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Figure 1 - Sketch af the cansidered
structure, óMW wind turbtne with a
th ree- le g jacket su bstructu re

INTROÐUCTION

Recently pubtished statistics by the European
Wind Energy Association, EWEA [2012], have

shown that the investments in the offshore wind
energy sector have ìncreased from under €500
mittion in 2001 to €4500 miLLion in 2012. Accor-
ding to DTI [20011,30% of these investments is

re[ated to foundation costs. ln order to reduce

the overat[ costs two soLutions were identified:
increasing the turbine capacity and/or moving

f urther f rom the shore where higher wind power
coutd be tapped in. Both these sotutions lead to
an increase in the foundation size and its costs.

According to Senders [2008), significant project
costs during instaltation are caused by stand-by
periods as consequence of bad weather condi-
tions. Thus, decreasing the number of offshore

Figure 2 - Comparison of modell.ing capabiLities af the avai{abLe approaches

operations required by simptifying the founda-
tion instattation may reduce costs significantty.

[aboratory and/or in-situ testing is done.

Suction caisson foundations provide a simptified
instattatlon procedure. According to Señders

[2008] and Byrne & HouLsby [2003) suction cais-
sons within a mutti-footing configuration are a

viab[e economicaI and environmental.l.y f riendLy

sotution Unfortunatety, in the current guide-
Lines and standards Limited guidance is given

retated to the assessment of their long term
performance throughout the 25 year design [ife
time [characterised by over 108 loading cycLes).

Lupea [20'1 3) gives an overview of the avaitable

approaches and suggests an aLternative method
to assess the tong term behaviour of suction cais-
sons under cyclic loading conditions. The current
articte presents onLy a summary of these appro-
aches The focus is to present the resutts of the
modeLl.ing carried out, as these may simptify the

design process, provided that validation through

PROBLEM DESCRIPTION

The effects of [ong term verticaI cyctic loading
on a suction caisson embedded in sand are to be

determined in the context of :

. Loss of stabitity - the reduction of subsoiI
bearing capacity due to pore pressure
bu itd- u p;

. Loss of serviceabitity - accumutation of

differentiaI setttements Ii.e. introduction of
rotati on ).

It is to be noted that the governing requirements
are retated to the overatL titting of the wind
turbine structure, thus imposing strict boun-
daries retated to differentiaI sett[ement of the
suction caissons underneath the three teg jacket
structure (see figure 1 I

AVAILABLE APPRAACHES
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Summary
0ffshore wind turbine projects have been characterised by an increase in

costs, sizes and distances from shore, EWEA {2012J This created a need

of investigating the adequacy of alternative and more fìnanciatty attrac-
tive foundation types such as suction caissons. Within a mutti-footing
configuration, such as a three-leg jacket structure, these foundations
prove to be an advantageous sotution for increasing water depths lt is
due to their configuration that a simpì.ified design is possibLe, [eading

to onty verticaI cycLic [oading conditions. This articte provides a concise
summary of the M Sc. thesis of C. Lupea and presents an approach that

may altow for the simptìfication of the [onE term perfonnrance assess-
ment under vertical cycLic loading of suction caissons ennbedded in

sand lt provides a conservative theoreticaL base for the ideniification of

potentiatLy damaging loads, which couLd cause significant pore pressure
buitd-up and strain accumutation. 0ne of the key conctusìons of this
research is that the foundation response is a function of both the apptied
mean [oad and its cyclic amptitude for both terrsite and compresslve
loading. Nonetheless, experimentaI work rnust be canried out to vatidate
these results.
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Figure 3 - Sketch of proposed modelfor pore pressure buiLd-up (simiLar procedure for strainsJ

tion mode[ (Wichtman et aL. (201 1]). 0nce a trend
can be observed in pore pressure buiLd-up and

strain accu mu Lation, extra polation formulas can

be used - see figure 3.

Loading conditions
An important ro[e in the proposed modeI is

ptayed by the considered Loading conditions [see
f igure 1). ln the case that was analysed for the
thesis, representative for North Sea conditions,
Loading conditions were represented by the re-
suttant forces at seabed [eve[ for the simutation
of the 25 year design tife time of a óMW wind
turbine. The raw data on reaction forces at
jacket Leg- caisson interface were statisticatLy
processed in order to determine both extreme
va[ues as wet[ as the most probable operationaI
Loads.

