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ABSTRACT: The offshore wind sector is skyrocketing worldwide, with a clear trend towards wind farms
installed in increasingly deep waters and harsdrine environments. This is posing significant engineering
challenges, including those regarding the design of support structures and foundations for offshore wind turbine:
(OWTs). Substantial research efforts are being devoted to the geotehnical designopile foundations,
currently supporting about 80% of OWTs in Europe. This paper overviews recent work carried out at TU Delft
on the numerical integrated modelling of smibnopileOWT systems, and its input to the improvement of
geotechnical designparoaches. The benefits of incorporating advanced soil constitutive modelling in three
dimensional finite element simulations are highlighted, with emphasis on the interplay of cyclic soil behaviour
and dynamic OWT performance. Ongoing research ondyglic soil plasticity modelling is also presented, and
related to the analysis of monopile tilt under irregular environmental loading.

RESUME: Le secteur de | 6®olien offshore grimpe en fl
pour les parcistallés a de plus en plus grandes profondeurs et dans des environnements marins particuliéremer
compliquésCes conditions posent déi mportants enjeux do
structures de support et des fondations des turliobennes offshores (OWTSs). Des efforts de recherche
significatifs sont consacrés au dimensionnement de fondation pour monopieux, qui supportent prés de 80% de
OWTs en Europe. Ce papier présente un apercu des travaux réalisés a TU Delft sur la mpd@lisatiique
intégrée de systemes $ammonopieuxi OWTs. Les bénéfices de modeles constitutifs avancés de sol sont mis en
évidence, avec une attention particuliére sur les interactions entre le comportement cyclique des sols et |
dynamique des OWTs. Leecherches en cours sur la modélisation d'un grand nombre de cycles sont aussi
pr ®sent ®e s, et associ ®es ° |l 6anal yse du bascul em
monotone.
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1 INTRODUCTION sustainable sources, with solar and wind energies

. gradually gaining larger shares. The wind energy
Th'e .gradual depletion of hydrocarbon FESEIVES Izactor is skyrocketing worldwide, especially with
shifting the global energy mix towards clean an

espect @ installations in the ocean. Recent
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technological advances have fostered impressiy *
growth in size and power output of offshore wind »

turbines (OWTSs) (Fig. 1), along with remarkable ™" —

reduction of fabrication and installation costs. TC .

date, Europe remainBd main player in offshore ~ wa« T T T

wind, with the North Sea hosting most wind X1 i 2 |

farms in the continent (~70%), and the Irish Sea, ~ =
Baltic Sea and Atlantic Ocean witnessing newg- 1. Evolution of wind turbine size and power
developments (WindEurope, 2018). Discussion8utPut (from Bloomberg New Energy Finance)

about extending offshore wind farming to the

Mediterranean Sea are also ongoing (Balog et af:o0ut 80% of all OWTs in Europe are founded
2016). on monopiles (MPs), tubular steel piles of large

Owing to extensive research started in the latdiameter (=810 m) and embedment ratio
1990s, offshore wind technology is nowaday embedded length/diameter) in the range from 3

mature in many areas, and constantly Iookin?0 6 (Fig. 4). Bigger OWTs in deeper waters
forward to new challenges. Reportedly, latesf€duire larger monopiles expected to reach up
offshore wind pojects are developing in waters 1© 15 m diameter in the futufie depending on
of increasing depth and distance from the Sho“ﬁltes_pemflc soil _condltlons ah environmental
as illustrated in Fig. 2 for bottofixed wind 02ding from wind and waves. Furthermore,
farms in Europe (WindEurope, 2018). The trend ©CeNt developments in socgastern Asia, .41
towards fAdeeper & f ar f%ea (ghang d?t . 02017} s draying,
building wind farms with larger poweutput, or 2ttention to the design of earthquaksistant
sometimes simply unavoidable in presence oftructures and foundations (Kaynia, 2018).
large water depths close to the shore (Rodrigues At CUrTent stée of practice, monopiles ofB)
et al., 2015). The latter case is relevant, fof? diameter for 30 m water depth can easily
instance, to recent offshore wind plans in thd€duire for their fabrication more than 1000
United States and Japan (Jacobson et al., 201@pnes of steel. As foundation costs still amount

Ushiyana, 2018), and has promoted in the last
decade considerable studies regarding floatin
wind farms (Castrésantos & DiazCasas, 2016)

T not considered in this paper. .
Installations in deeper waters imply harshel
environments and loading conditions, and thu.
serious technical challenges regarding the desigg " ..‘ °
of support structures and foundations. Restrictin: ¢ ‘.. Y

-
[

1990 1995 2000 2005 2010 2015

Water

attention to the case of botteimunded (i.e. non
floating) OWTs, a number of foundation setups «
have been proposed over the years, includin :’vg
deep and shallv foundations assembled as eithel ;

single or compound units (Byrne & Houlsby,
2003) (Fig. 3). Discussions about their suitability
still take place at most international geeents, Pistance to Shore (km)

#Online Partially online Under construction With permit

during themed sessions dedicated to the teStinHig. 2. Water depth and distance to shore of bottom

analysis and design of OWdundation systems i eq offshore windarms, organised by development
i see for instance Pisano & Gavin (2017). status (modified after WindEurope, 2018)

.2
o 50 100 150 200
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out how advanced numerical modelling can

\ \ impact the understanding of seiructure
" _ ~ interaction in OWTs, and promote enhanced
/ / / geotechnical design for further cesduction.

