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Abstract

Marine renewable energy devices harvest sustainable &ndrsargy from everlasting
sources such as wind and waves. To compete with fossil tirel®ffshore renewables
must offer profitable solutions. Consequently, cost savimg foundations are desir-
able. Bucket foundations are a suitable and cost-effestiigtion for various offshore
structures, and not least marine renewable devices. Tiseqrthesis focuses on the
tensile axial response of bucket foundations in dense stmelthesis addresses sev-
eral critical design problems related to the tensile responAmong those are the
soil-structure interface parameters, tensile loadingeunarious displacement rates
and tensile cyclic loading.

For the analysis of realistic soil-structure interactianphysical model was designed.
A new laboratory testing facility was built allowing modedsting in scale of 1:10
prototype size. Furthermore, an overburden pressure veagyeapplied on the sand
surface for the simulation of different soil depths. Thughler soil stresses were cre-
ated, diminishing scaling effects and providing more infation about the interface
parameters. Furthermore, the test set-up allowed exaiomsabf long-term cyclic
loading. Up to 40,000 harmonic load cycles were applied withstant mean loads
and amplitudes. The test set-up provided high quality datauttloads, displacement
and pore pressure.

A different test set-up — a pressure tank — was employed fdibplacement rate
analysis. The pressure tank enabled the simulation of 20 terwlapth, allowing for
the generation of various pore pressure levels during thmexations.

The extensive testing campaign provides valuable datatdhmket foundation be-
haviour under tensile loading. State of the art analyticathmds are employed for
the verification and analysis of the data. Back-calculatbthe drained tensile ca-
pacity shows that the lateral earth coefficient decreasedinearly with increasing
soil depth. An interaction diagram is drawn for a summaryhef tyclic loading test
results. The diagram indicates the range of mean loads aptitades within which
the foundation model remains in a stable condition. No esteesupward displace-
ments are accumulated in the range. Finally, the displanena¢e tests show that
large tensile capacity is available.
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Resumeé

Vedvarende marine energimaskiner hgster beeredygtig kerskergi fra evige kilder
som vind og bglger. For at konkurrere med de fossile breefiestekal vedvarende
energimaskiner tilbyde rentable Igsninger. Der gnskefodbesparelser pa blandt
andet fundamenterne. Bgttefundamenter er en velegnet &gstningseffektiv 1gs-
ning til forskellige havkonstruktioner, ikke mindst til dedvarende energimaskiner.
Denne afhandling fokuserer pa bgttefundamenternes egleeisk sand med en hgj
lejringsteethed ved aksiale treekbelastninger. Afhandlingenvender sig til kritiske
designproblemer relaterede til treekrespons. Blandt depametre, der beskriver
bergringsfladen mellem jord og struktur, treeklaster undeskellige forskydnings-
hastigheder og cykliske traeklaster.

For at analysere en realistisk interaktion mellem jord agkstrr, var en laborato-
riemodel designet. En ny forsggsopstilling som gav mulibfoe at undersgge funda-
mentetsmodeller i en skala p& 1:10 var konstrueret, hvoagarende overfladebelast-
ning pa sandet simulerede forskellige jorddybder. Dermed tkabt hgjere jordtryk
som reducerede skalleringseffekterne og indhentede mfmariation om bergrings-
fladen. Endvidere tillod laboratorieudstyret forsgg mewyléds cyklisk belastning.
Battemodellen blev udsat for op til 40.000 harmoniske idder med konstant mid-
dellast og lastamplitude. Forsggsopstillingen produekealitetsresultater for laster,
flytninger og poretryk.

En anden forsggsopstilling — en tryktank — blev brugt til emsssgelse af forskyd-
ningshastigheder. Tryktanken muliggjorde simulering@fi2vanddybde, som tillod
udviklingen af poretryk under forsggene.