The extreme values were used in the prede-

sign of the suction caissons for a three-teg
jacket structure. A safety factor of 2.5 was used

in order to check the foundation's capacity to

undertake tension. The obtained caisson dimen-
sions are 15 m diameter and 1ó m embedment
Length, using formutas provided by API and DNV

for undrained conditions. A simptified anatysis
showed that the required pressures for instatla-
tion were within the [imits imposed by the water
depth of 40m. As this was not the main topic of

research no further analysis was carried out [i.e.
buckLing anatysis).

The most probabte operational load cases were
determined based on the highest number of

occurrences and the highest mean and/or
amptitude of the Load, whichever is governing
reLated to pore pressure buitd-up and strain
accumutation. Due to the high safety factors
used in the predesign, the dominant operatÌonal
Loading cases for the three caissons proved

to be betow 10% of the caisson's capacity. For
cLarity, the fotLowing vatues wit[ be referring to

unfactored Loads with respect to the capacity of
the 15 m diameter suction caisson, with a'1 ó m
embedment [ength.

the offshore industry, the American Petroteum
lnstitute (APl) and Det Norske Veritas IDNVl,
provide guideLines for the anatysis of stender
pipe piLes Itength (Ll over diameter ID] ratio ' '1 0)

and gravity based foundations IL/D.1 ]. For suc-
tion caissons having an embedment ratio IL/DJ

between 1 and 10, depending on the soil type
and instaltation pressures, no specific guidance

is given. Furthermore, these standards provide

Limited guidance in the assessment of cyctic

Loading on foundations through empiricaI
formuLas [the API suggests the use of a reduc-
tion factor A = 0.9 for the lateraI resistance of

stender pites, that is independent of the cyctic
Loading characteristics; the DNV proposes an

effective stress anatysis and a reduction of the
shear stress based on pore pressure buil.d-up
for gravity based foundations).

The avaiLable research suggests the use of con-
stitutive modeLs with a better capacity to assess

the change in soiI properties throughout each in-
dividuaL cycLe. These modeLs are either based on

strain or pore pressure accumutation. A bridge

over the [arge number of cycles, characteristic
to offshore toading conditions, is generatty pro-

vided through the use of empiricaL formu[as and

controI cyctes [Safinus et at. 201 1 ). These types
of modets shaLl. be considered as hybrids.

From literature search, severaI criteria were
identified as being significant in the assessment
of this prob[em. The comparison of the avai[abte
solutions to the probtem at hand is given in
figure 2. lt becomes ctear from this figure that
the research carried out covers much better the
questions faced now in the offshore wind indus-
t ry.

PROPOSED MODEL

From literature it is conc[uded that for the
probtem at hand the use of a hybrid modeI using
the hypoptastic sand model. (Von WoLffersdorff,
199ó) with intergranutar strain INiemunis &

Her[e, 1 997) is to be preferred. The reasons
for this choice reside with the good prediction

capabiLities of the modeL and its previous usage

as the base for the High CycLic Strain Accumuta-
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Figure 4 - FaiLure enveLope af the predesigned caisson

The inftuence of horizontaI toading was
investigated by using the formu[as suggested
by Bang et at. [2011ì and Supachawarote et a[.

[2002']. The latter method is appLicabLe for ctays.

For this method, the undrained shear strength
of sand was determined using DNV (19921

recommendations

It was conctuded that horizontal Loading did not

yietd a significant change in the verticaI capacity

- see figure 4. The probtem at hand was there-
fore simptified to verticaLcyclic [oading onty.

The Loading conditions were not appl.ied cycl.i-

caLLy, but quasi-stpticatLy using four phases as

shown in figure 5. ln the odd numbered phases

the load was instantty apptied undrained, whi[e
in the even numbered phases time was altowed
for consolidation for hal.f the period of one cycle

The period was conservativety chosen equaI to

the wave period, approximatety 7 s, even though

from a study on the Loading condÌtions fottows
that the governing cyctic loads are [ike[y to be

c[oser to the typicaL wind period of 30s. These

vatues are atso c,utside the order of the opera-
ting frequency of wind turbine generators.