2 DESIGN OF MPFOUNDATIONS

- " Monopile dimensions (length, diameter, wall
thickness) must be designed to guarantee safe
monopile | skired caisson [ piled jacke [ wipod | performance under OWT loads, in presence of
‘ surrounding soil reactions (Arany et al., 2017,
Eig. 3. Most common foundation _concepts for bo{tomBhattacharya, 2019). At present, the main
fixed OWTs (modified after Kaynia, 2018) industry guidelinefor MP design are those in the
DNVGL-ST-0126 document (DNAGL, 2016),
yprescribing the following design checks:
1. the first natural frequency of the global OWT
MP-soil system must fall within prescribed

to 30-40% of the capital expenditure, the industr
is strongly driven towards optimian (Doherty
& Gavin, 2011).

The present paper summarises recent TU Delft . . . . . _
research regarding OWT foundations and their limits, and ensurqoftstlff behaviour (Fig. 5.)’
analysis via advanced numerical modelling. After>: MPs must not fail under prolonged loading
introducing geotechnical drivers for MP design  during the whole OWT operational life (FLS,
(Section 2), theory and sep of 3D firite Fatigue Limit State);
element (FE) models for OWNP-soil systems 3. MPs must not fail under loads of exceptional
are overviewed in Section 3, with focus on the magnitude (ULS, Ultimate Limit State);
case of MPs in sandy soils; Section 4 illustrated. MPs must remain fully usable under ordinary
how advanced 3D FE modelling can fruitfully  |oading, i.e. only limitd deformations are

serve the noifinear dynamic analysis of OWTs,  allowed (SLS, Serviceability Limit State).
and provide preciousput to improve existing \hile checks 2 underlie usual limit states for
design tools; the open issue of predicting MP tiliytfshore structures, check 1 is a peculiar design
under environmental loading is addressed iRequirement for OWTs. Undesired resonances are
Secti(_)n 5 and related to ongoi_ng res_earch onthg be avoided by keeping f(global natural
constitutive modelling of higleyclic sand frequency associated with the first bending
behaviour. The main goal of the papetaigoint mode) within the fi-fsp rangei fip is the rotor
revolution frequency, whiles# (for threebladed
OWTs) the frequency of the aerodynamic pulses
induced by the passage of each blati@fowing
effec). Setting fp < fo < fzpis commonly referred
to as soft stiff design, as it combines a stiff
superstructure with a more compliant foundation.
Checks 1 and 2 are mostly dictated by soll
behaviour at small strains, whereas check 3
relates to the neohinear, neaffailure regime.
Check 4 is transversal to differenbnditions,
though mostly relevant to normal operations.

Fig. 4. OWT MP at Port of Rotterdam (Netherlands)
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rotor blade-passing About filling such knowledge gaps, the
:ﬁeq“e”cy: : frequency : research agenda by the Europeésrademy of
| Wind Energy (EAWE) indicates the road for

- moving offshore wind geotechnics forward (van
: Kuik et al., 2016). In Section #ydrodynamics,

. soil characteristics and floating turbineghe
- Aut hor s Whasis ther amountéob soll

. ; . f- om ‘ :_Y_ damping for aroffshore turbine? Is it possible to

estimate soil damping from first principles, like
ft-soft ft-stiff iff_stiff ) : ) : \
sofvsoft | | sofvsit | from numerical simulation with solid elements?

Fig. 5. Excitation range the frequencylomain and  Improved insight could lead to major
design setips associated with different OWT andbreakthroughs  like ~a  possible  pile
foundation stiffness (modified after Kallehave et al.gigenfrequency fine tuning through varying
2015) ramming depth as a function of soil
characteristics and other key variables At
Performing the above design checks is highlyirst glance, the EAWE agenda points to the
challenging in  presence of realistic chance of studying soil mechanisms and energy
environmental cyclic loading (ECL)ECL is dissipations in OWTs damping through 3D
known to mobilise notrivial aspects of soil numerical modelssplid elemends Ultimately,
behaviour, such as variations in stiffness angan Kuik et al. (2016) support the use of
strength, energy dissipation, builgp of pore advanced numerical analysis as a way to gain
water pressures, and accumulation of permanedteper insight into governing mechanics, and
deformations (di Prisco and Wood, 2012). Fompromote the improvement of design methods.
instance, cyclicsoil deformations may induce The EAWE agenda inspired the research
unacceptable monopile tilt (Abadie et al, 2018), ahread overviewed herein, about the advanced
serviceability issue (check 4) that is oftennumerical modelling of OWT foundations.
mitigated through larger MP embedment depth.
Uncertainties about cyclic soil behaviour lead t@3 INTEGRATED 3D FE MOLELLING
conservatism in design, i.e. noptimal use of OF OWT-MP-SOIL SYSTBVS

steel. ) ) )
MP design for offshore wind projects is This section covers the sgp of integrated 3D

commonly performed vig-y modelling i.e. by FE models of OWTs, including turbine tower,
lumping soil reactions along the MP into foundation and soil. The developments presented
distributed spring elements. The DNVEI- hereafter arealigned with the EAWE research
0126 document (DNAGL, 2016) questions the agenda (van Kuik et al., 2019), in an effort to he!p
suitability of existingp-y models (e.g. from API unveil the role of several geotechnical factors in
2014) for stiff piles, and recommends moreOWT design. The importance of integrated
advanced experimental and numerical studies t&0delling is nowadays widely acknowldged in
fbetter assess the possible failure moded€lation to complex structural syste, among
drainage mechanisms, effective stresses and tiéich bottomfounded offshore structures offer a _
effects of high or low-level cyclic loading . Notable example (Bienen and Cassidy, 2006;
Although the PISA project has recently releasedi@sen etal., 2017; Pisano etal,, 2019
new monotonic fy curves for MPs (Byrne et al.,, _1he highest level of OWT model integration
2019), further work seems still needed forl-€- including structure, water, air and soi§ not

geotechnically sound design of MPs under ECLPUrsued heia. Emphasis is on building 3D FE
models with advanced representation of -non
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linear soil behaviour and cyclic/dynamic sbiP M
interaction. WIND THRUST Fuwind(t) S