Testkampagnen giver veerdifulde data om bgttefundameetgsskaber ved traek-
belastning. Nyeste analytiske metoder er anvendt for werifig og analysering af
data. En genberegning af den draenede traekkapacitet \tiden aandrette jordtryks-
koefficient falder ikkelinesert med stigende jorddybde. rif¢liaktionsdiagram, som
sammenfatter resultaterne af de cykliske forsgg, er ugilbeDiagrammet viser in-

tervallet for middellaster og amplituder hvori fundamesteodel forbliver i en stabil

tilstand. Ingen overdrevne flytninger bliver akkumulerattervallet. Endelig viser

forskydningshastighedsforsgg at stor treekkapacitelgeetigelig.
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CHAPTER 1
Introduction

The current knowledge of offshore geotechnical design stieom experience gained
in the offshore oil and gas sector. However, offshore areasabso of interest in
the design of wind and wave energy generators. Compared smdigas industry
structures, they are usually significantly lighter, opeiiat shallower waters and are
subjected to severe cyclic loading and dynamic excitatioFisese factors result in
different structural behaviours. For example, a lightweigtructure supported by a
tripod will transfer horizontal wind and wave loads to axtaimponents as well as
sliding and moment on each of the foundations. Due to the tovetiral self-weight,
the foundations may be exposed to complicated loading awatibins, such as cyclic
tensile loading. Consequently, the geotechnical desilynisns should reflect the real
structural behaviour.

The wave energy sector is still experiencing challengesraviging cost competi-
tive solutions compared to other energy sectors, such a8 fosls and wind. How-
ever, the offshore wind energy sector is under continuowgldement and is able
to provide knowledge of relevance to the other green eneeyjcds fixed on the
seabed. The present thesis addresses the geotechnical desifshore foundations
for lightweight structures. Cyclic tensile loading on batkoundations is of particu-
lar interest to this research. For investigation of theistialbehaviour of foundations,
physical modelling is required. This project describeslialoke modelling technique
that can provide knowledge of the interaction between swllsructure.

The following sections of this chapter provide an overvidwhe research activities
related to marine renewable energy generators. Typicghofe structures and their
foundations are presented. The last section outlines thetste of the thesis.

1.1 Research projects related to marine
renewables
Offshore conditions offer rich opportunities for suppogia greener and more sus-

tainable environment by utilizing the renewable energy taa be provided by wind,
waves, tides, currents and sun. At the moment, a large nuafbresearch projects
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related to such renewable technologies are in progressdhd aver. A few of them
are mentioned here. The projects generally focus on cetteeness, which is es-
sential to success in the marketplace.

A number of research and development projects related &idletricity and gas sector
are financed by Energinet.dk (Energinet.dk, 2016). ThrahghrorskEl-programme,
Energinet.dk has financed the Cost Effective Foundation lastllation of Wave
Energy Converters project that was developed by three maons: Aalborg Uni-
versity, Universal Foundations A/S and Wave Star A/S. Bssdinancial support for
this PhD work has been provided by the project.

Mooring Solutions for Large Wave Energy Converters is anoomgy project which
concerns cost reduction and structural solutions for thermg systems of large
floating wave energy converters. The project has severcygatit organizations and
is financed by the EUDHr{ Danish Energiteknologisk udvikling og demonstration)
programme. (Energiforskning.dk, 2016; DAE, 2016)

Innovative Wind Conversion Systems (10-20 MW) for Offshogphcations was an
ambitious project that aimed at the design of a 20-MW windihe. The project in-
cluded the analysis of specific technological improvemeaqsiired to transform the
vision of a 20-MW offshore wind turbine into reality. The fiyear project involved
27 European partners. (INNWIND.EU, 2015)

The Performance Assessment of Wave and Tidal Array SystBer®\(VaT) project
aimed to create software tools for wave and tidal energycgearrays and to assess
production costs. The project was developed by seven argiomns and financed by
the Energy Technologies Institute. (ETI, 2016)

1.2 Offshore structures

The majority of the existing offshore structures were Haittthe oil and gas industry.
Each oil/gas platform is a unique and expensive structureréguires detailed design
work. Moreover, for permanently manned structures, atianmhust be paid to safety
and physical working environment. As failure in such a dtiee may be fatal, the
design of offshore platforms is often guided by consermatsd relatively expensive
design solutions.

Offshore platforms are usually located in much deeper wattien compared to ma-
rine renewable devices. For example, the Perdido platfaéamds at a water depth
of 2450 m, making it the world’s deepest oil structure (Sh2ll16). Platforms and
terminals can be moored to the seabed or fixed using variques tgf foundations,

e.g. gravity based, pile, skirted foundations, etc. Snaase the first TLP with mul-

tiple caisson foundations in the North Sea (Tjelta et al§&)9 Four bucket founda-
tions were used to support the jacket structures of the Eoped®/11E and Sleipner T
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(Tjelta, 1995).

