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Abstract

The production of renewable energy on the global scale experiences a large
growth due to the well-known reasons. Offshore wind power is one of the
most promising sources with a high development range. The co sts of offshore
energy are being rapidly reduced; however, there is still mu ch to be improved.
Lowering the costs of offshore wind farms is not only the key t o lower energy
prices, but primarily is the great contribution to the clima te goals for the
future.

The installation of foundations is often named as one of the m ain issues
that in�uences the total costs of the offshore energy. The majo rity of offshore
wind turbines are supported by monopile foundations. Howeve r, the de-
mand for increasing size of offshore wind turbines is the rea son why a better
solution is desired. Therefore, more and more effort is put o n the develop-
ment of a suction bucket foundation that seems to be more cost-effective and
environmentally friendly due to the suction installation m anner. The concept
is commonly used in the oil and gas industry, but as loading co nditions for
offshore wind turbines are very different, a further resear ch and new design
methods are required. The concept is already proven to be feasible, but the
suction installation process is still not fully understood and can be optimized.

This thesis focuses on the bucket installation by analyzing the soil-structure
response during the suction and the jacking installation. Me dium-scale tests
of the installation have been performed at Aalborg Universi ty laboratory in
�ne grained sand. The tests prove that the suction installat ion can be per-
formed and easily controlled even in very dense sand. The suction applied
during the installation can be much higher that the proposed suction limits
and no failure is observed. Moreover, the tests results indi cate a huge dif-
ference between the soil resistance against two different installations, as the
seepage �ow, induced by the applied suction, reduces the soil stresses inside
the bucket and below the skirt tip. The cone penetration test s performed
before and after each test con�rm that the soil trapped insid e the bucket is
signi�cantly loosened up.

The thesis covers also the numerical analysis of seepage around the skirt
for different boundary conditions and with applied changes in the soil perme-
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Abstract

ability of the inside soil plug due to the mentioned loosenin g. The numerical
part is a basis for the analysis of the critical suction which is later on evalu-
ated by laboratory tests results.

Finally, the thesis includes results of the test campaign wh ere two differ-
ent bucket models are used and compared. An increase in bucket foundation
diameter requires an increase in skirt thickness at the same time. Otherwise,
too thin structure will lead to a buckling failure during the installation. Ob-
viously, the total cost of steel material increases signi�c antly. However, a
modular bucket with the internal stiffeners used for tests h as a much lower
skirt thickness. The changed shape gives much higher buckli ng resistance
and savings in material costs at the same time. Jacking testsshow that the
soil resistance for the modular bucket is signi�cantly high er than for the
round bucket with a similar diameter, but the suction instal lation tests show
that the reduced soil resistance is almost the same in both cases. These results
are very promising, showing that large-diameter mono-buck ets with modular
shape can be feasible for suction installation.
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Resumé

Vedvarende energi bidrager til en progressiv vækst i den glo bale energipro-
duktion på grund af velkendte årsager. Vindenergi fra havvi ndmøller er en
af de mest lovende kilder med et højt udviklingspotentiale. O mkostningerne
til offshore energi reduceres i øjeblikket hurtigt; der er do g stadig meget, der
kan forbedres. Sænkning af omkostningerne ved havvindmøll eparker er ikke
kun nøglen til lavere energipriser, men primært et stort bid rag til klimamå-
lene for fremtiden.

Installation af fundamentet er ofte et af hovedbidragene til de samlede
omkostninger til produktion af energi fra havvindmøller. D e �este havvin-
dmøller er funderet på monopæle, men stigende størrelse på havvindmøller
kræver en bedre løsning. Derfor satses der mere og mere på udviklingen af
bøttefundamenter, som umiddelbart er mere omkostningseff ektive og miljøven-
lig på grund af der anvendes undertryk i stedet for ramning so m drivmåde
ved installationen. Konceptet bruges ofte i olie- og gasind ustrien, men da
lasterne for havvindmøller er meget anderledes, kræves der en yderligere
undersøgelse og nye designmetoder. Konceptets anvendelighed er allerede
bevist, men sugeinstallationsprocessen er stadig ikke helt forstået og kan op-
timeres.

Denne afhandling fokuserer på bøtteinstallation ved at ana lysere jord/
struktur responsen under suge- og jacking- installation. Me dium-scale test af
installationen er blevet udført på Aalborg Universitets la boratorium i �nkor-
net sand. Testene viser, at sugeinstallationen kan udføresog let kontrolleres,
selv i meget tæt sand. Testene viser, at installationen med sug kan udføres og
let kontrolleres, selv i meget komprimeret sand. Undertryk ket, der påføres
under installationen, kan være meget højere end de grænser der anvendes i
dag uden at brud observeres.

Testresultaterne indikerer endvidere en enorm forskel på i nstallations-
modstanden ved de to metoder da strømningen, genereret af det påførte
undertryk, reducerer jordspændingerne inde i bøtten og unde r skørtespid-
sen. CPT forsøg, udført før og efter hver test, bekræfter, at jorden fanget inde
i bøtten er betydeligt løsere end før forsøget.

I afhandlingen foretages der også numeriske analyser af strømningerne
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Resumé

rundt om skørtet. Her anvendes der forskellige randbetingel ser og perme-
abiliteten af den indre jordprop ændres svarende til den målt e ædring i
lejringstætheden. De numeriske analyser danner grundlag fo r studie af det
kritiske undertryk, som senere sammenlignes med forsøgsresultater.

Afhandlingen indeholder også resultater fra forsøg, hvor t o forskellige
bøttemodeller installeres og sammenlignes. En forøgelse af bøttefundamentets
diameter kræver en forøgelse af tykkelsen af skørtet idet en for tynd struktur
vil føre til kollaps på grund af buckling under installation en. Der er udviklet
en modulær bøtte hvor den ædrede form giver meget højere buckl ingmod-
stand og besparelser i materialeomkostninger på samme tid. Jacking testene
viser, at installationsmodstanden for den modulære bøtte e r væsentligt højere
end for den runde bøtte med en lignende diameter. Derimod vis er instal-
lationsforsøgene med undertryk, at den reducerede install ationsmodstand
næsten er den samme i begge tilfælde. Disse resultater er meget lovende og
viser at den modulær formet bøtte har et stort potentiale, id et den vil reduc-
erer stålmaterialet og produktionsprisen, uden at ændre de t undertryk og
derved diameter der krævet for at installere den.
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Chapter 1

Introduction

The chapter gives a basic introduction into the research wor k performed for
the Ph.D. The itroduction consists of short summary of wind e nergy market
and the newest development in this area, what in deed, is a mot ivation for the
Ph.D. research. Moreover, the chapter presents an outline of history for wind
offshore turbines established on the experience gained from the oil and gas
sector. Basic offshore foundation concepts are demonstrated, with a focus on
the suction bucket foundation. Both, the installation phas e and the in-place
performance of suction bucket is described.

The concept is still in a developing phase and much research work is
devoted to the topic. There is however a visible goal in nearl y future for the
mono bucket concept to be ready for a commercial use.

1.1 Offshore wind energy

A continuous growth in the energy demand all over the world le ads to an
improvement of sustainable energy sector. Nevertheless, most of countries
still rely on fossil fuels, whose mining contributes substa ntially to the climate
changes and a decreased air quality. The environmental poli cies push a lot
on the development of renewable energy, but the costs of such energy must
become smaller in order to satisfy the energy requirements. The main target
for the European Environment Agency is not only to increase t he share of
renewable energy in the total energy consumption (to at leas t 32% in 2030),
but also to improve the energy ef�ciency ( EEA, 2019).

Wind energy is the most cost-effective energy in Europe toda y, according
to WindEurope (2019a). It is the onshore wind power to be claimed as the
cheapest solution; however, the offshore wind sector has reduced energy cost
signi�cantly in previous years, and starts to be seen as a majo r energy source
in future Europe. The development of offshore wind farms gro ws due to the
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Chapter 1. Introduction

(a) (b)

Fig. 1.1: (a) Installation of the �rst turbine at Horns Rev 2 ( Kanter, 2009); (b) Horns Rev 2 offshore
wind farm ( Naturstyrelsen , 2014)

countless siting possibilities and the advantage of much be tter wind resource
than in the on-shore conditions. Offshore wind speeds are no t necessary
higher than onshore winds, but they are more consistent. A hi gh cost of
offshore foundation is, however, the key drawback. The supp ort structure
of offshore wind turbine consists of up to 35% of the total cos ts (Byrne and
Houlsby , 2003), and even up to 50% for foundations in deep waters ( Madsen
et al., 2012). The foundation must be suf�cient to transfer all environm ental
loads, mainly from wind, waves and currents, safely to the gr ound.

The wind energy consists of 14% of the total European Union's electricity
and Denmark is the leading country, with the wind share in its total elec-
tricity equal to 41% in 2018 (WindEurope , 2019c). The leading position is
not only in the operation sector, but also in the research and the manufactur-
ing. Denmark is on the third place in Europe when comparing th e energy
capacity from the offshore turbines (after United Kingdom a nd Germany)
(WindEurope , 2019b). The North Sea is registered as a location with the
largest installed offshore wind capacity.

A world �rst offshore turbine was installed in Nogersund, th e North part
of Sweden in 1990, with a rated power of barely 220 kW. First of fshore wind
farm was raised at Vindeby, the south of Denmark, by a danish p ower station
Elkraft in 1991. The farm consisted of 11 turbines with a tota l capacity of
5MW founded on concrete gravity based foundations. The wate r level in
this location was relatively small, with 2 - 5 m. A total decom missioning of
the farm after 25 years was a big success of Dong Energy in 2017. In 1995
another offshore farm called Tunø Knob was raised in the Bay o f Aarhus by
Vestas company. The turbines were also based on the concretefoundations.
Both farms marked a great start for the offshore wind energy, but due to the
complexity of power cables and the increased cost of the foun dation, the total
cost of energy were almost doubled than the onshore energy pr ices. (Bilgili
et al., 2011)

4



1.1. Offshore wind energy

Moving the farms to the deeper water depth requires the use of steel
instead of concrete for the foundation solution to be more co st-effective (Birck
and Gormsen, 1999). The �rst offshore farm founded on drilled monopiles,
Bockstigen offshore wind farm, has been commissioned in the south-west of
Swedish island Gotland in the Baltic Sea, with a water depth o f approximately
6 m (Lange et al., 1999). After many small demonstration projects, the �rst
large offshore wind farm, Horns Rev I, has been built by the dani sh company
Elsam (now Ørsted) in the North Sea in 2002. The offshore farm with a total
capacity of 160 MW consists of 80 turbines founded on steel mono piles of
4 m diameter. The extension of this farm came into life a coupl e years later,
consisting of two other parts in a deeper water depth, up to 19 m. The Horns
Rev II and the Horns Rev III inaugurated in 2008 and 2019 added more than
600 MW rated power. The structure of all turbines consists of a monopile
as foundation and a transition piece. The 8-MW model turbine s from Vestas
executed in Horns Rev III are one of the world's largest turbines in the use.
The largest operational offshore wind farm in the world, Wal ney Extension,
is located in the Irish Sea and includes the 7 MW and the 8 MW turb ines
founded also on the monopiles. ( Ørsted, 2019)

The monopiles still remain the most often used offshore foun dation struc-
tures in 2018, according to WindEurope (2019b). 74.5% of all installed founda-
tions are the monopiles, however this number has decreased from 2017 when
the monopiles consisted of 86% of all installed offshore fou ndations. Next is
a jacket foundation which gives 24.5% of all installed founda tions.

Jacket
403 Foundations
Jacket
403 Foundations

Gravity base
301 Foundations

Tripod
126 Foundations

Tripile
80 Foundations

Floating Spar
6 Foundations

Floating Semi-Sub
2 Foundations

Floating Barge
1 Foundations

Others
16 Foundations

Monopile
4.105 Foundations

Fig. 1.2: Substructure types used for offshore wind turbines at the end of 20 18 (WindEurope ,
2019b)
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Chapter 1. Introduction

The offshore wind turbines are in a progression stage, Fig. 1.3, and there-
fore, more cost-effective solutions are under the research. Such a concept
must result from minimizing the offshore work and also the ma nufacturing
process.

Fig. 1.3: Progression in size of wind turbines with their rated energy o utput in MW ( NorthSEE,
2014)

An example is a suction bucket foundation ( Tjelta, 1995; Byrne and Houlsby ,
1999). The concept of offshore suction foundation was initiated in 1970's by
the testing mooring suction piles. The �rst real installati on of the suction
piles took place in the Gorm �eld in 1981 ( Senpere and Auvergne, 1982).
Further, the anchors installations began to use the suction technology. The
�rst signi�cant example was a large concrete oil platform, T he Gullfaks C,
installed in the North Sea for a water depth of 218 m. Two sucti on anchors
connected to the concrete foundation assisted the installation process (Tjelta
et al., 1986). Finally, the pile suction foundations started to be repla ced by the
suction buckets, Draupner E and Sleiper T (Bye et al., 1995). Both located in a
dense sand with a high bearing capacity, proved the feasibil ity of the concept
as a shallow foundation. The most interesting experience fr om the Draupner
E platform was captured by the monitoring system. The founda tion was ex-
posed to a 'Monster Wave' causing an extreme impact load on th e structure.
The acceleration measured on the foundation was negligible due to the pore
pressure response inside the buckets. The pore pressure washuge during
the action, but disappeared quickly when the foundation was unloaded. The
experience from oil and gas sector gave high hopes for the presence of the
suction bucket concept in the offshore wind industry.