3.1 Governing equations and model-sgt

Fig. 6a illustrates the idealisation of a MP

supported OWT subjected to wind/vealading.

As full integration of water and air in the

modelling is not considered, aerand hydre

dynamic loads are to be provided as an input,

with no twoway interaction between such loads t

and structural vibrations. Established approaches

for determinhg external loads on OWTs are

described in Bhattacharya (2019). In the lack of =

fluid-structure interaction modelling, water

added mass effects (inertial interaction) can be (@)

simplistically introduced through water lumped ®

masses, e.g. as proposed by Newn&77).

The same system in Fig. 6a is presented in its
discretised FE version in Fig. 6b, formed by the
following components (Corciulo et al., 2017a):

A OWT tower plus the portion of the pile above
the mudlinemodelled as a Timoshenko beam.
For realistic OW modelling, beam elements
with mass density and stiffness variable along
the elevation are normally used, with the
addition of lumped masses for RNA (Rator
Nacelle Assembly) anéquipment (flanges,
transition piece, working platforms, etc.) (b)

(Kementzetzids et al., 2019a); Fig. 6. (a) Idealisation of a MRBupported OWT
A embedded length of the piteodelled through subjected to widllv_vgve loading, _and (b) associated

either 3D solid elements or 2D shells. The us&° " & mode(modified after Corciulo et al., 2017a)

of ;D embeQded beams is not recommendeqmder drainage conditions that approach the
as it would hinder proper representation of 3Dy ained or undrained limit depending on their
soil-MP interaction (e.g. effect of distributed phyqraulic/mechanical properties. The dynamic
shear stresses, presence of soil plug, bottogbnsolidation of saturated soils has been widely

Z

o(t) =
WAVE THRUST Fuave(t) 4 "'55 d

X

=

~ shear/morant fixity); studied in the Iliteratu
A soil around the foundatiaepresented as a 3D work (Biot, 1956ab). Zienkiewicz et al. (1980)
domain discretised via solid elements. discussed significance and applicability of

Underwater soils are normally water different mathematical formulations, in relation
saturated. They respond to external loading t0 the interplay of loading frequency and soil
permeability. Based on linear elastic analysis,
Ziekiewicz et al. concluded that many pleins
in earthquake geotechnic$ i.e. involving
frequencies mostly lower than 10 Kzcan be
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tackled through the scalledu-p formulationof  minimise the number of degreesfreedom in
relevant conservation laws (balance of lineaFE models. Recently proposedH1P1ssp
momentum and pore water mass). Based on tleements (stabilised single point) elertse
assumption of no relatvacceleration between (McGann et al., 2015) have been exploited to
pore water and solid skeleton, the formulation reduce computational burdens in the present
is the most economical among all options, as ithread of work. As explained in the original
only requires in 3D domains the determination opublication,H1P1ssporick elements do not only
three displacement components for the sojl ( remedy undrained pore pressure instabilities, but
and a scalar field for the pore press(p). Details can also mitigate Brccuracies related to
regarding formulation and numerical solution ofvolumetric locking effects;
dynamic problems in saturated soils can be founBoundary conditionsHydraulic and mechanical
in Zienkiewicz et al. (1999); more recentboundary conditions must be set along the lateral
discussions about the suitability of differentsurface of the 3D soil domain (Fig. 6b). Since
formulations in twephase soil dynamics are neither the mechanical soil response nor the flow
providedly Jeremi |l et al . 6fpddeiatddepend dn tie absalute avaten degth,
Machacek (2019). As environmental/mechanicait is possible to set nil pore pressure at the
loads on OWTs are rather slow (frequenciesnudline. This is a simplification enabled by the
lower than 1 Hz, Fig. 4), the use of thepu assumption of ninteraction between free and
formulation in offshore wind problems is not tointerstitial water (Jeng, 2003). Regarding
be questioned. mechanical boundary conditions, i$ worth
After space discretaion, the model in Fig. 6a noting that in presence of lefkequency cyclic
can be used for timdomain simulations under loading (Fig. 5), typical concerns about absorbing
given initial and boundary conditions. To date,outgoing waves become less relevant. Indeed,
dynamic FE models of OWMP-soil systems since MP vibrations occurr at frequencies usually
(Fig. 6b) have found only limited application in lower than the sgalledcut-off thresholdGraff,
offshore wind geotechnics, for instance het 1975), no real waves can be generated and
works by Cuéllar et al(2014), Corciulo et al. propagated through the soil domain only
(2017a), Barari et al. (2017), Kementzetzidis eevanescentspatially decaying waves can exist.
al. (2019a). As a consequence, static node fixities work
A number of setip choices can impact the properly as long as lateral boundaries are
accuracy and computational burden of a 3D FBEufficiently far from the structuré in the order
model of the type in Fig. 6a: of 56 pile diameters (Corciulo et al., 2017a,
Soil element typeTwo-phase soil elements are Kementzetzidis et al., 2019a).
needed to obtain both displacements and por®oitMP interface modelling Following the
pressures in the soil domain. In this respect, it iapproach by Griffiths (1985), the simplest way to
well-known that only certain types of elementsmodel soi#MP interface is to introduce around
are suitable for hydrmechanical simulations. the pile a thin layer<5% MP diameter) of solid
To avoid instabilities in the pore pressuield two-phase elements, to be assigned material
(checkerboard modes) under (nearly) undrainecpbarameters that represent changes (often
conditions, using stabilised elements with lineadegradation) in soil properties induced by pile
interpolation for both diplacements and pressureimstallationi which is not explicitly simulated in
seems the best option. Stabilisation techniquethe considereavishedin-placeapproach. Bedr
for mixed elements with equal order interpolationrepresentation of sliding and detachment along
haw been widely studied for incompressiblethe soitpile interface, as well as of water flow
problems, (Zienkiewicz et al., 1999), as a way tahrough discontinuities, may be achieved by
circumvent the saalled LBB condition and using widthless interface elements of the kind