The hypoplastic sand model with intergranular
strain
The hypopLastic sand mode[ with intergranutar
strain is a non-[inear incrementaL constitutive
modet. lt associates the strain rate to the stress
rate, expressing aLI mechanicaI behaviouraI cha-
racteristics in one sing[e tensoriaI equation The
particutarity of the modeL is retated to the fact
that it does not decompose the strain rate into
etastic or plastic parts, as one was accustomed
from e[asto-pl.astic theory. The totaI strain is in
fact the sum of two components: an intergranu-
Lar strain tensor retated to the deformation of

interface layers at intergranutar contacts and a

component retated to the rearrangement of the
soiI sketeton The first component is observed
in reverse and neutraI toading conditions, being

characteristic to hypoetastic behaviour. ln conti-
nuous loading conditions both components con-
tribute and the behaviour may be characterised
as hypoptastic.

The modified equation by Gudehus 11996J

inc[udes the inftuence of the stress leve[ (baro-

tropyÌ and of density (pyknotropyl. The currently
considered standard hypopl.astic sand modeI by

Von Wotffersdorff has a Matsuoka-Nakai criticaI

CriticaI state friction angl.e ["J

Granutar hardness Icontrots the shape of the Limiting void ratio curves - stope)

Exponent of compression law Icontrots the shape of the Lirniting void ratio curves -
c u rvatu re )

Void ratio at maximum density for p=¡ lcontrols the peak sirength)

Void ratio at criticaI state for p=0 [control.s the peak and residuaI strength)

Void ratio at minimum density for p=¡ (controts the initiaI stiff nessJ

Pyknotropy factor controtl.ing the peak friction angle

Pyknotropy factor controtting the shear stiffness

Stiffness muttiptier for initiaI or reversed toading (stiffness increase for a 900 reversat)

Stiffness mul.tiplier for neutraI Loading [stiffness increase for a 180o reversaL]

Smatl. strain stiff ness Limit (radius of etastic range, may be taken as a materiaI constantJ

Parameter adjusting stiffness reduction curve stope Iused to catibrate against
cyctic test dataì

Parameter adjusting stiffness reduction curve stope (taken as materiaI constant)
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Tabte I - Hypoptastic sand modet with intergranular strain concept parameters
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LONG TERM EFFECTS OF CYCLIC LOAD¡NG ON SUCTION CAISSON FOUNDATIONS IN sAND
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Figure 6 - CaLîbration of hypoplastic sand modeL parameters

stress state condit¡on incorporated. Any mate-
riaI point within the soiI mass is described using
the stress state and void ratio. Hypoptasticity aL-

lows for atI the stress hisiory to be incorporated
in the current stress, while the presence of the

void ratio in the formuta makes the model more
sensitive to past deformations. According to

KoLymbas [2000ì hypoptasticity has an atgebraic
formutation using a simpte tensoriaI re[ation,
whitst the hyperpl.astic modeI is a geometrical
approach, using pictoriaI concepts such as a

yieLd and plastic potentiaI surfaces. More infor-
mation regarding the hypoptastic sand model
can also be found in Bardet (1990] and Ling and

Yang [200óì.

The hypoptastic sand modeI with intergranutar
strain, as imptemented in Ptaxis by Maðín (2012lr,

has a totaI of 13 parameters to be catibrated, see

Tabte 1. The first eight parameters betong to the
hypopLastic sand model and are to be catibra-
ted using isotropical.Ly conso[idated undrained
triaxiaI test data. The last five parameters,

related to the intergranutar [smattl strain, are

to be calibrated using cyctic undrained test data

[cyctic undrained direct simpLe shear tests or
cyctic undrained triaxiaI tests) with varylng

cyctic shear stress ratios (CSSRl.

Figure 7 - CaLibration of intergranuLar strain concept parameters

The catibration procedure requires a good

understanding of [aboratory test resutts, soiI
behaviour and of the inftuence of the modet
parameters. The soil. testing faci[ities in Ptaxis

were used for the catibration of the soil with
respect to the existing cycIic [aboratory test
data- see figure ó and figure 7.

The values resutting from the in-situ, l'aboratory

testing and catibration procedure are summa-
rised in tabLe 2.

The B, parameter depends on the apptied CSSR
(see figure 81. Therefore, it is used as a bridge
between the [aboratory and in-situ conditions.
It ensures that the response of the soil to the
apptied Loading conditions in-situ is correctty
extrapolated from the loading conditions in the
[aboratory.

Extrapolation fo rmulas
The extrapolation formutas are a best fit based

on the accumulation trend that is observed in

the resutts generated by running the anatyses,

as shown in figure 12 and figure 13.