At present, more than 90% of offshore wind installationsfatend in the European
waters (GWEC, 2016a). In 2014, about 268,000 wind turbineshore and offshore)
were in operation the world over (GWEC, 2016b). Danish Vindelected in 1991,
was the first offshore wind park ever (EWEA, 2016). We are gpaiglobal expan-
sion in the size and distribution of offshore wind parks. Bg £nd of 2012, 74% of
offshore wind turbines were supported by monopiles, 16%ayity based founda-
tions while the remaining 10% utilized other types of foutimtas (EWEA, 2016). The
design of offshore wind turbines is constantly being impehMeading to increasingly
efficient and reliable technology. The sector may currelndcharacterized as one of
the most developed renewable energy sectors.

Wave energy is another promising source of renewable enéigve energy con-
verters (WECSs) can be divided into three major groups, ddpgrah their structural

properties and their method of energy extraction: poinbelers, terminators and
attenuators (Jakobsen, 2015). Figure 1.1 shows three éesuofdVECs:

e Wavestar WECs belong in the point absorber group. Since 2002-scale test
section of Wavestar WEC has been in operation in Hanstholthefvest coast
of Denmark (Wavestar, 2016). The structure can be liftedralibe sea level
during storms for protection from excessive wave loadsfdts gravity based
foundations rest on a chalk seabed. A full-scale Wavestacel@ould be a very
large structure which would require the development of aenuwst-effective
foundation system.

e The floating wave energy device, the Wave Dragon, is chaiaetkas a termina-
tor (Figure 1.1b). A prototype was launched in Denmark in20®aveDragon,
2009). The position of the device is secured through a sysfeables connected
to the foundations such as suction anchors.

e Attenuators are exemplified by the Pelamis (Figure 1.1cR0od, the first full-
scale Pelamis WEC was launched, with a length of 120 m and eetéaiof 3.5 m
(EMEC, 2016). From a geotechnical point of view, the deveguires a similar
foundation solution to that of the Wave Dragon.

1.3 Offshore loading conditions

Offshore structures are subjected to structural, operaltiand environmental loads.
Boker (2009) divided the loads into four groups based omr th&nsity:

e Permanent and quasi-static loads are low frequency loatistéy last for hours
or days; e.g. mean environmental loads.
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Figure 1.1 Wave energy converters: A) Wavestar (point absorber); ByaNaragon (terminator); C)
Pelamis (attenuator).

e Cyclic loads are harmonic loads with specific load periods amplitudes, for
example wind and wave loads.

e Stochastic loads are random loads, e.g. from irregularsvind

e Transient loads are brief loads, such as loads from shipgmsis and breaking
waves.

Loads are transferred through the structure on to the fdiowand subsequently to
the soil underneath. The frequently very large and heavamil gas platforms are
typically supported by fixed foundation systems. The largézontal wind and wave

loads to which such structures are exposed create large nidoaels that are trans-
ferred in several ways: a gravity based foundation has att@fé area that resists
the moment load, while a system of separate foundationsfaendominating axial

components to the soil. Whichever foundation type the piatfis supported by, the
self-weight of the upper structure results in significampoessive loads.

Offshore wind turbines are significantly lighter comparedffshore platforms. Thus,
their foundations may be subjected to tensile loads. Howevith sufficient spacing
between them, tensile loads will rarely occur. Against saiglolution speaks its high
cost.

As seen in Figure 1.1, wave energy converters have vari@aseshand sizes. Conse-
quently, different loading scenarios must be considerda: fdbundations of the three
WECSs shown in the figure will need to resist cyclic loadings.

Presently, there are no international standard guidethregtsprovide detailed instruc-
tions on how to deal with cyclic loading on offshore foundas. DNV (1992) men-
tions cyclic axial loading on the offshore pile foundations

"The effects of cyclic loading on the axial pile resistanod displacement should be
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considered in the design. The main objective is to deterthimshear strength degra-
dation along the pile shaft for different loading intensgi” (DNV, 1992)

The evaluation of the cyclic loading is a complex task beeadugresupposes assess-
ments of the cyclic degradation of soil properties and réfects. A safe foundation
design is required to ensure that the structure is able ty eflirelevant loads safely
and without excessive displacements.

1.4 Bucket foundations and installation

Shallow foundations with a soil-penetrating skirt are galig called skirted foun-
dations. They are used for the support of a variety of offstsiructures. Suction
buckets, caissons, anchors and skirted plate foundatierssyaonyms for can-shaped
foundations with a lid and a skirt. As shown in Figure 1.2le fiundations may have
different shapes (cylindrical, cubic, multi-shell). Oftse structures may be supported
by a single or several skirted foundations (monopods oripads). The foundations
may be made of different materials, such as steel and cochbmacrete-steel.