ECSMGE2019i Proceedings 6 IGS
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proposed by Cerfontaine et al. (2015). Acase relevant to offshore wind developments in
drawback often associate with widthless the North Sea. Special care has been taken about
interface elements is their relatively simplisticadopting statef-the-art soilmodelling, as shown
formulation from a constitutive standpoint,in Corciulo et al. (2017a,b) and Kementzetzidis
usualy based on perfect elagtasticity and et al. (2018, 2019a). Despite fundamental
hardly suitable to capture the complex cyclicdifferences in their formulations (Prévost, 1982),
behaviour of soikteel interface$ an interesting both multisurface and bounding surface models
remedy to this issue has been recently proposedn capture several aspects of cyclic sand
by Stutz et al. (2017). behavwour, including stiffness degradation,
Time integration algorithmStandard algorithms hysteresis and deviatoriolumetric coupling
for time integration in solid dynamics are (leading to pore pressure builgh when drainage
suitable, such as the wédln o wn Ne r ma&r kindlesed)o However, after testing the
HHT methods (Hughes, 1987). Algorithmic performance of the UCSD muburface model
energydissipation in time marching is usually (Elgamal et al.,2003; Yang et al., @G08),
beneficial in norlinear computations to damp conceptual motivations have later led to embrace
spurious (nofphysical) highfrequencies modes the family of SANISAND bounding surface
out of the calculated response (Kontoe et almodels developed by Dafalias andworkers.
2008). It should also be noted that, while implicitSince the launch of the first SANISAND model
time integration combirte with Newtontype (Manzari & Dafalias, 1997), intensive work has
iterations helps fulfilling global equilibrium, the been spent to overcomertain limitations of the
selection of appropriate tirgtep size is most original formulation, regarding fabric effects,
often driven by accuracy and stability of stresshysteretic smalktrain behaviour, response to
strain integration at Gauss poiritsthis aspect radial stress paths, influence of principal stress
stands out most severily when sophitiitl non  axes rotation (Papadimitriou et al., 2001; Dafalias
linear soil models are adopted (Watanabe et al& Manzari, 2004; Taiebat & Dafas, 2008;

2017). Petalas et al., 2019).
To date, the SANISAND version by Dafalias
3.2 Modelling of cyclic soil behaviour & Manzari (2004)i SANISANDO41 is still the

most widespread with the following features:

The analysis of sciMP interaction under ECL . . . .
.. A bounding surface formulation with kinematic
can only be as accurate as the constitutive .
hardening and Lodangle dependence;

modelling of cyclic soil behaviour, obviously a . ) ]
very relevant ingredient in integrated OWTA adoptonof 't he ostate par
models. Great efforts have been devoted in the (Been & Jefferies, 1985; Muir Wood et al.,

past four decades to conceiving plasticity theories 1994). The model can capture the effects of

for cyclically loaded soils, e.g. in the frameworks  varying effective confinement and void ratio,

of multi-surface plasticity (Mroz, 1967), and thus simulate the response of loose to
bounding surface plastigi (Dafalias & Popov, dense sands with a single set of parameters;
1975), generalised plasticity (Zienkiewicz & A contractionto-dilation transition when the
Mroz, 1984), hypopl ast k@dsath clodde gphake trandfrhdlion an
hyperplasticity (Houlsby & Puzrin, 2007). surface

Readers interested in these developments may ¢apvic tensotto phenomenologically represent
refer to Prévost and Popescu (1996), Zienkiewicz fabric effects triggered by load reversals

et al.(1999) and di Prisco and Wood (2012). following stages of dilative deformation
The research overviewed in this paper focuses wing stage . ’
As discussed in Section he& above model

on OWTs in mediuntdense/dense sandy soils, a . ; )
features impact altogether the numerical solution
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of initial-boundary value problems. However, thefrom 3D FE simulations of the 8 MW structure

conceptual advances fostered by SANISANDshown in Fig. 7. All results have been obtained

developments are not yet conclusive. Currenthrough the opesource FE platform OpenSées

research on offshore foundations (and not onlyjMcKenna, 1997; Mazzoni et al., 2007)more

is contnually stimulating the enhancement ofdetails about OWT model sap are available in

cyclic modelling approaches for example Kementzetzidis et al. (2019a). Beyond its proven

regarding SLS requirements threatened by thsuitability for dynamic soiktructure modelling,

accumulation of soil deformations under leng OpenSees includes accessible implementations

lasting (highcyclic) ECL. This matter is further of stabilisedH1P1ssporick elementgMcGann et

addressed in Section 5. al., 2015) and SANISANDO4 (Ghofrani &
From the stadpoint of numerical integration, Arduino, 2018).

explicit stressgpoint algorithms are usually

preferred over implicit methods for applications

involving cyclic/dynamic loading and, therefore,

frequent stress increment reversals. While the

Forward Euler algorithm is thdnsplest in this |

area, adaptive Rungéutta methods with |

automatic error control should be adopted to [

combine accuracy and efficiency (Sloan, 1987; ‘

Tamagnini et al., 2000).