6



1.2. Offshore foundations

1.2 Offshore foundations

1.2.1 Offshore environment

The experience on which the design of offshore wind turbines relies on comes
from the oil and gas offshore sector, where the �rst oil rig 'S uperior' was in-
stalled in 1947 in the coast of United States (Randolph and Gourvenec, 2011).
The dominant load for the oil and gas platforms is their huge s elf-weight,
leaving them less exposed to the dynamic excitations caused by waves and
wind. The offshore turbine is a slender, high structure that is relatively light.
The self-weight is much smaller in comparison to the moment a t the seabed
and the strong cyclic loads induced by waves and wind. The dif ference in
loading between the oil and gas platform and the wind turbine is demon-
strated in Fig. 1.4. Susceptibility to the wave and wind load, cyclic in their
nature, requires a whole new foundation design, that is not g overned by the
ultimate bearing capacity, but rather driven by a changeabl e stiffness of the
soil-foundation system due to the cyclic loading and the fat igue limit state
(Houlsby et al. , 2005).

100 - 500MN

25 MN

~30m

4 MN

4- 8 MN

Fig. 1.4: Difference in typical offshore loads for oil and gas platfor m and wind turbine

1.2.2 Choice of foundation concept

Soil conditions are diverse at the offshore sites with soil p articles ranging
from clay size to boulders. The site requires a ground invest igation before
the choice of foundation can be made. The soil properties are heavily affected
by the kind of particles met at the site. An offshore site inve stigation is often
based on the soundings, the drillings with further laborato ry sample testing
and on the cone penetration testing, CPT. The North Sea seabed consists
mainly of highly over consolidated soils and often sand depo sits in the top
layers (Lesny, 2011).
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The choice of foundation is also directly related to the wate r depth, through
which it is related to the size of overturning moment on the se abed. Some
foundations are more cost-effective in shallow water depth s, whereas other
are more suitable for transitional or deep water depths. The environmental
conditions play an important role in the choice of foundatio n as well. The
speci�c conditions, where current is dominant, creates mor e favorable condi-
tions for the development of scour. The protection against s cour can be less
economical than a choice of different foundation type.

Finally, there could be more demands coming from the country speci�c
requirements, like the noise limitation. For example, the m onopiles can be
rejected due to their noisy installation method.

1.2.3 Different foundation types

The support structure used for the offshore wind turbine mus t resist a high
overturning moment, safely transferring the load to the sea bed. The structure
can be a single monopod structure or a multipod with three or f our structures
interfacing with the soil. The conventional foundation con cepts of monopods
come from the oil and gas sector experience. This includes a gravity based
foundation, a monopile and a bucket foundation, see �g. 1.5. The multipods
support structures connect three or four previously mentio ned single struc-
ture into one foundation. Most often used are a tripod and a jac ket structure
supported on piles or bucket foundations, see �g. 1.5. A short description on
each foundation is given below.

Fig. 1.5: Conventional foundations for offshore wind turbines. From le ft: Gravity based founda-
tion, Monopile, Mono bucket, Tripod on piles, Jacket structure on mono buckets

8



1.2. Offshore foundations

Gravity base foundation

The stability of structure founded on a gravity base foundat ion, GBF, is kept
thanks to a huge self-weight of the foundation. This solutio n is the most
suitable for shallow water depths. For the offshore sector t his type of founda-
tion has a shape of caisson, made of reinforced concrete, steel or a composite
structure. Foundations are mainly prepared on land and tran sported to the
location, which is rather close to the shore. The foundation at the location
is sunk by a ballasting made of sand, gravel, concrete or water. The foun-
dation requires a preparation of the seabed as the contact area between soil
and base of foundation must be uniform, but on the other hand, the material
and the construction costs are low. The installation process is not very time
consuming, but requires a calm weather conditions.

The overturning moment is balanced by the self-weight and th e load is
transferred to the seabed through the foundation's base lin e. The dead load
must as well prevent the foundation from the uplifting, slid ing and tilting.
Therefore, soft soils deposits in the top layers exclude the use of GBF. (Lesny,
2011)

Monopile foundation

A monopile is a simple structure that consist of welded steel piles with circu-
lar cross section of diameter 6-8 m, typically 20-40 m long. The monopile top
partextends above the seabed where it is connected to a transition piece. The
transition piece is grouted to the monopile. There are no spe cial requirements
for the seabed preparation, but there is a demand for a heavy and expensive
piling or drilling equipment required for installation. Th e driving installation
process is not very time consuming, but very noisy. However, i f drilling must
be performed �rst, time and costs of installation increase s igni�cantly. This
type of foundation is adequate for shallow water depth, up to 30m. However,
an increase in water depth often makes monopiles more cost-effective solu-
tion than GBF. Monopiles are suitable for location with soft soils in the top
layers, as the long structure transfers the load into deeper soil layers. On the
other hand, the cost of material is much higher comparing to t he GBF.

The overturning moment is balanced by the horizontal earth p ressure on
the pile. An increase in water depth, hence in loading, requi res larger diam-
eter and embedded depth of the monopile. Pile foundations re quire a scour
protection as the eroded soil directly affects the bearing c apacity of piles.

Monopiles are the most often used for both offshore platform s and wind
turbines, and therefore associated with rather small risk. Experience from
Gulf of Mexico dominated the design for offshore structure i n early years,
where the soft clays in that area required the use of monopile s. However,
moving to the North Sea where sands and strong clays are domin ant, the
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Chapter 1. Introduction

shallow foundations provide satisfactory bearing capacit y and therefore are
more cost-effective than monopiles (Byrne and Houlsby , 2003).

Bucket foundation

A bucket foundation for offshore wind turbines in Europe is n ow developing
on the base of the Universal Foundation concept. The company refers to its
main advantages (Nielsen, 2016a):

� low self-weight,

� low installation time,

� locally manufactured,

� cost reduction seen in both design and installation,

� suitable for a wide range if soil pro�les,

� completely removable.

Fig. 1.6: Universal Foundation bucket concept ( Universal Foundation , 2019a)

A bucket foundation is made of a thin shell structure of a cyli ndrical
shape with open bottom and sealed top. The top plate of bucket is called a
lid, and the cylindrical part that penetrates the soil is ref erred as a skirt. The
differences between the bucket foundation and monopile, ap art of the closed
top plate, are larger diameter and smaller length to diamete r ratio, L/ D, for
the former. The bucket foundation has a hybrid design combin ing main ad-
vantages of gravity base foundation and monopile, see �g. 1.7. Additionally,
an installation method resembles the suction anchors; the suction pump is at-
tached to the lid. The embedded skirt additionally mitigate the scour effects.
DNV (2014) recommends mono buckets for water depths from 0 to 25 m, but
Nielsen (2016a) reported that their concept can be used in water depths up
to 55 m for 8 MW turbines, closing the gap between the most ofte n used
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1.2. Offshore foundations

Fig. 1.7: Soil reaction to the overturning moment

monopiles and the jacking structures; and being still a cost e ffective solution.
The preparation of the seabed is not required and the transpo rt to the off-
shore location of such a light structure is easy, also possible by a self-�oating.
The experience from Met Mast at Horns Rev II proves the self-�oat ing feature
of bucket foundation. The installation is noise-free and do es not require ex-
pensive equipment what reduces the installation costs. Uni versal foundation
reports a 25% reduction in the required steel compared to the monopile foun-
dation (Nielsen, 2016a), again reducing the costs signi�cantly. Finally, when
the turbine exceeds its design life-time, a reverse suction process removes the
entire bucket structure from the seabed. The monopiles are only cut above
the soil, leaving a substantial part of the structure inside the seabed. The pro-
cess of decommissioning with a reverse suction has been already succeededat
Horn Rev II ( offshoreWind , 2015).

The overturning moment can be balanced by the horizontal for ces on the
skirt, like in case of the monopiles. However, the soil trappe d inside the
bucket can acts as a self-weight, like in case of GBF, and resist the load on the
skirt tip level. This has an advantage over the gravity found ation as the load
is transferred into deeper, more resistant soil layers. Howe ver, if soil trapped
inside the bucket should work together with the skirt as a dea d load, soil and
skirt must be in a full contact. This area can be grouted if nec essary. Moreover,
it has been proven than in case of the transient loads, bucket foundation
works as a suction anchor. The excess pore pressure accumulates inside the
bucket and prevents the foundation from rotating ( Nielsen et al., 2017).

An increase in water depth requires a larger bucket diameter for the de-
sign. When the diameter to skirt thickness ratio, D/ t, increases, the buckling
resistance against installation is lower, increasing the r isk of buckling insta-
bility ( Madsen et al., 2012). There are also other aspects that must be taken
into consideration while designing the installation phase of suction bucket
foundation. Next section describes in details possible ins tallation failures.
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Multipods and jackets

Jackets and tripods are installed with a previous preparati on of the seabed,
so that the installation will keep the wind turbine tower ver tically. They are
most cost-effective when used in transitional water depths , 30-60 m (Musial
and Butter�eld , 2006). A jacket is a lattice structure ended with three or four
monopods at the seabed. The outer legs are inclined by 5� � 10� what im-
proves the vibration behaviour and reduces the reaction for ces (Lesny, 2011).
A tripod structure consists of a main pipe and three legs. The structure is
more spread-out what also reduces the reaction forces.

There is a signi�cant difference in how foundations behave w hile loaded
in case of a mono structure or a multipod. For a multipod struc ture the
overturning moment is transferred as a tension and as a compr ession forces
on the individual mono foundation structures.

Both the monopiles and the suction buckets are used as supporting struc-
tures for multipods. The suction buckets are suitable for wa ter depth of 20-50
m according to DNV (2014). Carbon Trust (2019b) reported suitable depth to
be in a range of 30-60 m, andSPT Offshore (2019) reported that suction piles
can be used in water depths up to 120 m.

Floating foundations

The �oating foundations are the most economical solution for deep and ultra-
deep water depths. The more deep is the water depth, the highe r is the
loading and, as a consequence, the mass of �xed structure increases to un-
economical design sizes. Moreover, the dynamic beaviour starts to be more
critical. The �oating structures are design in a way that the i nertia forces are
compensated by the buoyancy forces what makes the dynamic behaviour of
the structure more favorable. ( Lesny, 2011)

Fig. 1.8: Floating offshore turbine from Kincardine Offshore Floatin g Wind Farms in Scotland
(Cobra Group, 2019)
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1.3. Suction bucket foundation

1.3 Suction bucket foundation

1.3.1 Suction installation process

The installation of suction bucket foundation consists of t hree steps. The �rst
step is to lower the foundation to the seabed. Next, a self-we ight installation
stage begins. The bucket penetrates soil due to its own weight, ensuring
a hydraulic seal between soil and the skirt that is essential for the further
installation. The second installation stage is a suction penetration. A start of
the pump enables the under pressure inside the bucket causing a downward
force that pushes the foundation inside the soil, see �g. 1.9.

D

h

Pumped waterDifferential
pressure

Reduced soil
resistance

Increased soil
resistance

Fig. 1.9: Seepage around the skirt during suction installation in sand ( Koteras et al., 2016)

Each of the steps is important for the �nal target penetratio n depth of
foundation. The self-weight part is highly uncontrolled; t herefore the struc-
ture must be carefully dropped as close to the seabed as possible, keeping
the bucket in a vertical position. This is achieved by keepin g an appropriate
sinking speed for bucket. The installation of suction bucke t is especially easy
in soft clays, where the force resulting from applied suctio n balances the soil
penetration resistance. The recent experience proves thatin permeable soils
like sand, the initially large soil penetration resistance is signi�cantly reduced
during suction installation, and therefore, the installat ion even in dense sand
is not a limitation for this concept ( Hogevorst , 1980; Tjelta et al., 1986; Bye
et al., 1995). When the bucket achieves the �nal penetration depth, a valv e
connected to the pump is closed in order to seal the foundatio n with soil,
what gives an extra pull-out capacity ( Tjelta, 2015).

The suction applied under the bucket lid induces a �ow around t he bucket
skirt very quickly if soil has a high permeability. The appli ed pressure
induces an excess pore pressure around the bucket skirt, resulting in the
drained soil response. The additional excess pore pressurechanges the water
head and starts the development of water �ow in soil from the ou tside to
the inside of the bucket. The upward �ow results in a hydraulic gradient
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that decreases the vertical effective stress, thus reducesthe inside friction on
the skirt. A very high gradient around the tip reduces signi� cantly the tip
resistance as well. The outside friction on the skirt might b e increased due to
a downward hydraulic gradient, but research indicates rath er no changes in
the outside friction ( Lian et al., 2014a; Chen et al., 2016). For less permeable
soil, the time required for the �ow development is often not gi ven during
installation process, what results in the undrained respon se and no excess
pore pressure development.

The suction applied during installation is limited by the ca vitation pres-
sure which increases with the water depth. The value of the al lowable pres-
sure before the cavitation limit is often reduced due to the p ump capacity.
For the oil and gas sector, the suction anchors were installed at deep waters,
allowing a signi�cant head difference. Moreover, those anc hors were most
often installed in clays, where the penetration resistance is relatively small.
The suction bucket foundation for offshore wind turbines de signed for both,
smaller water depths and in much more resistant dense sand, w ere therefore
initially rejected.

