL,C2 and KR,C2.
The combined use of suitable viscous damping enables to capture
reasonably well also the hub maximum displacement until about
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100 s – after that, significant displacement accumulation cannot
be reproduced by a linear spring-dashpot model either.

CONCLUDING REMARKS
A 3D HM FE model was developed for the dynamic analysis

of a standard 5 MW OWT on a monopile foundation in medium
dense sand. Three different wind/wave loading scenarios were
considered to explore the effects of the loading amplitude in the
wind speed range from 5 to 20 m/s. Advanced FE modelling was
exploited to account at the same time for slow soil dynamics,
pore pressure effects and non-linear cyclic soil behaviour.

The FE results put in evidence the evolution of the founda-
tional stiffness at increasing degree of mobilised soil plasticity.
The OWT natural frequency varies with the load amplitude at
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FIGURE 19. COMPARISON BETWEEN 3D AND SPRING
MODEL 2-3 SIMULATIONS OF LOADING SCENARIO C.

an unsteady decrease rate, most likely due to the occurrence of
undrained cyclic mobility in (medium) dense sandy soils. The
outcomes of 3D FE analyses were exploited to set up engineer-
ing soil-structure interaction models formed by translational and
rotational lumped springs. The importance of using stiffness val-
ues consistent with the current load magnitude was acknowl-
edged, possibly along with viscous damping for better simula-
tion of strong vibrations. Nonetheless, displacement accumu-
lation trends cannot be captured without resorting to plasticity
modelling.

Future work along this research line will be devoted to in-
vestigate the influence of the load amplitude over a wider range
of sand types, from loose to dense. For this purpose, sand mod-
elling based on critical state soil mechanics will be adopted to
naturally capture void ratios effects. More efforts will be spent
to foster the transfer of geotechnical knowledge from advanced
to engineering modelling in offshore wind applications.
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