<

4 FROM NON-LINEAR SOILT MP
INTERACTION TO OWT DYNAMICS

The modelling concepts introduced in the <
previous section have been applied to the ‘
dynamic analysis of a real 8 MW OWT under |
different loading and geotechnical scenarios. The [
main structural details of the OWTcourtesy of g
Siemens Gamesa Renewable Enefigyare W’M
provided in Fig. 7; the original design of the ﬂ
foundationi a monopile of 8 m diameter, 27 m

embedded length and 62 mm wall thicknéss
was conceived for installation in North Sea dense 27'm
sand. Due to the lack of thorough laboratory test

data, a homogeous deposit of Toyoura sand has

been assumed, characterised by SANISANDO#ig. 7. Structural idealisation of the considered 8 MW
model parameters provided by Dafalias &OWT (modified after Kementzetzidis et al., 2019a).
Manzari (2004). This deviation from reality,

however, is not believed to prevent realisticd.1 OWT natural frequency shifts due to
conclusions regarding cyclic séMP interaction storm loading and seabedour

In watersaturated sand. fter setting up the 3D FE model of the OWT

The following subsections address different, " - system in Fig. 7, the dynamic response
aspects of OWAMP-soil dynamics as emerging of the structure has been numerically analysed in

K

%

3

Timoshenko beam
-

[ +0:@ @ ++ + +00 @

p

+
[POO0000C0

SspBrick

D=8m SspBrickUP

1 http://opensees.berkeley.edu
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1.0
0.8
0.6
04
0.2
0.0

relation to severe environmental loading. In '*pesw
particular, the 10 minutes time histories off;()_;--
wind/wave thrust feces in Fig. 8 have been = B9
consideretlas representation of a§@ars return
period storm (average wind speed of 47 m/s; ,,
including a 10 mtall rogue wave hitting the — :

structure after about 70 s. Under such loadin £o0s

100 200 300 400 500 600 650

0.8
0.6
0.4

conditions it is appropriate to assume@ATto " S 02
be in idling state, so that wind loading is mostly 4 100 200 300 400 500 600 G50

due to visous drag along the structurds ™ o
mentioned in Section 2, an important desigri08 o AN S L 0.6

0.4
0.2

driver for OWTs is the tuning of the first bending =, , AR =0
eigenfrequency of the OWT over its compliant 4
foundation(MP + soil). Advanced 3D modelling Time [5

can be fruifully employed to foresee deviz_:\tions mFig. 9. Splots of (top) input load (Fig. 8) and (up to
the structural performance from the desised bottom) hub displacement for Dr= 80%, 60%0%.
stiff range, for instance during exceptional storixedhase natural frequency/fes = 1. Colourbars
events. For this purpose, it is beneficial to inspeghdicate the amplitude of harmonics in the rangei(0.4
the OWT responsby means of timdérequency 1.2)xf/frs. (modified after Kementzetzidis et al.,
transformation. A suitable option is provided by2019a)

the sacalled S(Stockwellransform (Stockwell

et al., 1996)e.g.applied by Kramer et al. (1996) S-transformation can show how the frequency

0.0
0 100 200 300 400 500 600 650

to studythecyclic liquefactionof sandy sites. content (and associated energy levels signal
evolves in time, which is here instrumental to
1 Wave load trackingfofor an OWT subjected to severe ECL.
0.75 —Wind load Fig. 9 reports $lots of the total horizontal

load applied to the OWT (top), and of the OWT
hub displacement histories emerging from three
differentinitial conditionsi sand relative density
(Dr) equal to 80, 60, 40%Although unrealistic,
the caseD, = 40% is purposely considered to
0 100 200 300 400 s00 eco Mobilise high soil nodinearity, and thus warn
Time [s] about the detriments of poor geotechnical design.
Fig. 8. Wind/wavehrust forces associated with a-50 S amplitudes in Fig. 9 relate the colourbars on the
years return period storiaverage wind speed equal sige ‘and normalised at each step with respect to
to 47 m/s (modified after Kementzetzidis et %!;g’nﬁd?lga%e maximum value acss the frequency axis
this allows to emphasise the peak frequémngth
the same lighgrey colour along the 10 minutes
history. Plotted for the three cases are are also
_ 0 analytical estimates of, on compliant base
100 200 300 400 200 600 650 (CBanaIyticaD as per Arany et al. (201 -I- dashed
lines, see calculation details in Kementzetzidis et
al. (2019a). $lots reveal strong dependence of

Lz Inpull
)