Two more restrains result in even smaller suction allowance , namely the
structural and the geotechnical issue. The applied pressure creates a high
load difference between the outside and the inside of skirt t hat might result
in a buckling failure. Such failure can happen at the very beg inning of suc-
tion phase, where there is not much skirt penetrated into the soil acting as
a support. Failure takes place often also at the �nal stage of suction pene-
tration, when the pressure is signi�cantly increased and th e soil strength is
additionally reduced. A buckled skirt has a negative in�uenc e on the further
installation and affect the performance of installed found ation. The Geotech-
nical restriction, described in the following section, are more complex and
extended. The installation design is obviously more comple x, comparing to
other types of foundation, but still feasible and with many a dvantages.

As mentioned before, the suction bucket has been proven to be installed in
many different soil combinations. Nevertheless, hard clay s as top layers still
are seen as a limitation for the suction bucket concept, especially in shallow
waters.

Geotechnical failures during suction installation

The main geotechnical failure is due to piping. The recommen dations found
in different research work say that there is a critical sucti on for the installa-
tion design that, when exceeded, causes a piping failure. The piping channels
develop around the entire skirt and break the hydraulic seal between soil and
skirt, preventing from the further penetration. The suctio n pressure cannot
be built up below the lid, so installation stops as the drivin g force drops sig-
ni�cantly. Senders and Randolph (2009) reported that it is the exit hydraulic
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1.3. Suction bucket foundation

gradient adjacent to the inside skirt that controls the pipin g. The critical
suction for piping is often used in the proposals for the desi gn of suction
installation when addressing the reduction in soil penetra tion resistance.

Another challenge is the installation in layered soil, wher e clay layer is
below sand. The seepage can be induced in sand layer, but the water is accu-
mulated below clay layer in a gap, what is referred as a soil pl ug lift ( Sturm,
2017). This has a negative effect on the further performance of foundation.
The soil plug can also develop in a uniform soil as a heave, bot h in clays
and sands. The soil plug heave prevents from reaching the �na l penetration
depth.

The soil loosening due to the hydraulic gradient is rather se en as an ad-
vantage of the installation method in permeable soil. Howeve r, too exces-
sive loosening might prevent from the total penetration dep th because the
required �ow in soil cannot be reached. Sturm (2017) reported that the in-
stallation must proceed with a high penetration rate in orde r to avoid the
excessive loosening.

Another problems result from the initial conditions before installation,
f.ex. an uneven seabed , boulders on the way of the penetrating skirt, inclined
low permeable layers.

Mitigation measures for installation

There are additional techniques that simplify the installa tion process in the
dif�cult soil conditions, where the penetration resistanc e is higher than the
one that can be overcome by the allowable suction. For example, the bucket
skirt tip can be equipped with a nozzle system for water inject ion during in-
stallation. The water-jet alongside the skirt tip cause a liq uefaction of seabed
in case of sand, or remolding of clay; either way reducing the tip penetra-
tion resistance. The water injection at the skirt tip was inve stigated by Cotter
(2010). The tests con�rmed that the required suction for installa tion was re-
duced as an effect of the tip injection and this reduction was p roportional to
the pressure of injected water. Moreover, even though the inje ction pressure
was high, it did not cause any piping failure.

Another method is a so-call 'cyclic penetration'. The appli ed pressure is
cyclically stopped and started again, causing the skirt mov ing up before again
penetrating the same location. Over-consolidated clays become remolded due
to this process, leaving reduced friction on the skirt. In san ds, the soil dilates
in location of skirt tip because of the unloading. ( Sturm, 2017). Figure 1.10
demonstrates the nozzle system on the skirt tip for water inje ction.
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(a) (b)

Fig. 1.10: (a) Nozzle system on bucket skirt tip used for Gullfaks C platfor m and (b) for OWT
Trial Installation tests ( Tjelta, 2014)

Both mitigation methods have been �rst used in the oil and gas sector,
when installing the Gullfaks C platform ( Tjelta, 2015). Recently, both meth-
ods were used in OWA Trial installation tests on the Universa l Foundation
bucket concept (Universal Foundation , 2019b). In practice, both methods are
often combined together in order to limit the effects on the s oil state after the
installation. Unfortunately, the experience in this area i s still very limited.

Finally, structure can be additionally ballasted f.ex. san d bags, to either
get a suf�cient self-weight installation in very stiff clay s, or to avoid a very
high suction application that could result in the piping fai lure.

1.3.2 Suction bucket performance

As mentioned previously, the bucket foundation either tran sfers the load to
the seabed by the tip resistance and the shaft friction as the monopile or, if the
plug is formed, the entire base area works together as the base resistance next
to the shaft friction. However, when bucket is sealed and load ed with tension,
the suction pressure develops inside the soil plug and gives an extra bearing
capacity. For high permeable soil this is only a short-time p henomena, which
however is still suf�cient to resist a force coming from a hig h wave (Tjelta,
2015).

Generally, foundation for offshore wind turbine must ful�l l main require-
ments:

� the overall stability - ultimate limit state, ULS and accide ntal limit state,
ALS,

� the permanent rotation not exceeding typically 0.5 � - serviceability limit
state, SLS,

� and appropriate stiffness to reach the requirements for a na tural fre-
quency of the structure.
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The experience from monitoring of bucket foundations used i n the oil and
gas sector, the Gullfaks C and the Draupner E, shows a great advantage of
the suction buckets installed in sand. For a short-term load ing the response
is undrained, whereas for long, multiply cyclic loads the so il response is
drained (Tjelta, 2015). The pore pressure resulting from the transient load
increases the pull-out capacity of the foundation; however , the accumulation
of pore pressure reduces the effective stress, hence the strength of soil. The
drained response during cyclic long-term loads does not all ow the pore pres-
sure accumulation. Too less experience in this area still leaves a limitation to
the design with a decision if the tensile capacity in sand sho uld be design as
a short or a long-term behaviour.

For cyclic loading a drained bearing capacity is used and a de gradation
of strength with time is recommended. However, the behaviour of cyclically
loaded foundation is still being questionable. Tjelta (2015) suggested that,
in case of dense sand, there is an undrained response fur a duration of one
cycle load. The pore pressure disappears after the cycle and do not cause
the accumulation of rotation, hence do not reduce the streng th of soil during
storms.

1.3.3 General design basis for suction bucket performance

The design recommendations for offshore structure can be found in the DNV
speci�cations or API recommended practice for �xed offshore platforms. Very
recently, Carbon Trust OWA Programme has produced the desig n guidelines
for suction caisson foundations for offshore wind farm ( Carbon Trust, 2019b).
Still, these are only recommendations and the design requir es the assistance
of results from the model tests and the full-scale monitorin g always when
some issues concerning the foundation design are not covered by the regula-
tions.

1.4 Development of the Mono Bucket concept for
the offshore wind turbines

The �rst prototype mono bucket for an offshore wind turbine h as been in-
stalled with the suction assistance in Frederikshavn, Denm ark in 2002 for
a 3 MW Vestas turbine (Ibsen, 2008). The bucket has a diameter of 12 m
and a skirt length of 6 m. Aalborg University carried out the i nstallation
of the bucket, and the behaviour of foundation has been fully monitored.
Damgaard et al. (2013) described the dynamic response of the foundation.

Another big success was the choice of suction bucket foundation, the
Universal Foundation concept ( Universal Foundation , 2019a), as one of the
winning concepts for the Offshore Wind Accelerator Program me, OWA. The

17



Chapter 1. Introduction

Fig. 1.11: Prototype of bucket foundation in Frederikshavn, Denmark ( Larsen, 2008)

project was started by The Carbon Trust and other offshore win d developers
in 2008 (Carbon Trust, 2019a). Since then, the Universal Foundation concept
was used as a foundation for the meteorology masts at Horns Rev II in 2009
and at Dogger Bank in 2011. In 2014, the programme performed a trial instal-
lation campaign completing 28 suction bucket installation s in only 24 days
on the North Sea. The soil conditions were very diverse inclu ding soft clays,
moraine clays, silts and layered soil pro�les ( Universal Foundation , 2019b).

The development of the mono bucket concept continues and Nor thland
Deutsche Bucht GmbH announces the Deutsche Bucht Mono Bucket pilot
demonstrator project in 2018. Deutsche Bucht is an existing offshore farm
located at the German Bright in the North Sea. The project will test the Mono

(a) (b)

Fig. 1.12: (a) Universal Foundation concept for Met Mast at Horns Rev II an d (b) installation of
foundation at Dogger Bank. Photo by Universal Foundation A/S
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Bucket foundation concept under commercial operating cond itions with a
MHI Vestas wind turbine of 8.4 MW capacity installed on the top of the
bucket foundation. 2 structures will be commissioned at Deu tsche Bucht,
starting in 2019. The Mono bucket prototype have a diameter o f 18.5 m
and skirt length of 18.5 m and will be installed in 40 m water de pth. The
project is funded by DemoWind with Universal Foundation A/S ( Denmark)
as the coordinator and the originator of the Mono Bucket conc ept used in this
project. (Universal Foundation , 2019a)

The commercial use of the Mono Bucket concept gives the possibility of
another great project the “OWA Mono Bucket Monitoring Part-A ” (MoMo-
A). It is a joint industry project within OWA Program (Carbon Tru st) with
the main purpose of the improvement of the Mono Bucket design with its
risk reduction. The project will be based on the data evaluati on from the
full-scale demonstration and hopefully, will increase the competitiveness of
the bucket foundation in the offshore wind market and the con �dence in the
industrialization.

The bucket foundation of the offshore wind turbine evolved d uring previ-
ous 18 years. Figure1.13demonstrates how the concept has been developing
and reaching higher and higher technology readiness level, TRL (European
Commission, 2017). The MoMo bucket project will lead to TRL 8 which
means that the technology will be quali�ed for a commercial u se.

The structure of bucket foundation has also evolved during t hat time. The
increasing offshore market search for the solutions approp riate for large tur-
bines. However, the cost-effectiveness demand for the offshore foundation

Prototype in Frederikshavn (2002)

AAU research

TRL2

TRL4
TRL5

TRL6
TRL7

TRL8

Commercial Wind Park

Deutsche Bucht
pilot project

+
MoMo project

Horns Rev II
Met Mast

(2009)

Dogger Bank
2 Met Masts

(2013)

Trial Installations
(2014)

Fig. 1.13: Improvement in the technology readiness level for bucket conce pt (Ibsen, 2019)
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did not allow for a constant increase in the bucket diameter a nd the skirt
thickness. New solutions were tested in order to �nd an optim al design of
a thin bucket skirt, possible for the installation ( Madsen and Gerard, 2016).
The buckling resistance of the structure was of a high import ance. The de-
velopment of the industrialized bucket foundation is a part of the Energy
Technology Development and Demonstration Program (EUDP) w ith projects
“Offshore wind suction bucket on an industrial scale - part 1 ” that included
laboratory tests on a large-scale and “Offshore wind suctio n bucket on an
industrial scale - part 2 Trial installation”. EUDP projects have resulted in a
modular suction bucket that consists of modulus with trapez oid pro�les of
skirt thickness only 17 mm with the industry already being pr epared for a
mass-production. The concept is planned to be used as a supporting struc-
ture for the jacket foundation in another project proposed for the Competitive
Low-Carbon Energy application made by European Commission . The project
proposal title is “Integrated Implementation of Industrial Inn ovations for Off-
shore Wind Cost Reduction” (i4offshore). The project assumes the commer-
cial use of the jacking structure for 10 MW turbine with a very l ow-cost
cabling solution in deep water depth. In 2018, Vattenfall ins talled already the
�rst commercial suction bucket jackets in the North-east Sco tland for the Vat-
tenfall's European Offshore Wind Deployment Center ( Vattenfall , 2018), with
turbines of 8.4 MW and 8.8 MW capacity. The development of the bucket
concept through different projects is presented in Fig. 1.14.

2007 2009 2011 2013 2015 2017 2019 2021

Horns Rev II
Met Mast

Foundation competition

Dogger Bank
Met Mast

EUDP - part 1
Industrialized suction bucket

EUDP - part 2
Trial Installation

CT Trial Installation

Deutsche Bucht
DemoWind

MoMo Project

i4offshore

Development

Fig. 1.14: Development of the bucket concept through different projects o ver years

The Ph.D. research presented in this thesis was �nalized by E uropean
Union via the project “Innwind - Innovative Wind Conversion Sys tems for
Offshore Applications”. The work performed during the Ph.D . study was
partially covering the EUDP projects mentioned above. The pe rformance of
suction bucket has been already tested at Aalborg Universit y laboratory dur-
ing Ph.D. researches (Foglia, 2015; Vaitkunaite , 2016; Nielsen, 2016b). The
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research presented in this thesis is only based on the analysis of bucket foun-
dation installation. The work includes the analysis of the s uction installation
for the initial concept with a round skirt structure, that ha ve been used as
a prototype in Frederikshavn, Denmark (2002), and also the r esults of the
large-scale tests for the modular bucket.
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Chapter 2

Design of suction installation

The chapter includes the reference to the most important scienti�c research
concerning the design methods and the limitations for the su ction installation
procedure of bucket foundation in sand.

2.1 Calculation methods for suction installation of
bucket foundation in sand

The installation process for a suction bucket involves desi gn calculations in
order to check the feasibility for the target penetration de pth and the suction
required for the process. The �rst step is the calculation of soil penetration
resistance. If the resistance is larger than the load applied by the self-weight
of the structure, the suction is applied under the lid and it g ives the main
driving force for the installation. Two methods for skirt pe netration resistance
are presented in this chapter.

2.1.1 Soil penetration resistance

The penetration resistance, Rtot , is a sum of the side shear on the outside
and inside skirt, Fout and Fin respectively, and the bearing capacity of the tip,
Qtip , see Eq. (2.1). One analytical method on how to calculate the penetration
resistance of skirted structure is to adopt the conventiona l pile design for the
skirt friction and the bearing capacity theory for strip foo ting that is modi�ed
for the skirt tip resistance ( API, 2000), see Eq.(2.2).