Tjelta (2015) briefly describes the Trial Installation R@j which showed that bucket
foundations are applicable for any type of seabed, exagpdicks and areas with large
boulders in the soil volume. He warns that foundation desigstallation technique
and preparation for it must be performed by experiencedegsibnals, in particular
in locations characterized by stiff clay on a sandy soil {&je2015). The author lists
limitations on the application of bucket foundations, sashsandy seabed, because
of the tensile resistance both in the short and the long-terdthe cyclic behaviour
under two-way loading.

The installation of a bucket foundation starts with the-pelfetration caused by the
weight of the structure. After the first 1-2 meters of skirnpgation, a hydraulic
seal is created around the tip. Sea water is trapped insidftimdation and can be
pumped out creating a hydrostatic pressure differencerdhddid. Figure 1.2a shows
the installation process, with the water being pumped odtflamving around the tip.
Suction pressure may be limited by two factors: pump effoyemwhich depends on
water depth (cavitation pressure), and piping in sandyasad lift-up of soil volume
in clay (Houlsby et al., 2005a).

Tjelta (1995) further discusses the geotechnical aspddiaaket foundation instal-
lation based on experiences from the Europipe 16/11E grojéoulsby and Byrne
(2005a; 2005b) were the first to introduce a theoreticaltgoifor the installation of
skirted foundations in various soils. On the basis of erpiriata and extensive prac-
tical experience, Andersen et al. (2008) suggest that ledions of the installation of
skirted foundations need to consider bearing capacity & data in dense sand.

The concept of bucket foundation design has been subjexiahsiderable research




6 Introduction

Section S-S Alternative

Section S-S*

Figure 1.2 Bucket foundation: A) under installation; B) circular andltirehell skirt section.

efforts since it was introduced by Hogervorst (1980). Hosveexperience with this
type of foundation stems mainly from the oil and gas sectoereHoading condi-
tions differ from those of renewable energy structures, astimoned in Section 1.3.
Standard design guidelines are available for pile and tyr&ased foundations while
knowledge of bucket foundation design is limited.

1.5 Overview of the thesis

Figure 1.3 sketches the usual stages in the design of a bimkedation. The first
step comprises the collection of local soil data and infdiomaon loads at the site.
When a geotechnical profile has been prepared, the initiabmioning may start.
Analytical design methods are used for the estimation aihdier, skirt length and
the calculation of bearing capacity and displacements. éVlitekting can provide
useful empirical equations and clarify design issues edlab atypical geotechnical
structures, loads and soil-structure interaction. Hadoge primary geotechnical di-
mensioning, the suction installation and structural asedyare performed. The later
design stages include design verification and scour assessithis thesis addresses
design methods relevant to the topics indicated by yellofigure 1.3.

The following outlines the structure of the thesis:

e Chapter 2 presents a short review of the methods developedf$bore founda-
tion design. The division of the review reflects the topicsedévance to tensile
loading on bucket foundations in sand.

e Chapter 3 indicates the scope of the thesis. This chapteredatie methods de-
scribed in Chapter 2 that are used in the thesis and leads &rthand objectives.
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Figure 1.3 Bucket foundation design steps. Sections marked yellowddeeased in this thesis.

e Chapter 4 provides a summary of the research performedgitiniPhD project.

e Chapter 5 summarizes the main achievements of the work ssalides the vi-
sion for future work.

e Appendix A: conference paper entitled "Comparison of Fatioth Systems for

~———o

Wave Energy Converters Wavestar".

e Appendix B: conference paper entitled "Comparison of Dedlgthods for Axi-

ally Loaded Buckets in Sand".

e Appendix C: conference paper entitled "New Medium-Scalledratory Testing

of Bucket Foundation Capacity in Sand".
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Appendix D: technical report entitled "Testing of Axiallyoaded Bucket Foun-
dation with Applied Overburden Pressure".

Appendix E: journal paper entitled "Bucket Foundation Miodlesting under
Tensile Axial Loading".

Appendix F: journal paper entitled "Bucket Foundation Rese under Various
Displacement Rates".

Appendix G: technical report entitled "Bucket Foundatiansler Axial Loading
— Test Data Series 13.02.XX, 13.03.XX and 14.02.XX".