Proble m D iscretisation
Even though the probtem is axisymmetric at

boundary vatue levet, the probtem was analysed
using Ptaxis 3D, due to the Expert Mode func-
tionatity which atlows the user to input aLL the
information using command [ines. This feature
attows for a more rapid and semi-automatic
introduction of the [oading conditions.

Geometrica[ty, the probtem was discretised
in two different ways. First a rectangutar soil
votume extending 45m around the caisson,
with aLL drained boundaries was considered.
Secondty only a quarter of the probtem was
anatysed, with the verticaI adjacent boundaries
considered undrained - see figure 1 0. The tatest
was chosen in order to ensure more symmetry
in the automatica[[y generated mesh, as it was
observed that the non-symmetry of the mesh
was inftuencing the resutts. Furthermore, the
boundaries of the soiI volume were chosen at
ó.R [R is the radius of the suction caisson] in

order to avoid that they influence the simulation
resu[ts. For the anatysis of this probLem interfa-
ces were used between the caisson and the sand

votume within and around it.

ln order to be abte to observe the response of
the soiI mass to the Loading conditions, nodes

and stress points were setected both within and

21 GEÙTECHNIEK- Januari2014
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RESULTS

As the appIied operationa[ loads were actually
under 10% of the predesigned caisson's capa-
city, the resuLts showed no pore pressure bui[d-
up during the course of the 520 cycLes analysed

Isee figure 12); having a symmetric response
around the zero mean va[ue at different points
within the soiI mass). Pore pressure buil.d-up is

the driving factor in reducing the bearing capa-
city of sand and consequentLy endangering sta-
bitity as it was defined in the Probtem Descripti-
on. ln figure 12 it can be seen that no significant
changes occur and therefore the stabiLity of the
structure is ensured.

When evatuating the strain accumutation in time
[see figure 13) a trend may be observed within
two of the points located in the soiI mass in the
caisson. The accumutation trend forthese points
represents a Iinear distribution of 1.1.10-8/cycte.

lf this trend is extrapotated [inearly for one

mittion cycles, a tiLt of 0.5o of the ful.L super-
structure coutd be reached.

A [inear extrapolation is made over one mit-
[ion cycles only, due to the fact that a signif icant
error may be propagated. Measured [aboratory
or in-situ data may provide a more accurate
extrapotation method.
Having such a smaLl strain accumuLation

rate, titting of the structure due to differentiaL
settLements is within the boundaries used

in the offshore wind industry and, therefore,
serviceabitity is ensured.

An additionaI ana[ysis was carried out to

investigate the foundation's behaviour to more
extreme conditions (storm eventsl, based on

[oads at increased percentages of the capa-
city. Unfortunatety the modeI response in some
of these cases showed significant instabil.ity

Isee figure 15J. ln these analyses it couLd be

observed that the medium dense sand initiatty
densified within the caisson, but as the cyctic

loading continueC, [ocatised loosening due to
increased pore pressure buiLd-up under the
caisson top pl.ate and centre took ptace. These
effects are not expected to be significant in den-
ser sand, according to Andersen (20091.

The reasons for which instabiLity and overestima-
tion of pore pressure buitd-up occurs within the

software may be related to 3 factors [Ptaxis, 2013ì:
1 Even though the probtem is symmetric at

boundary vatue levet, the generated mesh is

not symmetric and this causes non-symme-
tric fai[ure mechanisms;

2. The high water depth of 40 m may have also
caused unbatanced forces within the soft-
ware;

3. The over-estimation of pore pressures was
atready expected from the soiI catibration
p roced u re.

Even though for the extreme cases no conctu-
sions coutd be drawn regarding stabiLity and
servicea bitity, this modeI alLowed for the creation
of a chart that a[[ows for a safe design zone [see
figure 1ó1, within which [ong term performance
is ensured, by having a volumetric strain accu-
mutation rate sma[[er or equaL to 1.1.10-8/cycte.
This boundary is drawn for a medium dense

sand Il¡ = 50%ì, considering a loading period of

approximatety 7 seconds for the verticaL cyc[ic
load and a [inear accumutation trend. Moreover,
the baltast weight that may be appl.ied on top of
the caisson [which provides a positive effect on

the axiaI tensionaI capacity) was not considered.