Rtot = Fout + Fin + Qtip (2.1)
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Rtot,API = (As,o + As,i) min
�
K0 tan d

Z h

0
s0

v(z) dz, flim

�

+ A tip min
�
s0

v(h)Nq, Qlim
�

(2.2)

where

As,o = p Do

As,i = p D i

A tip =
p
4

�
D2

o � D2
i

�

As,o outer skirt perimeter
As,i inner skirt perimeter
A tip tip area of skirt
K0 lateral earth pressure coef�cient at rest
d interface friction angle
s0

v vertical effective stress
flim limiting unit friction
Nq bearing capacity factor (overburden)
Ng bearing capacity factor according to API (2000)
Qlim limiting unit end bearing
Do outside diameter
D i inside diameter

Recommended values for soil parameters are given in accordance to soil
density, see Tab.2.1. However, it is mentioned that these values are presented
as guidelines only and for a detailed design they should be es timated based
on soil tests.

Table 2.1: Design parameters for penetration resistance of piles in sand (API, 2000)

Density d [ � ] flim [kPa] Nq [-] Qlim [MPa]
Very Loose 15 47.8 8 1.9
Loose 20 67 12 2.9
Medium 25 81.3 20 4.8
Dense 30 95.7 40 9.6
Very dense 35 114.8 50 12.0

The vertical effective stress is normally assumed as g0z, where g0 is the
effective soil unit weight and z is the depth. In case of long skirts with small
skirt wall thickness the skirt friction pushes the adjacent s oil downward and
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this may result in an increase of vertical stress outside the skirt wall. This
changes the equilibrium of soil stress both inside and outsi de of the bucket,
and additionally increase the skirt tip resistance. By anal yzing the stress
state during installation Houlsby and Byrne (2005) suggested the increase in
vertical stress and modi�cation of Eq.( 2.2) to account for this increase. s0

v,o,
s0

v,i and s0
end are the effective stress at the outside and inside skirt and at the

skirt tip and they are in�uenced by the additional frictional force working on
the skirt;

Rtot,Houlsby and Byrne = As,o (K0 tan d)o

Z h

0
s0

v,o(z) dz+ As,i (K0 tan d) i

�
Z h

0
s0

v,i (z) dz+ A tip s0
end

(2.3)

Second recommended method is based on correlation of skirt w all friction
and skirt tip resistance with measured cone resistance, qc, in cone penetration
test, CPT, see Eq.(2.4) (DNV , 1992). kp and k f are the empirical coef�cients
for skirt tip resistance and skirt friction respectively. T he formulation is rec-
ommended for skirted structure foundations, e.g. bucket fo undation.

Rtot,DNV = Qtip + (Fin + Fout ) = kp (h) A tip qc (h) + (As,o + As,i)

�
Z h

0
k f (z) qc (z) dz

(2.4)

DNV (1992) suggested values of kp and k f coef�cients for dense sand and
stiff clay in North Sea conditions that allows for calculati on of the most prob-
able soil resistance and the highest expected soil resistance for given soil
conditions, see Table 2.2. The correlation between penetration resistance of
skirt tip and cone penetration test have been already suggested by Hogevorst
(1980) for suction piles. Continuing the trend, Tjelta et al. (1986) proposed a
linear correlation between measured cone resistance and both unit skirt fric-
tion, t skirt,u = Ksqc, and unit tip resistance, stip,u = Ktqc, with Ks equal to
0.001 andKt ranging between 0.2-0.25 for sand. The solution was proposed
for pile foundations. Correlation value for skirt friction is the same as the one
proposed by DNV , but it is smaller for unit tip resistance.

Table 2.2: Empirical coef�cients recommended by DNV (1992) for North Sea conditions

Type of soil
Most probable Highest expected
kp k f kp k f

Clay 0.4 0.03 0.6 0.05
Sand 0.3 0.001 0.6 0.003

The CPT-based solution was widely used in the suction bucket research
area, but with some variations in the resistance calculatio n. One of the exam-
ples is (Feld, 2001), where the skirt tip resistance of mono bucket is related to
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the cone resistance.Feld (2001) reported that the skirt friction should not be
related to cone resistance in the same manner, as the empirical coef�cient k f
is very uncertain. Instead, the skirt friction is based on the effective stress and
a factor that depends on a roughness of the structure and on a friction angle.
The roughness should be calibrated from �eld tests and the fr iction angle
derived from CPT results. Following these observations Houlsby et al. (2005)
suggested that the friction on the skirt should be related to sleeve friction
measured during CPT, fs, while leaving the relation between cone resistance
and skirt tip resistance. However, Senders and Randolph (2009) reported that
the use of sleeve friction from the cone of CPT did not prove it s reliability for
developing pile design methods and recommended to use cone r esistance to
relate both, skirt tip resistance and skirt side friction, a s proposed by DNV
(2014).

Both solutions can be used for the design of penetration resistance of
bucket foundation, and both are limited in a way. Total penet ration resistance
based on the conventional bearing capacity approach requir es estimation of
many soil parameters, starting with the soil unit weight, th e friction angle
and �anlly, the lateral earth pressure coef�cient. Especia lly the last men-
tioned includes many uncertainties. The CPT-based method i s more direct
as the required CPT captures already all soil variability. Ho wever, research
shows that the empirical coef�cients kp and k f are also burdened with some
uncertainties. No matter which method is used, the presence of the internal
stiffeners on the bucket foundation structure in�uence the p enetration soil re-
sistance, as the area of penetrated skirt is increased. All changes in geometry
of bucket foundation that changes the area of penetrated structure must be
taken into consideration during calculations.

2.1.2 Reduction due to suction

The installation process in sand relies more on the reductio n of soil stress
around the skirt than on the downward force coming from the di fferential
pressure on the lid. Therefore, the appropriate seal from th e self-weight in-
stallation is of a great importance. When the suction process begins, the
attention is set on how fast the suction is applied. Too fast a pplication might
cause a piping channels occurrence and failure of installat ion.

Drained loading during installation in sand induces the exc ess pore pres-
sure and the �ow around the skirt. This results in the hydrauli c gradient
development around the skirt and a change in the vertical soi l effective stress.
The upward �ow decreases the soil stress and the downward �ow in creases
the soil stress, see Eq. (2.5). This must be accounted for in the design of the
installation process.
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s0
v = g0z � igwz (2.5)

i hydraulic gradient
gw water unit weight

For the conventional approach based on bearing capacity theory, this is
captured by changing the effective vertical stress include d in the calculations.
Houlsby and Byrne (2005), who proposed the use of this method, made an
assumption on linear distribution of excess pore pressure a round the skirt.
For the inside skirt the excess pore pressure drops from the value of applied
suction under the bucket lid, p, to the excess pore pressure developed at
the tip, utip . This approach requires an estimation of pore pressure factor, a,
which is the ratio between developed excess pore pressure at the tip and the
applied suction.

a =
utip

p
(2.6)

The pore pressure factor is derived from the numerical calcu lations assum-
ing a fully-developed seepage �ow. The formulations for the a values are
presented in the following subsection. For the outside skir t the excess pore
pressure drops from utip value to 0 at the soil surface. When the pore pres-
sure factor is known, the effective soil unit weight in Eq. ( 2.3) is replaced
by its changed value due to hydraulic gradient: g0

out = g0+ ap
h for the out-

side soil and g0
in = g0� (1� a)p

h for the inside soil. There are some research
study on the distribution of excess pore pressure on the skir t, showing that
the distribution is not linear, especially close to the skir t tip. The models are
complex and based only on the numerical study, so far not test ed in scale or
�eld tests ( Harireche et al., 2014; Guo et al., 2016).

When the penetration resistance is designed based on CPT results the
approach is slightly different. The parts of soil penetrati on resistance are
changed in relation to the ratio of applied suction to its cri tical value, pcrit .
Feld (2001) proposed that calculated parts of soil penetration resist ance are
multiplied by a-factors:

at =
�

1 � r t
p

pcrit

�
, (2.7)

as =
�

1 � r i
p

pcrit

�
, (2.8)

ao =
�

1 + ro
p

pcrit

�
; (2.9)
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for the skirt tip resistance, the inside skirt friction and t he outside skirt
friciton respectively. r t and r i are the maximum reduction in the tip resis-
tance and in the inside friction. Feld (2001) reported that the outside friction
on the skirt should be increased, but the maximum increase is limited by
ro = 0.1(h/ D)1/4 .

The same approach is used by Houlsby et al. (2005), with the difference
that the sleeve friction from CPT is used for skirt friction c alculations. The
following relations for reduced soil penetration resistan ce are proposed:

Rred = Kt (h)A tip qc(h) + Aout

Z h

0
Kout (z) fs(z)dz

+ A in

Z h

0
Kin (z) fs(z)dz;

(2.10)

where

Kt = kp

�
1 � r t

p
pcrit

� bt

,

Kout = aout

�
1 + rout

p
pcrit

� bout

,

Kin = ain

�
1 � r in

p
pcrit

� bin

.

aout and ain are the empirical coef�cients relating fs to the skirt friction dur-
ing self-penetration; r t , rout and r in are showing the maximum changes in
resistance; and bt , bout and bin are empirical factors. This methodology re-
quires a lot of testing experience in order to establish coef�cients and factors,
which are neither described by Feld (2001), nor by Houlsby et al. (2005).

The solution for reduced penetration resistance presented by Senders and
Randolph (2009) is more simpli�ed and requires only an estimation of critic al
suction against piping failure, see Eq. (2.11). The reduction in inside friction
and tip resistance is linear in accordance to the pressure ratio. Reaching the
critical suction reduces the inside friction and the tip res istance to zero. More-
over, the outside friction is left unaffected during the suc tion installation.

Rred = Fout + ( Fin + Qtip )
�

1 �
p

pcrit

�
(2.11)

Lian et al. (2014a) reported that the critical limit for suction given by
Senders and Randolph (2009) is too conservative as the suction applied in
medium-scale tests described by them was exceeding the critical value with-
out causing a piping failure. The calculation of total reduc ed resistance
should be then changed according to their results of applied suction that
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was in a limit of 1.5 pcrit .

Rred = Fout +
�
Fin + Qtip

�
b (2.12)

b = 1 �
p

pcrit
for p � pcrit

b = 0 for pcrit � p � 1.5pcrit

2.1.3 Required suction

The suction required for penetration of skirt is based on the calculated soil
penetration resistance. The self-weight of the structure, accounted for the
buoyancy, works already as a driving force during installat ion. However, as
the soil penetration resistance in sand is high, the self-weight is not suf�cient
and the suction applied under the bucket lid results in a main driving force.
The required suction is calculated as follows:

preq =
Rred � V0

A lid,in
(2.13)

preq required suction for the installation
V0 effective vertical load resulting from the self-weight of b ucket
A lid,in inside area of the bucket lid

The penetration resistance included in Eq.(2.13) is calculated for the cho-
sen design method. The unreduced resistance gives a very safe prediction,
which is too conservative. The resistance should account for the reduction
due to the seepage �ow.

2.1.4 Critical suction for installation

A critical suction is a theoretical value for each penetrati on depth at which the
exit hydraulic gradient, iexit , adjacent to the inside skirt is equal to a critical
hydraulic gradient, icrit , which is calculated with the following equation.

icrit =
g0

gw
(2.14)

A safe installation assumes that the critical suction is not exceeded at any of
penetration depths. However, a full formation of piping chan nels takes time,
even in drained conditions. The applied suction that exceed s the critical limit
only for a short-time does not necessarily prevent further i nstallation ( Feld,
2001).

Obviously, the critical gradient during suction installat ion of bucket foun-
dation is �rst developed around the bucket tip, where the �ow i s most abrupt
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and changes from downward to upward direction. Nevertheles s, the skirt is
continuously penetrating into the soil, so the skirt tip is e xperiencing some
of the resistance from the lower soil layers. During install ation the critical
gradient is extending and might be developed on the entire em bedded skirt.
When the critical gradient reaches the soil surface inside the bucket compart-
ment, referred to as the exit location, the piping channels o ccur (Senders and
Randolph, 2009). Therefore it is the exit hydraulic gradient that controls the
piping failure.

The expression for critical suction is derived as an analyti cal solution
based on the exit hydraulic gradient. From the de�nition, th e hydraulic gra-
dient is the ratio between the change in hydraulic head, DH, and the seepage
length, s. By performing numerical simulations of seepage �ow, the app lied
change in water head is controlled. The hydraulic gradient c an be calculated
based on Darcy's law saying that the �ow velocity is proportio nal to the hy-
draulic gradient through the coef�cient of permeability, k.

iexit =
vexit

k
(2.15)

The �ow velocity at the exit, vexit is extracted from numerical simulations.
The seepage length can be determined as the change in the water head di-
vided by the hydraulic gradient.

s =
DH
iexit

=
p

gwiexit
(2.16)

The expressions for critical suction is derived by assuming the exit hydraulic
gradient to be equal to the critical gradient. The applied pr essure in Eq.(2.16)
becomes the critical pressure.

pcrit = sgwicrit = sg0 (2.17)

The most basic solution for critical suction comes from the a nalysis of
equipotential and �ow lines around the sheet pile wall. By der ivation of the
water head with respect to the distance for the exit location , the formula for
critical suction is given as one of the principles of soil mec hanics (Scott, 1963).

pcrit

hg0 = p (2.18)

First research study for critical suction based on the design of bucket
foundation was described by Clausen and Tjelta (1996). Solution for critical
suction was derived from axisymetric numerical simulation of steady-stage
�ow, but only for penetration ratio, h/ D < 0.5, see Eq.(2.19). Shortly after, the
solution was investigated in different numerical programs and with different
geometries. Similar normalized expression for critical su ction are described
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by Guttormsen et al. (1997), Eq.(2.20) for much more extended h/ D ratio
between 0 to 4, and by Feld (2001), Eq.(2.21).

pcrit =
g0h

1 � 0.68/
�

1.46
�

h
D

�
+ 1

� (2.19)

pcrit

hg0 = 1.48
�

h
D

� � 0.26

(2.20)

pcrit

hg0 = 1.32
�

h
D

� � 0.25

(2.21)

More recently Senders and Randolph (2009) performed seepage �ow anal-
ysis in the commercial program PLAXIS. The seepage �ow normali zed by the
skirt embedded length is proposed for a larger extend of h/ D. The solution
tends to unity for in�nitely long caissons, as the hydraulic gradient is essen-
tially lost, and to the theoretical sheet pile solution, p , when h/ D ratio is very
small.