CHAPTER 2
Literature Review

2.1 The behaviour of coarse grained soils

Various experimental observations with skirted foundaitave shown that, under
rapid loading conditions, medium- to fine-grained sands atchave enough time to
be drained. The drainage level depends on load rate, soilgaility, fluid viscos-
ity and the size of the foundation structure. However, if keding is quasi-static
or static, the fluid drains in the soil. Drainage conditions @xtremely important in
grained soils since they affect foundation bearing capacit settlement.

Jafarzadeh and Sadeghi (2012) performed cyclic loadirtg tesa simple shear ap-
paratus with two uniformly graded sands (Babolsar sand agdré sand). The focus
of their study was to examine dynamic soil parameters depgrsh the soil satu-
ration level. The authors found that changes in saturageal Isignificantly affect
the dynamic properties of sand, e.g., soil shear mod@lus significantly reduced
at saturation level above 75%. The difference in saturatelduasaturated soil shear
modulus increases with the number of cycles applied. Dagnirof loose sand in-
creases with the soil saturation level, while damping ofsgesand is nearly the same
in saturated and dry soil. Jafarzadeh and Sadeghi (201efunore compared the
drained and undrained test results. In both conditiohéncreased and\ dropped
due to the increase in the effective vertical stress.

Ibsen and Lade (1998) and Ibsen (1999) found that in staticcgolic loading con-
ditions, the volume changes of dense sands are governecelghtracteristic line
which is unique for each type of sand. Dense sand behavi@mges when shifting
from contraction to dilation, and vice versa. Via a triaxi@sting campaign, Ibsen
(1995) found that the negative pore pressure is maintainedgl soil failure, a fact
that should be taken into consideration for the foundatesigh under rapid loading.

Ibsen et al. (2009) analysed test data from laboratory cesistance tests and drained
triaxial tests performed with Aalborg University sand No.Shnd classification prop-
erties were described by Ibsen and Boedker (1994) and Hakgad Borup (1993).
Ibsen et al. (2009) related the laboratory cone resistamtieet relative soil density.
Moreover, they derived the basic soil strength and stiesameters, i.e., tangential
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Figure 2.1 Aalborg sand No. 1 parameters dependence on the horizomss stbsen et al. 2009

¢ and secanp; friction angles, tangential cohesiep, angle of dilatiorny) and the
secant Young's moduluBs,. Parameters, and« decreased with the increasing ho-
rizontal stressr; (especially in the range of [0; 100] kPa), whilg, had a tendency
to increase with the increasing (Figure 2.1).

2.2 Bucket foundation behaviour under various
axial loading conditions

A bucket foundation under axial compressive loading behtdike a gravity based
foundation. Thus, the usual methodology for bearing caparid settlements is ap-
plicable. The tensile response depends on soil type, wafghdnd loading intensity.
Section 1.3 described four load groups representing diffdpading intensities.

Figure 2.2 visualizes the bucket foundation response uaxal tensile loading. The
system acts like a syringe. The upward displacement creagep between the soil
surface and the lid. As the pressure tends to drop underdhevéiter streaming is
created through the soil volume to the gap. If the displacegmage is slow enough,
the water flows to the gap. But if the rate is high (transieatllng), the water cannot
fill the gap fast enough and negative pressure is establishftt gap and the soil
pores.

Permanent and quasi-static tensile loads are carried bwelight of the structure,
external skirt friction and the lower of internal skirt flien or plug weight. This
corresponds to the drained tensile capacity, with a madeiti only 1% of the com-
pressive capacity in dense sands.

Cyclic, transient and stochastic loads have higher loagsredmpared to quasi-static
loads. If a bucket foundation is installed in a relativelyefigrained soil, partially
drained or undrained conditions will arise during rapidsienloading. The drainage
situation depends on several factors: drainage path (giopal to skirt length and
diameter), soil hydraulic conductivity and load rate (@pdacement rate).

10
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At extremely high loading rates, there is no water flow in tloegs which indicates
completely undrained conditions. The undrained tensifgcay is a result of exter-
nal skirt friction and end bearing capacity. The upper lifaitthe undrained tensile
capacity is estimated by the multiplication of the negafivessure under the lid and
the inner area of the lid. The negative pressure is limited/ater cavitation pressure,
that is, water depth.