3000

2os
e

i

w 0.6
04

2000
1000

2 Force amplitudesin Fig. 8 are normalised with *Frequeniesin Fig. 9 are normalisedith respect to
respect to the rogugave amplitudeKrw). the natural frequency of the OWT on a fixed bdigg.(
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the OWT response on the initial relative density,
as well as on the amplitude and frequency content Fiyna
of the input loading. When the OWT is fowed

on stiff sand D = 80%), its response in the
frequency domain exhibits a single main peak at

the first eigenfrequency, with only modest e
transient shifts; similar conclusions are mostly vol| [oBro i
applicable to th@®: = 60% case as well. In other e e | | G
words,fo-shiftsshould not be a concern when the T

monopile is designed according to current

practice. In this case, even analytigaddictions (@)

(Arany et al., 2017) return robust lowleound 1 AT T T TR T e
estimates of th& values resulting from 3D FE r M WW&'& W’"‘* K Sy
simulations. 0.8 | {

The OWT response beoes quite different 530.7:';
for D, = 40%. Fig. 9 (bottom) shows in this case =~ e g0t
a very irregular evolution of the peak frequency. Dr—a0%
Such a response marks a transition from D'o[) 100 200 300 400 500 600 660

—Dr=80%

fir es odominate® t o A-domipate® Time 3]
regimei note that the most evident drops in peak (b)
frequency at the hub occur at frequencies 600

associated with high energy content in the inpu __ 4
Stransform. This kind of structural performance & i 400
: . = 0

is clearly undesired, and may be regarded here ¢ — ’

the outcome of poor geotechnical design. S 10 200
The global picture emergirigpm Fig. 9 can be

further understood through its relation to the 001 o 0.02 0.04 0.06

hydromechanical response of the soil around the Voo [

MP. With reference to the chegloint Bz in Fig. (c)

10a, Fig. 10b illustrates the time evolution of the 80
local pore pressura at varying initial D, (u is

normalised with respect to the current total mea £
pressurep). It is interesting to note that the = 0
i ncepti on o treqgiendy aesporise &
for D, = 40% correlates very well with the time (t

= 300 s) at which the pore pressure ratpgoes -80 0

beyond 0.9 at point B and, it could be 0oL 0 0:2 8 004 0-00

(d)

Fig. 10. (a) 8BMW OWT model and location of control
points; (b) pore pressure evolutions at poiat 8hear
stressstrain plots at & for (c) Dr = 80% and (d)

= 40% (modified after Kementzetzidis et al., 2019a)

600

400

200

verified, at all other control points in Fig. 10a (see
Kementzetzidis et al., 2019a). From that time
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onward the soil around the pile can only mobilise

very low stiffness due to the reduced effective ' - Wave lnd
corfinement, with an obvious effect on the global " :
compliance of the foundation. The strassin . ©3

response predicted by SANISANDO4 is in turn= 025
consistent with pore pressure builg: although =
significant  nonrlinearity and  dissipative  -0.25
behaviour are already ewdt in Fig. 10c fob, = 0.5

80%, theD, = 40% case displays the same 000 o %0 o

features more extremely, with severe 10Ss ifkjg 11, windiwave thrust forces associated with a
stiffness/strength  and  accumulation  ofsiorm without rogue wavieaverage wind speed equal
irreversible shear strains. Partial liquefactiono 24 m/s (modified after Kementzetzidis et al., 2019a)
(Fig. 10b), however, does not extend to the whole
soil deposit: the resistance available at farther soisoil around the monopile, also termedabed
locations is not fully compromised, with positive scour Scour takes place when ndmd shear
impact on the OWT performance. stresses are such that soil sediments can be
The mentioned transition from resonant@ displaced from the original location (Prendergast
inputdominated OWT response (Fig. 9) is alscet al., 2015). DNVWGL design guidelines
affected by the amount of energy diisged atthe recommend to perform ULS and SLS checks
foundation. Large values of foundation dampingaccounting for likely scour scenariosdsc depth
promotes quick dissi pagttd D3 MPodiamdtetsp peshiaps rcdusedi Byi g
moti ono component s 0 finefféctive scosr protectioh. u r e , l ettin
external loading dominate structural vibrations. To study the impact of scour dg the same
The numerical rotestop tests documented in OWT in Fig. 7 has been numerically analysed in
Kementzetidis et al. (2019a) confirm the high combination with the wind/wave loading history
damping generated at the foundation during thi Fig. 11, associated with anexrage wind speed
50-years storm in Fig. 8. It is also worth recallingof 24 m/si for better comparison, forces are
that accurate analysis of dissipative phenomen@gain normalised with respect to the amplitude of
is highly relevant to FLS checks (Section 2), ashe rogue wave in Fig. 8. For simplicity, three
they affect the amplide of the stress levels scenarios of uniform scour have been considered
experienced by the steel during the OWT life. iremoval in the FE model a superficial layer of
The numerical results discussed so far suppogiand D, = 80%) of thicknesBlscour= 0 (N0 scour),
the conjecture of Kallehave et al. (2012): pore.5, 1.25 MP diameters.
pressure effects may negatively impact the OWT In Fig. 12a Splots are used again to visualise
dynamic performance, especially in preseiof in the timefrequency domain the response at the
underdesigned foundations. However, currentOWT hub at varying scour depth. Looking at the
design practice would hardly result in a structurai-transform of the load input (Fig 2atop), it is
response as poor as in e= 40% case (Fig. 9), apparent that increasinflscour has a twofold
unl ess fAunexpectedo céffece @ itadses Aredidion of thé avetagedatid |
operations. A possible event of this kind may beéyetweerf;and the reference fixdoase valué-g:
the ersion of (i) as Hsco/D approaches 1.25, the previous
transition towards inpedlominated vibations is
observed. These two effects are interrelated sides
of the same coin. As soil confinement around the
monopile reduces due to
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_ concernes that may not be properly addressed
10 through simplistic models.
- —