� s
h

�

exit
= p � arctan

"

5
�

h
D

� 0.85
# �

2 �
2
p

�
(2.22)

A normalized seepage length as a function of penetration rat io is also
proposed by Ibsen and Thilsted (2010). The seepage problem during suction
installation is solved numerically in program FLAC3D with a n axisymmetric
model and is valid for 0.1 D > h > 1.2D. This research included 2 cases,
where the �rst case investigates the installation in homoge nous soil, Eq.(2.23),
and the second case investigates the installation in a sand layer that lies over
an impermeable soil, Eq.(2.24). LW is indicating the distance from the soil top
to the impermeable layer.

� s
h

�

ref
= 2.86� arctan

"

4.1
�

h
D

� 0.8
#

� p
2.62

�
(2.23)

� s
h

�
=

� s
h

�

ref
+ 0.1

�
D
LW

� �
h

LW � h

� 0.5

(2.24)

With the normalized seepage length, the normalized critica l suction can be
calculated with Eq. ( 2.25). Figure 2.1 (a) presents the comparison of normal-
ized critical suction versus penetration ratio for some of t he aforementioned
solution. Figure 2.1 (b) indicates how the impermeable layer below sand is
changing the suction limit according to Ibsen and Thilsted (2010).

pcrit

g0D
=

�
h
D

� � s
h

�
(2.25)
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Fig. 2.1: (a) Normalized critical pressure versus penetration ratio of d ifferent solutions and (b)
an in�uence of impermeable layer below sand on the suction limits

The comparison between different suggested pcrit are very similar and
only solution proposed by Clausen and Tjelta (1996) gives a higher suction
limit. This difference is increasing with penetration dept h, but the solution
proposed by Clausen and Tjelta (1996) is valid only for h/ D < 0.5. Whereas
different solutions are similar, there is a great differenc e when impermeable
layer is introduced below the sand. Such a �ow boundary increa ses the al-
lowable suction and this increase is very signi�cant when ap proaching the
impermeable layer.

The mentioned solutions are derived for a uniform soil where permeabil-
ity is constant. However, when the applied pressure approach es its critical
value the soil plugged inside the bucket tends to swell and pe rmeability of
soil plug increases. It has been already well-understood tha t an increase in
permeability increases the allowable suction, but it was co nsidered as a safety
factor (Clausen and Tjelta, 1996). More recently, when bucket foundation has
started to be used in offshore wind energy, the cost-cuts are desired in the
foundation design. Overly conservative design should rath er be avoided.

The dependency of critical suction on the change in soil plug perme-
ability was already proposed in 1999 by Erbrich and Tjelta . “Suction Num-
ber”presented in that research shows what is the limit for th e under pressure
in relation to the permeability ratio, kfac = ki / ko. ki is the permeability of
the inside soil plug and ko is the permeability of the surrounding soil. Solu-
tion is based on the �nite element steady state seepage and the results are
presented as diagrams where the critical suction number, SN , is a function of
penetration ratio h/ D.

SN =
�

DH
z

� �
gw

g0

�
=

pcrit

hg0 (2.26)

Additionally, the critical condition is de�ned by either th e average hydraulic
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gradient or the exit hydraulic gradient. What is more Erbrich and Tjelta
presented diagrams for two cases: the �rst, where the entire soil plug is
loosened and the second, where only a thin zone adjacent to the inside skirt
has a higher permeability. Andersen et al. (2008) presented a diagram where
the same approach is used, but only for exit hydraulic gradie nt and, where
the entire soil plug is loosened, see Fig. 2.2.
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Fig. 2.2: Critical suction number (after ( Andersen et al., 2008))

Houlsby and Byrne (2005) proposed that the critical suction should be
calculated based on the upward hydraulic gradient that reac hes its critical
value. This causes the effective stress to be reduced to zero. The critical
pressure is therefore calculated as

pcrit =
g0h

1 � a
. (2.27)

(2.28)

Based on the �nite element analysis a formulation for pore pr essure factor is
proposed in the same paper as

a = 0.45� 0.36
�

1 � exp
�

h
0.48D

��
. (2.29)

However, Houlsby and Byrne (2005) reported that the suction applied under
the bucket lid might cause a loosening of soil plug. The solut ion for pore
pressure factor that accounts for the permeability ratio is shown in Eq.(2.30).
This equation was �tted to the measured data from installati on, but details
of these installations are not speci�ed in the paper. a used in this equation is
the pore pressure factor for uniform permeability, Eq.( 2.29). The dependency
on kfac on pore pressure factor is automatically included in the cal culations
of suction pressure, and also in the calculations of reduced soil penetration
resistance. Senders and Randolph (2009) calculated that for typical values of
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h/ D the critical suction increases by 15-25% if kfac increases from 1 to 2 and
even by 30-50% if kfac increases to 3. However, they did not include kfac in
their CPT-based method.

a(kfac) =
a kfac

(1 � a) + a kfac
(2.30)

The change in soil plug permeability is a complex problem. Th ere is
an increase in permeability resulting from the increasing d epth and the com-
paction of soil self-weight and there is a reduction caused b y the seepage �ow.
More and more studies show that the permeability changes in t he soil plug
must be taken into account to make a reasonable design of suction bucket
installation ( Tran, 2005; Andersen et al., 2008). Increased permeability in soil
plug results not only in higher allowable suction, but also c hanges the extend
of reduction in the soil penetration resistance. Moreover, any changes in the
soil stress state of the soil plug are important for the in-pl ace performance
of the foundation. Figure 2.3 show how the increased permeability in soil
plug in�uences the limit for suction on the example of two afor ementioned
solutions (Houlsby and Byrne , 2005; Andersen et al., 2008).
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Fig. 2.3: Normalized critical pressure versus penetration ratio with th e kfac in�uence ( Houlsby
and Byrne, 2005; Andersen et al., 2008)

The increase in soil plug permeability results in much highe r values of
critical suction. There is also discrepancy between the lim it suggested by
these two different solution. The solution proposed by Andersen et al. (2008)
varies much more when kfac is increasing in comparison with the solution
proposed by Houlsby and Byrne (2005).

2.2 Testing and monitoring of installation in sand

Some data from installation of real-scale suction caissonshave been published
already in 1980 by Hogevorst . Caissons of 3.8 m diameter and 5 to 10 m skirt
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length were installed in dense sand at the mud-line of shallo w lake. The ob-
stacles in sand were not problematic for installation and, a dditionally, it was
reported that the sand soil plug was loosened up, or even coul d have become
lique�ed. These were very important observations for the fu rther research.
Later, Tjelta et al. (1986) described exactly the same favorable installation ef-
fects for larger caissons. The bene�cial effects of additional surcharge on the
bucket, e.g. an increased dead weight, for reduction in requ ired suction was
reported by Tjelta (1995).

The development of excess pore pressure at the inside skirt of suction
caisson installed in sand has been reported by Iskander et al. (2002). Tests
were performed in a 1 g equipment with caisson models of 100 mm and
150 mm diameter and with the skirt length to the diameter rati o, L/ D, of
2:1. Firstly, the minimum required suction for penetration was applied, and
secondly, the maximum available suction was applied. Both t ests showed
very similar excess pore pressure development at the skirt and also both tests
indicated that sand was lique�ed during installation leadi ng to excess soil
plug heave. A signi�cant reduction in required driving forc e was reported
when compared to the jacking installation. However, it is ques tionable how
such a small scale re�ects on the real behaviour of soil plug.

Centrifuge tests on installation of suction caissons in sand were reported
by (Allersma , 2003). Described tests showed that the suction application de-
creased the required force for �nal penetration in comparis on to the jacking
installation about 8 times. Moreover, the suction during in stallation tests
were applied in two different manners: as a constant pressur e and, as a suc-
tion pressure applied in pulses. The latter technique broug ht some small
bene�cial effects to the installation process, which was le ss susceptible to
piping. When studying the normalized pressure for cases wher e the caisson
dimensions were different, ( Allersma , 2003) reported no signi�cant in�uence
of caissons dimensions on the penetration force. This �ndin g is contradictory
with full-scale observations, where additional dead weigh t (caisson dimen-
sions are directly correlated with its dead load) reduces th e required suction
for installation ( Tjelta, 1995). Again, small-scale of models could not re�ect
all soil phenomena that happen in real conditions.

Research presented byTran (2005), which was a part of his Ph.D. study,
gave many interesting observation on soil plug behaviour du ring suction in-
stallation. The speed rate of installation has been tested, both in a 1g equip-
ment and in a centrifuge. For the 1g tests the models with foll owing geome-
try was used: D=70-100 mm, L=100-140 mm andt=0.35-1.6 mm. The models
used for centrifuge where even smaller. The developed sucti on pressure was
found to be dependent on the installation rate. Tran (2005) discussed a pos-
sible explanation of such a soil behaviour in the seepage �ow t hat is not a
steady-state, but rather transient and the excess pore pressure development is
very time-dependent. “The faster the installation is, the l ess time is available
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for the pore pressure generation and any subsequent sand loosening to occur
” ( Tran, 2005). The fast installation did not cause any problems with pipi ng.
Moreover, the soil plug loosening was accessed by permeability factor kfac to
be equal 1.5 - 2.0.

Tran and Randolph (2008) also described the same tests performed in 1
g equipment and in centrifuge. They found that the initial dep th of self-
weight penetration has no in�uence on the �nal required sucti on, as long
as the self-weight of caisson is kept constant. The applied suction creates
the same seepage path with the same reduction effects on soil stress. The
increase in self-weight, on the other hand, in�uences the req uired suction for
further penetration by reducing it. The reduction is, howev er, much smaller
than the increase in the self-weight, but the trend shows tha t the extra weight
does not change the suction behaviour, but only shifts the su ction path to the
new starting point. Tran and Randolph (2008) also showed the dependency
of installation on the skirt thickness. By keeping the same s ize and self-
weight, the installation of bucket with a thinner skirt can s tay longer in a
self-weight installation stage, as the penetration resistance is much smaller.
For suction installation that difference is almost neglect ed. This shows that
the tip resistance is highly reduced due to the seepage �ow. Ag ain, the scale
of models is very small.

Senders and Randolph (2009) tested their method for penetration resis-
tance on full-scale caissons installations of Draupner E platform ( Tjelta, 1995;
Clausen and Tjelta, 1996; Bye et al., 1995) and Sleipner platform ( Bye et al.,
1995), both performed in a very dense sand. Draupner E platform in cluded
buckets with a diameter of 12 m, an embedded skirt length of 6 m and a wall
thickness of 40 mm (h/ D=0.5 and t/ D=0.003). Caissons used for Draupner E
installation were very well instrumented and gave many inte resting data for
analysis.

In order to make a comparison the CPT-based method was used wit h
kp=0.15 and k f =0.0015. Whereas the coef�cient for skirt friction is in a ran ge
given by DNV (1992), the other coef�cient related to the skirt tip resistance i s
much lower. Even then the self-weight penetration was still much lower than
the predictions. Tjelta et al. (1986) have already reported that for such dense
sand lower values of kp may be more adequate than the values suggested
by DNV (1992). In second phase of installation the suction applied was in a
close correlation with the prediction of required suction, but in all 4 caissons
measured pressure slightly exceeded this prediction and al so, the limit for
a critical suction, see Fig. 2.4 (a). This could mean that the tip resistance
and the inside skirt friction were reduced completely. Howev er, by analyzing
the total penetration resistance Clausen and Tjelta (1996) reported that, even
with an increased outside skirt friction, the tip resistanc e and the inside skirt
friction could not have been reduced to zero.
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Fig. 2.4: (a) Normalized pressure applied during installation of caisso ns for Draupner E and (b)
for Sleipner (Senders and Randolph, 2009)

Caissons used for Sleipner platform had a diameter of 14 m, an em-
bedded skirt length of 5 m and a wall thickness of 35 mm ( h/ D=0.36 and
t/ D=0.0035). The applied suction was close to the predicted suction with
CPT-based method at the beginning of suction installation p hase, but after
a while, the predicted suction is signi�cantly exceeded by t he real applied
pressure, see Fig.2.4 (b). The applied suction was at the critical limit in the
�nal installation stage.

Interestingly, the pressure applied for caissons of Draupne r platform ex-
ceeds the critical limit without experiencing an installat ion failure. For cais-
sons installed for Slepiner platform, the applied suction l ies in a range given
by the predicted suction, as a lower limit, and the critical s uction, as an upper
limit.