It is important to notice from this chart, also
found by Jardine et at. [2012], that the foundati-
on response depends on both the mean load and

the amptitude of the appLied load. Moreover, it is

gænetry in operational ænditious gæmetry in *treme mnditiom

Figuur 10 - FrobLem geometry {in operationat Loading canditions futL caisson, in
extreme loading condítions anly a quarter)
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accuracy of the obtained resutts. Nonethe-
[ess, the boundary as given in f igure 1ó provi-
des a guidetine for a safe foundation design,
though it might not always prove economic. This

boundary is atso an indication of which cyclic Loads

need to be further investigated in order to assess
possible long term damages. The same figure
atso conf irms that the foundation can resist
tensil.e loads, but that capacity decreases sig-
nificantly as tensi[e cyctic loading components
appear. Taking this tensionaL capacity into

account in the design is an important optimiza-
tion since in the design of suction cêissons up

to now a[[ tensiona[ loads are normatty avoided

by adding batlast on the caissons. Therefore,

within certain Loading ranges this additional. weight
might not be required.

The given resutts are the outcome of the
research and numerical analyses conducted as

part of the author's M.Sc. thesis. A futt overview

of aLL the considered assumptions, [imitatlons and

obtained results can be found in Lupea [2013).

Nonethetess, the provided results are based pure-
[y on numericaI anatyses, thus f iel.d and/or [abora-
tory testing must stil.[ be carried out for vatidation.
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LONG TERM EFFEETS OF CYCLIC LOADING ON SUCTION CAISSON FOUNDATIONS IN 5AND

Figure 12 - Sa,nple of excess pare pressure bui\d-up in time at
variaus points within the soil. mass {52A cycLesiFigure 11 - Selection af nades and stress points for nleasuretnents
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Figure 13 - Sarnpte of volumetric stra¡n accumulation in tirne at
variaus points within the soi| mass {520 cyclesl

observed that as toading within the tensi[e regi-
on occurs, due to increased amptitudes and low
mean vaLues, the undrained capacity decreases
Yet, this chart shows that there is stitt a possi-

bitity for the foundation to undertake a [imited
amount of tensiLe Loading, thus reducing the
totaI amount of batlast weight required. A design
comptetety within the safe zone might not be

economic, but it can hel.p the engìneer identify
the cases that wiLL cause neither significant pore

pressure buil.d-up nor strain accumuLation.

The obtained resutts represent a first step into

having a better understanding of the behaviour
of suction caissons embedded in sand under
verticaI cyctic loading. Additionatty, Laboratory

modeI testing is stitt required for vaLidation.

Furthermore, the sensitivity of the foundation
response to change in retative density of the
sand, compressibil.ity, effects of preshearing

shouLd also be investigated

CONCLUSIANS

The prob[em anatysed during the course of this
research refers to the Long term performance of

suction caissons under cyctic Loading. This was
investigated in order to ctarify the adequacy of

suction caissons as foundations for Large (ó MWì

offshore wind turbines.

An important aspect that has been discovered
and proved with this investigation is that for a

three leg jacket structure, suction caissons have

a significant advantage in horizontaI resistance:
due to the specific Aeometry of the prob[em and

the choice of Large diameter suction caissons,
the horizontaI resistance is much [arger than
the appLied horizontaI Loads. Thus, the probtem

was reduced to the behaviour of the suction
caisson under verticaI cycLic [oading only.
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The mode[ proposed to anatyse the behaviour
under verticaL cyctic Loading is based on the
hypopl.astic sand modeL with intergranular
strain concept integrated. lt has proven to be a

good tooI for the prediction of the foundation's
behaviour for severai hundreds of cyctes for
specific Loading ranges. The soil. condition un-
der investigation is represented by sand, as one

of the most commonLy encountered soiI types
within the North Sea. The medium dense sand

[lD = 50%ì used for the catibration of the soil
mass, represents a conservative case, as the
encountered sand within the offshore soiL inves-
tigations in the North Sea is generatty dense to
very dense. CycLic Loading effects are not expec-
ted to be significant ìn denser sand (Andersen,

2009).

For the obtained resuLts the overestimation
of pore pressure, from the soiI catibration
phase, proves to be prob[ematic in defining the

Figure 14 -
Densif ication
effects within
the medium
dense sano
under extreme
laading conditi-
ons {change in
vaid ratio]
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