1000

4.2 Effects of longerm reconsolidation

- K ’ ~ w Hoo ) ) ) ]
0 200 500 400 50 600650 g Saction 4.1 transient shifts iig have been

s numerically investigated as a result of short storm
0.6 . . . .
events (duration equal toO1lmins), inducing

0.4

T 02 porepressure buildip and related cyclic
“o wo 200 00 40 s00 e eso  softening of the soil. As a further step, it is
119 relevant to explore whether losses in soil

0.8

o6 confinement will be permanent or not after the
o4 storm. For this purpose, the numerical case
.o presented in Kmentzetzidis et al. (2018) is

0.0

00200 0 A0 500 6% 650 symmarised herein. The same reference 8 MW

os  OWT is subjected to the more complex load
g“l history in Fig. 13, comprising multiple loading
02 Subevents and aftestorm reconsolidation,

during which excess pore pressure dissipation

K 0.0
0 100 200 300 400 500 600 650

Time [s] can take place. In this spirit, the load history (sum
(@) of wind and wave loads) illustrated in Fig. 13 is
70 considered total duration of more than 2 hours:

1. 150 s of weak loading, mobilising relatively
small strains in the soil around the pile;
2. 1200 s of strongtorm loading (average wind

HecoudD = .25 speed of 24 m/s), inducing transiéntrops;
Hicou/D) = 0.5 3. 150 s of the previous weak loading to explore
‘ | 20 30 40 45 afterstorm effects offy;
Txz %] 4. 1.7 hours (6000 s) of no loading to allow for
(b) excess pore pressure dissipation;

Fig. 12. (a) Splots of (top) input load (Fig. 11) and ; o
(Up to bottom) hub displacement fogb/D = 0. 0.5, 5. 150 s of weak loading to detect regaindoin

1.25 (Dr = 80%): (b) shear stresstrain plots for a enabled by soil reonsolidation. As previous
soil location next to the MP tip at varyingsds./D excess pore pressures are mostly dissipated at

the beginning of this stage, any differences
erosion, the remaining soil is strained more with respect to prstorm OWT response can
Severely under the storm in Flg 11. The hydrO On|y be due to permanent affe of p|astic
mechanical response of the soil reaches levels of giraining and void ratio changes.

norlinearity that keep the structure from rq yoqyce the burden of a long (sequential) 3D
functioning in the intendedoftstiff range. This ¢ simulation, the mesh in Fig. 14, coarser than
fact is elucidatedy Fig. 12b, reporting the local iha instance in Fig. 5b, has been adoptiée soil
shear stresstrain response ithe soil close tothe ol points A, B, C are also highlighted in the
MP tip: increasing dissipation and strainggma fyure. The evolution of the frequency

accumulation occur at highBfcou: The results in - content in the OWT response has been monitored
Fig. 12 appear in line with recent experimentakhrough the Sransformof the
evidence (Li et al.,, 2018)and raise design
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Storm I I
/ -
Weak load
rd
Reconsolidation Idle OWT |
i) ¥
0 20° 40’ lhr 80’ 100" 2hrs

Time

Fig. 13. Assumed load time histdrgum of wind and wave thrusts (modified after Kementzetzidis et al., :

1.1
1 W
[8a]
<= 0.9
~C
ha 0.8 —before storm
) after storm
0.7 —after consolidation
50 75 100 125 150

: t [s]

Fig. 14. 3Dcoarser soil mesh (~950 H1P1ssp bricks)Fig‘, 16. Time evolution Of. the OWT .peak frequency
adopted for ~2hrs FE simulatidnA, B, C are control durmg_the th_ree _weak Ioad_lng stages in the compo_und
points considered for pogrocessing (modified after IoadI hlzstory in Fig. 13modified after Kementzetzidis
Kementzetzidis et al., 2018) etal., 2018)

horizontal displacement at the hub. Since the S

R11

:..‘3 . T T T T T
S~ 1 Point C

\ l

t’“ﬁ 09 Point B |
o] - |

S 0.7 Font A Idle OWT

© ’ | Storm Reconsolidation l 1
S l

S 0.5 .

0

20° 40’ lhr 80’ 100" 2hrs

| point A point B point C—=S-transform ==best fit T]]_’]_’]_e
Fig. 15. Thick black line: normalised OWT peak frequency, along withgoesliratic fit; dotted lines: u/f
ratios at the control points in Fig. 1dnodified after Kementzetzidis et al., 2018)
transform returns (timearying) frequency
content within a relevant band, the outcrop values