Ibsen and Thilsted (2010) compared the values of applied suction with
their proposed critical suction during an installation tes ts in Frederikshavn,
Denmark. The tested bucket had a diameter equal to 2m and a skirt length
equal to 2m. With this comparison Ibsen and Thilsted (2010) proved that
impermeable layers below sand increases the allowable suction for installa-
tion. The measured suction was in some cases higher than the critical value
predicted for homogenous sand, but not higher than the criti cal suction pre-
dicted for sand with some �ow boundaries below.

Larger scale tests on the bucket installation in sand have been also re-
ported by Lian et al. (2014a) and Chen et al. (2016). In the former research a
bucket foundation with the following dimensions was used: D=0.5 m, L=0.5
m and t=0.01 m. Medium-dense sand was obtained after the vibration proce-
dure, DR=0.68. The bucket model was equipped with soil pressure sensors
on the inside and outside skirt at different heights. The und er pressure for
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the suction installation was applied in pulses. A constant v alue of suction
was kept until the bucket penetrated, then the suction was re moved and
started again with slightly higher value. Soil pressure mea sured on the out-
side and inside skirt shows that the soil is compacted during the penetration.
The soil compaction is represented by a factor K which is the ratio between
the effective pressure measured on the skirt (lateral pressure) and the effec-
tive vertical stress calculated based on g0. K is much higher that the lateral
earth pressure coef�cient proposed by Jaky (1944) (K0 = 1 � sin j 0, which, in
this case, is reported to be 0.38). This is mainly due to sand dilation during
compaction that happens when skirt penetrates the soil. The measurements
also show that during penetration much more pressure is deve loped on the
inside skirt compared to the pressure on the outside skirt. T he calculated
value of K starts from around 10 for both inside and outside skirt. Afte r
reaching around 0.3 h/ D there is a linear increase in K for the inside skirt. K
on the outer skirt decreases gradually, but slowly with dept h. The pressure
inside the skirt is increasing signi�cantly, probably due t o the formation of
soil plug. The comparison of suction tests with the critical suction indicates
that the limit is too conservative. Moreover, the compariso n between jacking
and suction installation show that the ratio between inner f riction and tip
resistance measured in both tests is close to zero, whereas the ratio for outer
friction is close to 1. Total reduction in resistance is assessed to be 78-94%.

Chen et al. (2016) used even larger bucket model, D=1.5 m, L=0.5 m,
t=0.01 m, in the same set-up. Soil relative density was also indicating medium-
dense sand, ID=0.63. Additionally to the pressure sensors at the skirt wal l, a
micro pressure sensors were embedded in the skirt tip for a di rect measure-
ment of skirt tip resistance. Chen et al. (2016) reported the compaction of
soil due to skirt penetration into the soil during jacking ins tallation similar
as Lian et al. (2014a), but there was no increase in measured pressure on the
inside skirt due to the soil plug; both inside and outside pre ssure at the skirt
are comparable. The lateral earth pressure coef�cient K0 = 0.8 � 1.85 was
proposed by Andersen et al. (2008) based on the back-calculations of �eld
tests. K equal to 1.85 is close to the results reported by Chen et al. (2016).
For suction installation tests, where pressure is applied i n pulses, the soil
pressure at the inside skirt decreases straight after the suction is applied, but
come back on its path when suction stops. On the outside skirt , the pressure
increases slightly when suction is applied, but this increa se is lost after short
period of time when suction is still on. The comparison betwe en jacking and
suction installation gives the ratio for outer skirt fricti on close to 1, but it
shows a reduction in tip resistance up to 50% at the end of the i nstallation
and, even up to 85% reduction for the inner skirt friction. Chen et al. (2016)
reported �tting functions for the ratio between jacking and s uction resistance
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based on their experimental results:

�
Rj

Rs

�

I
= 0.865

�
p

pcrit

�
, (2.31)

�
Rj

Rs

�

tip
= 0.707

�
p

pcrit

�
; (2.32)

for the inner friction and the tip resistance respectively. These two equa-
tions were �tted to data with pcrit proposed by Senders and Randolph (2009).
However, the critical suction suggested by Senders and Randolph (2009) was
exceeded in tests without any piping failure observed.

2.3 Soil plug heave inside the bucket

A heave development is important for the design, as it preven ts the target
skirt penetration to be reached. The total length of skirt us ed for calculation
of in-place performance must account for the reduction due t o heave.

A soil plug heave was �rst experienced at Gorm �eld for caisso ns instal-
lation ( Senpere and Auvergne, 1982). The heave prevented from reaching
the target penetration depth. The excessive sand had to be �r st removed by
water jetting to �nally reach the desired penetration. The jet ting might have
a reducing in�uence on caisson capacity what has not been anal yzed. Due
to the experience with excessive heave, the research on suction foundation
concept was pushed a bit out of interest for some years.

Data from installation of bucket foundations for jackets of E uropipe plat-
form indicates a very small soil plug heave of 4% of the total p enetrated skirt
length (Tjelta, 1995). The installation was performed in a very dense sand
with ID=90-100% and the applied suction was within the limit for cri tical
value proposed by Clausen and Tjelta (1996). Iskander et al. (2002) reported
that the soil plug heave is developed during suction install ation and this
does not depends on the amount of suction that is applied. ( Allersma , 2003),
through centrifuge installation tests, reported 5-10% of h eave; however, the
soil heave development was found to be strongly related to th e skirt thickness.
More heave was observed for thicker skirt wall. Slightly low er heave was ob-
served when the suction during installation was applied in p ulse instead of
a continuous pressure application.

The research by Tran et al. (2007) in centrifuge resulted in the measured
heave in a range of 7-9% of the total embedded skirt length. For installa-
tion with higher speed rate there was signi�cantly less heav e development
(Tran, 2005). Additional to the heave a small conical depression was rep orted
around the outside skirt after full penetration, but the vol ume change was
very small compared to the volume change of inside soil heave . Tran (2005)
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concluded that there is not much soil �owing into the caisson w ith seepage,
otherwise the depression outside would be more signi�cant. The heave de-
velopment inside the caisson is rather resulting from the so il plug expansion
due to dilation.

2.4 Empirical coef�cients kp and k f

The approach based on the conventional bearing capacity theory requires
estimation of soil parameters that can be based on soil testsor previous expe-
rience. However, they are often underestimated, especially the coef�cient of
lateral earth pressure when sand is very dense. It is more dire ct to base the
design on the results of cone resistance from CPT, which already accounts
for the soil properties. The dif�culty lies, however, in the appropriate choice
of empirical coef�cients kp and k f , see Eq.(2.4), that rather should imply the
geometry change between the cone from CPT and the penetratedskirt. kp and
k f values are recommended by DNV (1992), see Tab.2.2, and their are based
on the experience from oil and gas platforms. The approach is only valid for
the unreduced soil penetration resistance where the suction is not applied.
The appropriate method for the reduction must be additional ly applied.

DNV (1992) states that the recommended value are appropriate for skir t
of 20-30 mm thickness and if the tip area is larger or there are some internal
stiffeners included in the design, k f coef�cient should be decreased. Gen-
erally, (Clausen and Tjelta, 1996) reported that empirical coef�cient for very
dense sand need to be reduced signi�cantly. This is based on the self-weight
penetration of platform for Europipipe, where the predicte d penetration of
0.6-1.1 m in reality reached 1.8 m out of targeted 6 m. For the design of pile
axial resistanceLehane et al. (2005) proposed a formulation for k f coef�cient,
where the variation in coef�cient are linked to the skirt thi ckness.

k f = C

"

1 �
�

D i

Do

� 2
#0.3

tand (2.33)

C coef�cient suggested to be 0.021
d interface friction angle

The proposal was made based on the installation data. For some typical
values for suction bucket foundations this give a range of 0. 0033-0.0046, a bit
higher than DNV range. In contrast to DNV (1992) recommendations, the
increase in skirt thickness results in increased k f . But that does not necessary
mean that the trend of increasing k f is similar for buckets with signi�cantly
larger diameters.
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A broad investigation of k f and kp has been performed by Andersen et al.
(2008). The back-calculations of the self-weight penetration fo r prototype
tests, laboratory tests and �eld test led to a wide range of bo th parameters,
see tab.2.3

Table 2.3: Back-calculated kp and k f coef�cients from different testing cases ( Andersen et al.,
2008)

Case D(m) h(m) t(m) k f kp ID

Prototype A 5 0.75 0.02 0.13 0.0015 � 100
0.15 0.0010

Draupner E 12 1.8 0.04 0.01 0.0015 � 100
0.03 0.0010
0.08 0.0000

Sleipner T 14 1.95 0.0375 0.05 0.0015 � 100
0.08 0.0010
0.13 0.0000

16/11 E1 1.5 0.4 0.012 0.12 0.0015 � 100
0.14 0.0010

16/11 E2 1.5 0.8 0.012 0.09 0.0015 � 100
0.12 0.0010

16/11 E3 1.5 0.2 0.012 0.24 0.0015 � 100
0.25 0.0010

Sleipner T1 1.5 0.8 0.012 0.21 0.0015 � 100
0.23 0.0010

Sleipner T2 1.5 0.8 0.012 0.21 0.0015 � 100
0.24 0.0010

Sleipner T3 1.5 0.4 0.012 0.23 0.0015 � 100
0.25 0.0010

Sleipner T4 1.5 0.8 0.012 0.20 0.0015 � 100
0.22 0.0010

Sleipner T5 1.5 0.8 0.012 0.21 0.0015 � 100
0.24 0.0010

PEN5 0.557 0.04 0.008 1.24 0.0053 84
PEN9 0.557 0.05 0.008 0.95 0.0053 82
PEN12 0.557 0.05 0.008 0.93 0.0053 83
PEN13 0.557 0.02 0.008 1.18 0.0053 81
PEN1-3 0.557 0.45 0.008 1.03-1.19 0.0053 82

The results show that for a full-scale tests kp coef�cient is indeed reduced
from values recommended by DNV (1992) and they are ranging between 0.01-
0.15. The same holds for �eld tests (16/11 E1-3 and Sleipner T1-T5), where
kp varies from 0.09 to 0.25. The laboratory tests with small diameter buckets
results in much higher values of both kp and k f . With k f equal to 0.0053,kp

oscillates around 1 with its maximum value of 1.24. This con� rms the soil
plug development in the small scale models, which is much mor e dominant
than in the medium-scale or larger-scale models.

Centrifuge tests presented by Senders and Randolph (2009) show that
unreduced soil penetration resistance �ts very well with CP T-based approach.
Both the skirt friction and the tip resistance estimated wit h API (2000) theory
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Chapter 2. Design of suction installation

was signi�cantly higher than the estimations based on the co ne resistance
results. kp equal to 0.2 and k f equal to 0.0015 was used in the estimations.
The installation was performed in a very dense sand of ID � 90 %.

For the medium-scale tests in medium dense sand Lian et al. (2014a) re-
ported that for the prediction of tip resistance kp equal to 0.6 is underestimat-
ing the real measurements. For �tting the data kp equal to 1.2 was chosen.
For the outer skirt friction value k f equal to 0.003 is adequate, but completely
underestimates results of the inner friction. By applying t he method where
the soil plug is formed a good correlation with results was ob tained. The
ratio between the base resistance of plug and the cone resistance, qplug / qc

was chosen to be equal 0.05.
Chen et al. (2016) made also a comparison of measured tip resistance

with the API approach (with Nq = 40 according to table 2.1) and the DNV
approach (with kp = 0.35) for medium dense sand. The tests were performed
on a large bucket with a diameter of 1.5 m. The results are more consistent
with the CPT-based method, see Fig. 2.5. The friction was measured almost
the same for the inside and the outside skirt. The predicted f riction for the
CPT-based method usesk f = 0.0018.
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Fig. 2.5: Comparison of: (a) unit tip resistance with prediction from API (2000) and DNV (1992)
with kp=0.35, (b) skirt friction with prediction from DNV (1992) with k f =0.0018 and (c) total
penetration resistance (Chen et al., 2016)
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Chapter 3

Scope of the thesis

The chapter gives an outline of the main �ndings from the stat e-of-art on
the design of the suction bucket installation process and de scribes what are
the main aims and objectives of the research work. The research work has
been performed in order to understand the seepage �ow effects on the soil
adjacent to the bucket during and after installation and to op timize the design
of suction buckets.

3.1 The state-of-art main �ndings

The suction installation of bucket foundation is based on th e designing value
of required suction for the target penetration depth. The ca lculation of the
required suction depends on the soil penetration resistanc e. There are two
different approaches that can be used in order to calculate the soil penetration
resistance. The �rst approach is based on the classical bearing capacity theory
with selected soil parameters, the API approach. The other method relates
the resistance of the bucket skirt and the tip of skirt to the c one resistance
measured during CPT through the empirical coef�cients, the CPT approach.
The research proves that the applied suction induces the seepage �ow around
the bucket skirt and this causes the reduction in the total so il penetration
resistance.

The general installation mechanism is well established, bu t the detailed
behaviour of the soil adjacent to the skirt and trapped inside the bucket is
poorly accounted for. There are many assumptions that lead t o an overly
conservative design. The critical suction limit for the ins tallation is described
by many researchers; however, often the limit is indicated a s underestimated.
These aspects are con�rmed with the �eld tests observations .

The seepage �ow plays the most important role in the suction in stallation
design. The �ow has been analyzed thoroughly, but mainly in th e �nite
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element programs. The seepage �ow analyzed during the real in stallation
should be addressed.

The inside soil plug is loosened due to the �ow and this affects both
the �nal reduction in the soil penetration resistance and th e critical suction
limit. The change in the soil plug permeability should be acc ounted for in
the design method to make the design more cost-effective.

The soil plug heave analyzed in larger scale tests is very lim ited. The
small-scale tests and the centrifuge tests indicate the soil plug heave reaching
up to 10% of the total penetrated skirt. This needs to be inclu ded in the design
of the in-place performance of the bucket. However, the scale is having a big
in�uence on these results. As the dimensions of the bucket inc reases, there is
less constrain on the trapped soil inside the bucket.

The research on the suction bucket installation in sand is rather devoted to
dense sand state. The information on the empirical coef�cie nts for CPT-based
approach, the soil plug heave development and the critical s uction limit for
loose or medium dense sand are rather scarce.

Finally, there is not much research concentrated on the suction bucket
foundations for the large offshore wind turbines. Only a few examples are
given, (Lian et al., 2014b; Kim et al. , 2013), but none of them show how the
new idea should be implemented in the industrial process.

3.2 Research objectives

The main motivation for the thesis was to investigate a found ation concept
that can be acceptable and cost-effective for the large wind turbines (e.g. a 10
MW turbine). This was driven by the requirements of the Europ ean offshore
energy market that still seeks for solutions to make the offs hore energy prices
more competitive with the onshore market.

The �rst step in the research is based on the overall understa nding of
the suction bucket foundation and its behaviour during the i nstallation. The
objectives are �rstly to optimize the size of the foundation b y taking into
consideration the critical states for the installation pro cess and to optimize the
shape of the bucket foundation by the comparison process between different
geometries. This is accomplished by the medium scale laboratory tests at 1g
for the bucket installation, through the analysis of the see page �ow based on
the recordings of the pore pressure transducers around the bucket skirt.

The study is aiming at the veri�cation of the seepage �ow durin g the in-
stallation, the limits for the critical suction and the meth od that allows for
the design of the required suction. The tests performed in th e laboratory
conditions account for the different boundaries, the diffe rent sand relative
densities and the different bucket geometries. Moreover, t he important as-
pects for the design are analyzed, like the soil plug looseni ng and the soil
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plug heave development in a larger scale.
The general scope is to focus on the improvement in the design of the

installation process. This also leads to the investigation of the modular bucket
model, which is more adequate as a large foundation concept. Hopefully,
the outcome of this research raises the awareness of the possibilities in the
reduction of the costs for the offshore foundations located in the shallow and
transient water depths.
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Chapter 4

The research project

The chapter includes the summary of the research that has been performed
during the PhD study. The research results have been published in the con-
ference proceedings and in the journals. This summary is supp orted by the
research papers attached to the thesis as the appendices. The most important
�ndings are outlined with some supporting data and informat ion gathered
during the research.

The following articles are covering the research work:

� Paper A: Koteras, A.K., Ibsen, L.B., and Clausen, J. (2016) Seepage Study
for Suction Installation of Bucket Foundation in Different S oil Combi-
nations. Proceedings of the26th International Ocean and Polar Engineering
Conference. 25 June-1 July, 2016. Rhodes, Greece.

� Paper B: Koteras, A.K., and Ibsen, L.B. (2019) Medium-scale Labora-
tory Model of Mono-bucket Foundation for Installation Tests in Sand.
Canadian Geotechnical Journal, Vol. 56, No. 8: pp. 1142 – 1153.

� Paper C: Koteras, A.K., and Ibsen, L.B. (2018) Reduction in Soil Pen-
etration Resistance for Suction-assisted Installation of Bucket Founda-
tion. Proceedings of the9th International Conference on Physical Modeling in
Geotechnics. July 17-20, 2018. London, UK.

� Paper D: Koteras, A.K., and Ibsen, L.B. (2019) Large scale installation
testing of modular suction bucket. Journal Geotechnique. Submitted: 26-
09-2019

Two more appendices are included in reference to the research:

� Appendix E: Manual for laboratory testing

� Appendix F: Laboratory tests results
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4.1 Methodology

A relevant part of the design procedure for the bucket founda tion is pre-
sented in Fig. 4.1, with areas of the research marked in color.

Simple analytical
model

CPT

Penetration resistance

Self-weight of bucket

Critical suction

Model experiments

Buckling analysisPenetration
resistance

Geotechnical bucket design

Bucket
dimension

< Driving force

Safety factor

Skirt tip resistance

Skirt friction

Model
experiments

Applied suction

Optimization

Fig. 4.1: Design basis for the bucket (The coloured boxes represents the research area included
in the project) ( Ibsen, 2008)

To analyze the installation process of the bucket foundatio n, the CPT-
based method is chosen for the soil penetration resistance calculations. The
choice is dictated by the experience gained from the previou s research at Aal-
borg University and the well-prepared small scale CPT proce dure that allows
for the soil parameters derivation. The CPT cone resistance results consist al-
ready of all required soil parameters what moves away many un certainties
from the design.

The CPT-based approach allows for the calculation of the soil penetration
resistance in depth intervals allowing for the variation in soil pro�les. kp and
k f are used as the empirical coef�cients relating the cone resistance to the
skirt penetration resistance (Eq.(2.4)). The reduction due to the seepage �ow
is accounted for through the b-factors that are applied on the inside skirt
friction, the outside skirt friction and the skirt tip resis tance. The b-factors,
both in their form and their magnitude, are studied during th e research work.

The critical suction is investigated through the numerical simulations of
the seepage �ow. The limit for the applied pressure is based on the exit
hydraulic gradient. The analysis account for the changes in the soil plug
permeability and different distances to the boundary condi tions. The results
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and the observations are described in Paper A.
The main part of the research is based on the physical models of buckets

installed in sand. The test campaigns include the jacking ins tallation tests
and the suction installation tests. The varying conditions between different
tests, apart from the installation methods, are: the differ ent L/ D ratio for
the bucket model, the different distance to the bottom bound ary of sand, the
different soil relative density and the different geometry of the bucket skirt.
The CPT-based method is applied on the laboratory data and th e empirical
coef�cients kp and k f , and b-factors are derived with the �tting methods. The
results and the observations are described in Papers B, C andD.

4.2 Numerical simulations of the seepage �ow

The seepage �ow characteristics are investigated in the commercial program
PLAXIS 2D. The program is based on the �nite element method and includes
the built-in basic soil models. There is a consistent pattern in the sand be-
haviour and the closed form solutions are proposed for the no rmalized seep-
age length and for the pore pressure factor for different cas es. The results of
the seepage �ow analysis are presented in paper A.

4.2.1 Modelling in PLAXIS 2D

An axisymmetric model is used for the simulations, with D equal to 4 m (a
radius used in axisymmetry is r = 2 m). The round bucket geometry allows
for a very simple model, which shortens the calculation time signi�cantly.
The installation process is divided into individual steps o f given penetration
depth with a steady-stage seepage calculation. The steps lie in a range of
0.1� h

D � 2.0. The penetration depth of the skirt is simulated by apply ing
an impermeable interface to a line element. All calculation for the simula-
tions are only limited to the ground-water �ow. There is no loa ding and no
movement of the skirt in the individual steps. The boundary c onditions for
the model and therefore prescribed in reference to the water �ow only. The
axisymmetric boundary is a closed boundary where the �ow in an y direction
is prevented. The same condition is prescribed to the bottom boundary of
the model. The free side boundary condition allows the water to �ow in and
out. The free soil surface has prescribed a speci�c �ow condit ion, where the
hydraulic head is set to H=20 m. The soil surface inside the bucket has the
same �ow condition, but the applied head is reduced in order to induce a
�ow in the soil. The change in head, DH, when multiplied by gw gives the
value of the applied suction.

Three different cases are considered for this part of the research as seen
in Fig. 4.2.
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D DD

h h
z

h

(a) (c)(b)
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Fig. 4.2: Cases for the numerical analysis (Koteras et al., 2016)

Case (a) is a homogenous sand, case (b) consists of the impermeable layer
above the sand and case (c) includes the impermeable layer below the sand,
where zL is referred to the distance from the soil surface to the imper meable
layer. zL varies in the interval 0.2 � h

D � 2.0.
The domain boundaries should not in�uence the seepage �ow resu lts

and therefore, a convergence analysis is performed. The excess pore pressure
at the skirt tip is observed while increasing the domain size . If there are
no considerable changes, the domain size is established. The result of the
convergence analysis is a model with the bottom boundary set at 45 m below
the soil surface, and the side boundary is situated at the dis tance of 10 D
from the axisymmetry line. The bottom boundary does not acco unt for case
(c) where it is dictated by the zL distance.

There are 2 different calculation phases used for the modeling. The �rst
case is an initial phase where the pore pressure in the soil is calculated based
on the water head de�ned for the project. The rest of the phases are the suc-
tion installation phases where the seepage �ow around the ski rt for different
applied suction is obtained. This means that both the imperm eable interface
of each phase and the water head for the inside soil surface is activated for
the calculation. The �rst suction installation phase consi sts of the interface of
a length equal to 0.1 h

D . For each next phase the interface length increases by
0.1 h

D until it reaches 2.0 h
D . For each suction phase the water head prescribed

to the inside soil surface is decreasing in order to get an increasing trend for
the applied suction value.

The soil model and the soil parameters for bearing behaviour are not
in�uencing the results of the �ow. The �ow soil parameters are of the main
importance in this type of calculations. A Van Genuchten mod el is assigned
to the soil with a permeability coef�cient for sand: kx,y=7.128 m/day. x
and y indicate that the parameter is the same for both directions o f the 2D
model. For the saturated soil zone that is the case for this research, the �ow
is modeled with the rules of Darcy's law.

Finally, in order to increase the precision of the desired re sults, the mesh
of the numerical model is re�ned in the area of the soil plug an d around the
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skirt.

4.2.2 Analysis of the numerical results

The results extracted from the program are as follow:

� the exit �ow velocity, vexit from the stress point situated closest to the
inside soil surface and the skirt,

� the pore pressure, u, at 5 different locations from the nodes at the inside
and the outside interface.

The pore pressure extracted at the top of the inside interface is a direct value
of the applied pressure, p. The pore pressure is also extracted at the tip, utip ,
just above the tip at the inside and at the outside interface, utip,in and utip,out ,
and at the top of the outside interface, uout . The excess pore pressure,Du, is
calculated by subtracting the hydrostatic pressure for giv en depth from the
total results of the pore pressure.

The pore pressure factor, a, is derived as the ratio between Dutip and p,
Eq.(2.6), for each h

D calculation phase. The normalized seepage length is
calculated based on the hydraulic gradients which are deriv ed as follows:

iexit =
vexit

k
, (4.1)

iavg,in =
p � Dutip

hgw
, (4.2)

iavg,out =
Dutip � Duout

hgw
, (4.3)

i tip =
Dutip,in � Duout,out

2hzonegw
. (4.4)

hzone is the distance between the node depth of the extracted pore pressure
and the tip of the interface. The subsection 2.1.4describes how to obtained
the normalized seepage length, s

h , based on the hydraulic gradient. The nor-
malized critical suction, pcrit

g0D is calculated with Eq. ( 2.25). The different soil
cases resulted in the closed form solutions for a and s

h , which are presented
in Paper A.

The development of the excess pore pressure at the skirt tip is in�uenced
by the presence of the impermeable layer and increases the seepage effects,
what results in a higher excess pore pressure at the tip. However, if the
distance between the impermeable layer and the skirt tip is i ncreasing, the
in�uence becomes less signi�cant. The results of simulation s for all three
cases are presented in Fig.4.3.
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Fig. 4.3: The comparison of the pore pressure factor for different soil c ases

Following expressions are proposed for each of the three cases:

aa =
0.21

h
D + 0.44

(4.5)

ab =
0.21

h
D + 0.24

(4.6)

ac = aa + a
h
D

 �
h
zL

� b

+
D
zL

� c

!

(4.7)

where

a = 0.3 exp
�

� 0.75
zL

D

�
� 0.35 exp

�
� 4.4

zL

D

�
(4.8)

b = 95 exp
�

� 15
zL

D

�
+ 4.8 exp

�
0.66

zL

D

�
(4.9)

c = � exp
�

� 0.6
zL

D

�
+ 7.7 exp

�
� 8.3

zL

D

�
(4.10)

The results for the seepage length in each of the three cases indicate that
the values of the seepage length are the smallest at the skirttip, then increases
signi�cantly for the average inside hydraulic gradient and slightly more for
the exit hydraulic gradient. These three seepage length in case (a) decrease
considerable in the �rst part of the penetration, up to h

D = 1.0, and then be-
come more stable. At the same time, the exit seepage length and the average
inside seepage length become almost equal. Case (b) resultsare very simi-
lar to case (a), with the only difference at the beginning of t he penetration,
where the presence of the impermeable layer increases thesevalues signi�-
cantly. For case(c) the bottom impermeable boundary additi onally increases
the seepage length in its �nal penetration part in case of the exit gradient and
the average inside gradient, but reduces the value in case of the tip gradient.
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4.2. Numerical simulations of the seepage �ow

The seepage length for the outside average gradient is much higher com-
paring to the rest of the results. The seepage length increases proportionally
with depth; however, the presence of the impermeable layer r educes the seep-
age length value in the close vicinity of that layer. The expr essions for all
seepage length derived from the numerical simulations are g iven in Paper A.