IGS 13 ECSMGE2019- Proceedings



Bright Sparks award LectuieFedericoPisano

related to the maximum (normalised)- S | t is also possible to
amplitude at each timstep can be used to track models, in which soifoundation interaction is
fo-drops with respect to éfixedbase valué=s.lt  lumped into a small numbér6 at most for 3D
is evident in Fig. 15 that the OWT experiencegproblemsi of constitutive relationships between
transient natural frequency shifts during thethe forces and displacements describing the
stormi as also underlined by the quadratic time statics/kinematics of the considered foundation.
fit of the peak frequency extracted from the SThis approachi also known asnacroelement
transform. At the same time, an increas@ore moddling T was first devised for the integrated
pressure ratio/p is observed at the three controlmodelling of mobile jaclup platforms
points indicated in Fig. 14. The local minimum of (Schotman, 1989), then applied to a variety of
the fitting parabola lies close to the time of loadshallow foundation problems (Nova &
removal, which hints thdg recovery starts at the Montrasio, 1991; Pisand et al., 2014, Houlsbhy,
end of a storm. When free structural vibration®2016), also including dynamic/seismic loagli
are entirely damped out after the storm, soil reconditions (di Prisco and Pisan2011). More
consolidation starts to dominate the responseecently, advanced macroelements have been
(Fig. 15). It is noted thafy tends to recover its proposed to capture the complex behaviour of
prestorm value as reonsolidation poceeds. piled foundations(Li et al., 2016), with some
When excess pore pressures are dissipated upitstances of application to OWT monopiles
the shallowest control point C, the natural(Houlsby et al., 2017; Page el., 2019a,b).
frequency of the OWT appears to be completelfRegardless of the specific foundation type,
restored. As a further confirmation, Fig. 16 showsnacroelement models need accurate description
that prestorm and afteconsolidation responses of soil-structure interaction, includirigin cyclic
of the OWT are practically identical as to their S loading problemsi stiffness degradation and
representation. This leads to claim the existencenergy dissipation effects. In presence of higher
of a somealoifnddé eind c h adoadinfregquersiose sucn maddteraction will
in the considered analysis framework, to soilrebe al so A dy n a rdemeddent.i . e.
consolidation. All the mentioned ingredients are not only
Obviously, the conclusions drawn after thischallenging to lumpt into a simple 0D (plasticity)
application example are not only specific of formulation, but also to investigate through
geometrical and loading settings, but also of thexperimental or numeritatudies. Integrated 3D
adopted SANISANDO4 model calibrated for FE models can positively inspire such

Toyoura sand. developments, as shown by Corciulo et al.
(2017b) in relation to MBupported OWTS Fig.
4.3 Towards MPsoil macremodelling 17a illustrates a simplified OWT model, with

. soil-monopile interaction condensed into two

The example.s q_lgcussed sofar give an mpr ess"(wncoupled) prings. With reference to the results
of the possibiliies of advandegeotechnical discussed in Section 4.1 for the input storm in
modelling in offshore wind research. At the samq:ig 8 it is shown in. Figs. 170 how the

time, howeyer, .'tShOUId be.‘”‘Ckmw'edged.that.'t?nomentrotation response at the MP head
direct application to engineering practice is

) . evolves in time, with average stiffness (dashed
exactly straightforward, due to computatlonallines) decreasing as more severe ainin
burdens, intrinsic model limitations, dearth of 9 s 9

experimental data for parameter calibration, etc.
These and other factors hinder daily use of 3D FE
modelling in engineering design, normally based
on more usefriendly p-y 1D methods.
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M I D, = 40% (Fig. 17¢), respectivelysee details in
med(t)%‘ 8 Kementzetzidis et al. (2019a)his kind of input
to macroelement modelling seems particularly
valuable, as it already includes nlamear hydre
mechanical effects hard to accountdtnerwise.
It seems prudent to say that, when the soil is
strained beyond theolumetric shear threshold
(i.e. beyond the onset of deviatetiolumetric
deformation coupling), macnmodels that
neglect pore pressure effects cannot reproduce

K,
% E@é"-ﬁ aspects of MBoil interaction clearly emerging
R

Fiawelt)—2

from advanced 3D FE modelling.
3D FE simulations and derived magrmdels
(a) can also aid the analysis of OWTs under seismic
loading (Kaynia, 2018; Vacareanu et al., 2019),
although with additional complexity arising from
dynamic amplification and, in sandy soils, cyclic
liguefaction. Even when disregarding soil
instabilities, the problem of properly representing
frequencydependence in MBoil dynamic
interaction is still open. Work on this specific
subject is presently ongmi at TU Delft
(b) (Versteijlen et al., 2017; Kementzetzidis et al.,
2019b), although not covered here for brevity.

5 HIGH-CYCLIC SAND MODELLING
FOR SLS CHECKS IN MPESIGN

The serviceability of monopiles is also related to

preventing their excessive deformatiainder

long-lasting environmental loadirigsee check 4
in Section 2 (Kuo et al., 2011). The problem of
_ (@ predicting cyclic deformations of laterally loaded
Fig. 17. (a) simplified structural model of a MP ;a5 js not new in geotechnical engineering, but
supported OWT (modified after Corciulo et al. iy oqaniy receiving renewed attention with

2017b); timeevolution of the rotational MP head f h ffsh ind d | ts. |
stiffness for the storm input in Fig. 8 with Dr equal (b) releence 1o ofishore win evelopments. 1In

80% and (c) 40%modified after Kementzetzidis et al., F€CeNt years, a number of experimental studies
2019a) have been devoted to studying the cyclic lateral

tilting of stiff piles (Leblanc et al, 2010; Rudolph
takes place in the soil around the foundation. I¢t al., 2014; Li et al., 2015; Nicolai et al, 2017;
particular, rotational stiffness degradafisrom  Truong et al.,2018, Abadie et al., 2018). Still
99 to 79 GNmrad and from 60 to 34 GNmrad Wwith reference to monopiles in sandy soils, tilt
are observed in the cades= 80% (Fig. 17b) and accumulation laws have been empirically derived

4 In this illustrative example it was not attempted to
distinguishrotationattranslation stiffness couplings.
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