Figure 4.4 demonstrates how the impermeable layers are changing the
critical suction pressure for the installation of the bucke t foundation, which
is based on the exit hydraulic gradient. Both case (b) and case (c) indicate that
the presence of the impermeable layer is increasing the limi t for the suction.
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Fig. 4.4: Results of normalized critical suction for soil case (a), (b) and (c) (Koteras et al., 2016)

The results from PLAXIS 2D simulations directly show how the a pplied
pressure in�uences the soil around the bucket skirt and the en tire soil plug. If
the time aspect is included, so the pore pressure is calculated with a transient
�ow, the visible difference in the behaviour of the seepage �ow is observed
for different permeability values. The seepage �ow is limite d by the time and
cannot be fully developed, which is directly related to much less reduction
in the soil penetration resistance, see Fig.4.5.
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Fig. 4.5: Results of the ratio between excess pore pressure and the applied suction for soil with
decreasing permeability in the transient �ow analysis: on th e example of sand, silt and clay

When considering the homogenous sand, where seepage is fully devel-
oped almost immediately, the reduction in the soil penetrat ion resistance can
be calculated using the CPT-based approach and applying the reduction fac-
tors to the individual parts of the resistance that are relat ed to the critical
pressure derived for different locations on the bucket skir t.

Fin = k f bin As,i

Z
qc dz (4.11)

Qtip = kp btip qc(h) As,tip (4.12)

Fout = k f bout As,o

Z
qc dz (4.13)

b-factors are derived as follows:

bin =

 

1 �
p

pcrit,avg,in

!

(4.14)

btip =

 

1 �
p

pcrit,tip

!

(4.15)

bout =

 

1 +
p

pcrit,avg,out

!

(4.16)

The bigger is the limit for the suction for the different hydr aulic gradients
to become critical, the less change in the soil penetration reduction takes
place. The signi�cantly higher seepage length for the outsi de average gradi-
ents show that there is much less increase in resistance, than the reduction
in the inside skirt friction and in the tip resistance. The me thod requires a
veri�cation with the laboratory and the �eld tests of suctio n installation.
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4.3 Physical modeling

Two laboratory set-ups have been used in the research for the installation
tests: the set-up 'a' and the 'set-up 'b'. The set-up 'b' is th e extended version
of the former. The physical models and the detailed procedur es for the in-
stallation tests are presented in Appendix E. The summary is also included
in Paper B and in Paper C for the set-up 'a', and in Paper D for th e set-up 'b'.

(a) (b)

Fig. 4.6: The set-up 'a' and the set-up 'b' for experimental installation t ests

Two types of the installation tests are performed: the jackin g installation,
where the load on the bucket is applied through the hydraulic system, and the
suction installation, where the suction pressure is applie d under the bucket
lid that is connected to a pumping system. Tests results are mainly used for
the observation of the groundwater �ow that occurs during the installation
and its in�uence on the soil resistance reduction and the requ ired suction.
The elements included in the set-up 'a' are as following: (1) the soil tank;
(2) the connection for the saturation system; (3) the ascension pipe for the
control of applied gradient at the soil volume; (4) the bucke t model; (5) the
side boundary beam with pore pressure transducers; (6) the l oad cell; (7) the
loading frame; (8) the hydraulic piston connected to the hyd raulic pump; (9)
the displacement transducer; (10) the vacuum pump; (11) the water container.
These elements are presented in Fig.4.7.

The model of L/ D = 0.5 was used in the set-up 'a'; two models with a
different skirt geometry and L/ D = 1.0 are used in the set-up 'b', see Fig.4.8.
All three models consists of the skirt and the attached lid of 20 mm thick-
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ness welded at the top of the skirt. Each model is equipped wit h 4 valves
through which the suction can be applied, and through which C PTs can be
performed after the installation is completed. The small st eel channels of dif-
ferent lengths are attached to the skirt. Through the lid, th ey are connected
to the pore pressure transducer, so the change in the pressure during the
installation can be measured around the skirt. The location s for measure-
ments are at � 1/3, � 2/3 and � 3/3 of the bucket skirt length and they are
referred as PP1-PP7. For the model ofL/ D=0.5, there are only 6 locations;
there is no measurements on the outside of the skirt tip. Figu re 4.9shows the
dimensions and the locations of different elements on the bu cket models.

Table 4.1 compares the different models in the geometry and dimension s.
Askirt and A tip are the area of the entire skirt and the skirt tip respectivel y.
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Fig. 4.7: The elements included in the laboratory set-up 'a' ( Koteras and Ibsen, 2019)

Table 4.1: Geometry of the bucket foundation models

Type L/ D L t A skirt A tip t/ D Mass
[-] [mm] [mm] [mm 2] [mm 2] [-] [kg]

Round 0.5 500 3 3.13�106 9.40�103 3�10� 3 201
Round 1.0 1000 3 6.26�106 9.40�103 3�10� 3 214
Modular � 1.0 988 3 8.23�106 8.58�103 � 1.7� 10� 3 244
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(a) (b) (c)

Fig. 4.8: Models of bucket foundation: (a) round bucket, L/ D=0.5, (b) round bucket, L/ D=1.0
and (c) modular bucket, L/ D=1.0
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Fig. 4.9: Dimensions and elements of (a) the round bucket model, L/ D=0.5 (Koteras and Ibsen,
2019) and (b) the round and the modular bucket model, L/ D=1.0

The soil container consists of the saturation system of perforated pipes
placed at the bottom, covered by a gravel layer of 0.3m and a membrane.
Next, sand of known properties is �lled, see Table 4.2.

Table 4.2: Soil properties of Aalborg Sand no.1 (Borup and Hedegaard 1995)

Soil property Value Unit
Speci�c grain size, ds 2.64 [� ]
Maximum void ratio, emax 0.854 [� ]
Minimum void ratio, emin 0.549 [� ]
50%-quatile, d50 0.14 [mm ]
Uniformity coef�cient, Cu 1.78 [� ]
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The set-up 'b' has been extended and improved what was dictat ed by
the testing experience with the original set-up 'a'. The san d container have
been increased signi�cantly to the �nal height of 3.5 m. This allows for the
installation tests where the bottom boundary is more distan t, and for the
installation of the bucket model that is submerged in the wat er. The �rst part
of the tests were performed in 1.5 m of soil - low sand, and the s econd part
of the tests were performed in 2.5 m of soil - high sand. This al lows for the
comparison between tests with different distance to the bot tom boundary.

The new set-up is built-up in a new geotechnical laboratory o f Aalborg
University. The water container that supplies the set-up is situated much
higher and allows for a higher hydraulic gradient to be achie ved in the soil
volume. The gradient is control by the improved water applic ation system
that measures the pressure of water entering the soil container. The labora-
tory system consists moreover of the vacuum system that can be used for
the saturation of the pore pressure transducers. Another im provement is the
change of the pump used for the suction installation. The vac uum pump
used in the previous system was controlled manually while ob serving the
recordings. The suction pump used in the set-up 'b' is contro lled by setting
the water extraction per minute, what is more precise. The wa ter extracted is
transported back to the container, so the system is water-closed. The same wa-
ter level is kept during the installation process. Previous ly this was controlled
manually by adding some water during the test. The biggest im provement
is the changed location of the pore pressure transducers that measure the
development of the excess pore pressure around the bucket skirt during the
installation. They were previously located at the bucket li d, moving together
with the bucket during the installation. As the bucket was no t submerged,
the changes in the pressures recorded in the locations around the bucket
skirt were not only caused by the seepage �ow, but also by the ch ange in
the hydrostatic pressure. The procedure for the separation of the excess pore
pressure was dif�cult and the precision was slightly reduce d. The pore pres-
sure transducers in the set-up 'b' are situated at the top of t he soil container
and connected to the lid with long, �exible plastic tubes. The bucket is sub-
merged prior the installation and the pore pressure transdu cers are saturated.
The recording channels are zeroed down before the test starts. The records
therefore are the direct measurements of the excess pore pressure caused by
the seepage �ow.

The boundary conditions are monitored much better in set-up 'b'. Previ-
ously, a rigid beam with the pore pressure transducers was in serted in the
soil, close to the side boundary. The development of the excess pore pressure
closed to the side boundary was possible to observed. The set-up 'b' consists
of the built-in pore pressure transducers and the total pres sure cells attached
to the inside wall of the soil container and situated at the bo ttom of sand
layer.
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The main steps for the installation procedure in the lab are:

1. soil preparation: saturation, loosen up with the hydraul ic gradient/
compact with the vibration, leveling;

2. CPT;

3. analysis of the soil parameters: uniform soil conditions are desired;

4. preparation of the bucket model: clean from previous inst allation, satu-
rate pore pressure transducers in case of set-up 'a';

5. assembling the bucket model on the hydraulic piston;

6. �lling the water to the soil container: around 10 cm in the s et-up 'a',
fully submerged skirt in the set-up 'b';

7. installation test;

8. pumping out the water to get the water level of around 10 cm a bove the
soil surface;

9. visual observation of the soil;

10. CPT after installation;

11. uninstallation test/ removing the bucket.

The procedure for the installation test varies between the ja cking and the
suction test type. The jacking installation is a displacemen t controlled test
with a speed of 1 m/h. The valves on the bucket lid must be opene d during
the installation, so no excess pore pressure is induced. The suction instal-
lation test is a load controlled test. It consists two phases: the self-weight
installation test and the suction installation. The load is applied by the piston
by carefully increasing the load until it reaches the value c orresponding to
the self-weight of the model. The load is kept constant for th e rest of the
installation process. The suction installation process starts with the valves on
the lid being closed. The pump starts to apply the suction pre ssure. The in-
stallation proceeds and the suction pressure is controlled during the process.
The excess pore pressure is built-up around the bucket skirt .

4.3.1 Reduction in soil penetration resistance

“The seepage �ow plays a pivotal role in reducing the penetrat ion resistance,
allowing for full penetration despite the initial large soi l resistance. ”(Koteras
and Ibsen, 2019) The laboratory results from the installation tests prove t he
bene�cial aspects of the seepage �ow on the suction installat ion process.
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The CPT results of tests performed before the installation and after the
installation allow for the analysis of the changes in the soi l plug and the
surrounding soil. The mean relative soil density is derived from each CPT
test for the comparison, see appendix F. There is a signi�cant decrease in
the relative density of the soil plug after the suction insta llation. For tests
performed on the bucket model with L/ D=0.5, the average reduction is of
27.8%. These tests were performed in a dense sand conditionswith the mean
ID before the installation varying between 88% to 91%. For the tests of the
bucket model with L/ D=1.0-low sand, the average reduction is of 36%, and
these tests were performed in a slightly looser sand with the mean ID before
the installation varying between 72% to 76%. The tests performed in dense
sand on the models with L/ D=1.0-high sand show the average reduction of
38%. In general more reduction in soil penetration resistanc e is observed for
tests on longer skirt bucket, as the phase of the suction installation is almost
2 times longer. The last mentioned tests includes the installation of the round
and the modular bucket model. The comparison of the relative soil density
before and after suction installation for the latter case in dicated a slightly
higher reduction. Figure 4.10demonstrate how the relative density of dense
sand is reduced on the example of tests performed on the L/ D=0.5 model
bucket and L/ D=1.0-high sand model bucket for both the suction and the
jacking installation.
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Fig. 4.10: The comparison of soil relative density before and after the i nstallation: (a) test 1.9
(L/ D=0.5, the suction installation), (b) test 3.14 (L/ D=1.0, the suction installation) and (c) test
3.5 (L/ D=1.0, the jacking installation)

The changes in the soil density are negligible for the suctio n installation
in loose sand. For the medium dense sand with ID of around 60%, there is a
maximum of 20% in the reduction of the relative soil density.

When analyzing the CPT results for the jacking installation, t he �rst ob-
servation is that in most of the tests the soil is slightly com pacted after the
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installation is completed. The shearing failure of the soil happens when the
bucket skirt penetrates the soil resulting in the increased soil density. The
tests were initial ID was close to 90% indicates some small reduction in the
density after the installation. For very compacted sand the dilation behavior
is activated, resulting in a small reduction as an effect of t he shear soil failure.
The changes are rather small when compared to the changes resulting from
the suction installation.

The CPTs results indeed indicate that the seepage �ow reduces the strength
of the soil. However, it is the direct comparison between the ja cking tests and
the suction tests in similar soil conditions that really cap tures the change in
the soil penetration resistance as an effect of the seepage �ow. There is much
more reduction that was �rstly indicated by the change in the CPT pro�les,
which means that the soil is able to regain its strength to som e extend when
the suction installation is completed.

As there is no seepage induced during the jacking installatio n and no re-
duction in the initial soil penetration resistance is expec ted, the ratio between
the measured resistance during the suction installation an d the measured
resistance during the jacking installation, Rs/ Rj , in similar soil conditions in-
dicates how much the seepage �ow is able to lower the required i nstallation
load. Figure 4.11presents the ratio values for different tests.
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Fig. 4.11: Rs/ Rj ratio comparison for (a) dense sand but different L/ D models and different zL;
and (b) for different soil densities and different skirt geo metries (R - round, M - modular)

Tests used in �g. 4.11are as follows: L/ D=0.5 model presented with tests
no. 1.2 and 1.9; L/ D=0.5-low sand model presented with test no. 2.4 and
2.5; L/ D=1.0-high sand model presented with tests no. 3.12, 3.24, 3.14 for the
round bucket and test no. 3.19, 3.22, 3.23 for the modular bucket. First of all,
there is no signi�cant in�uence of the distance to the bottom b oundary, zL,
at the resistance magnitude. A small difference is observed when compared
the two different L/ D ratios tests. Slightly more reduction takes place for
L/ D=0.5 for the same penetration depth; however, this is probab ly dictated
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