Deng and Carter (2002) suggested three analytical desigtelsdor pull-out ca-

pacities under drained, partially drained and undrainedlitimns in cohesive soils.
Accordingly, three different failure modes were given (Fig 2.3): sliding (failure

around the internal and external skirt walls), bottom tesise (soil plug plus external
wall friction) and reverse bearing capacity (plus extemall friction).

Senders (2009) described two extremes in the theoretilabpucapacities for bucket
foundations in cohesionless soils (Figure 2.4): pureifiwl resistance (failure around
the internal and external skirt walls), and reverse beacappcity (corresponding to
fully undrained loading). The latter capacity is signifidgrigher than the first one,
but the real foundation response appears to lie somewhbetireen of the two limits.

As for any other embedded geotechnical structure, saitgire interface characteris-
tics are very important for bucket foundation design. koital resistance is developed
in a narrow contact zone between the structure, e.g. a bfakadation skirt, and soil.
This narrow zone has different properties compared to theafethe soil body. For
granular materials, the interface conditions are depanaiegrain size, relative den-
sity, relative roughness of the structure (skirt), soiéssrconditions, etc.

Under shear loading, granular materials can contract carekpbehaviours that are
very important for the interface zone. If dense sand is stear the interface, the
dilation of grains will increase normal interface stregsulting in higher frictional
response. The behaviour is diminished in higher stressitionsl (deeper soil) where
the frictional response is more constant. (Boulon and Fdra§6)

The Coulomb failure criterion for the estimation of friatiosuch as pile shaft re-
sistance is as follows:

T = Kol tand, (2.1)

Wherer is frictional responseK is earth pressure coefficient relating the effective
vertical stressr;, to the effective horizontal stresg, and¢ is the interface friction
angle.

API (2011) provides that correlates with the mean particle diametkp and has
an upper limit of 28.8. § may be assessed through advanced laboratory tests. Oth-
erwise, API (2011) suggests a productifand that ranges from 0.29 for medium

11
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Figure 2.2 Water flow in the soil to the gap between the soil surface aadidhunder tensile loading.

dense sand-silt soil to 0.56 for very dense sand.

For pile design,K is between 0.8 and 1 (API, 2011). In bucket foundation design
the expression (2.1) is also applicable, but there are rar gigidelines fork value.
Larsen (2008) use& = 1 — sinyp, a rather conservative expression, which corres-
ponds to the in-situ lateral pressure coefficiéfy. Villalobos (2006) showed that

K for a bucket foundation under tensile load may be expresgeeqgbation (2.2)
where soil arching in the soil-structure interface due tctifsn on the skirt is taken
into consideration. In this cad€ values increase from 0.2 to 0.6 fercorrespond-
ingly from 55° to 3(°. Based on test results and literature review, Boulon andy~or
(1986) showed thak changes with sand depth, as given in Figure 2.5. The very high
lateral earth pressure coefficient of 3.2 at low soil streas explained by high dilata-
tion. Based on cone penetration test results performed lpgdd&szhiew et al. (2015),
Thomassen (2016) showed thidt changes from approximately 3 to 0.5 parallel to
increasing effective vertical stress from 0 to 100 kPa. Kloyland Byrne (2005b)
explained thaf{tano are always used as a coupled term. They showed that in earlier
large suction caisson installation projeéfsand values were in the range of 0.48-0.8.
Byrne and Houlsby (2002b) commented thatand=0.5 is a good estimate for most
cases of bucket foundations under tensile loading.

2
Ko o5

= 2.2
2 — cos2p’ (2:2)

12
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Figure 2.3 Tensile resistance in cohesive soil: (from left) drainespmnse; partially drained response;
undrained response. (Deng and Carter, 2002).
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Figure 2.4 Tensile resistance in cohesionless soil: (left) drainepoese; (right) undrained response.
(Senders, 2009).
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Figure 2.5 Lateral earth stress coefficient vs vertical soil stresspréguced from Boulon and Foray
(1986).
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2.3 Bucket foundation design methods

2.3.1 Design practise

Several standard design guidelines for offshore strustarel foundations are ac-
knowledged around the world. Among them DNV (2014), DNV (289API (2011)
and 1SO (2003) should be mentioned. Obviously, the apjtinaif standard guide-
lines depends on local conditions; many countries havelatarguidelines that must
be taken into account. The following gives a short overvidwthe foundation types
considered in standards:

e DNV (2014) describes offshore foundation concepts for wimdbines: piled,
gravity based and skirted (bucket) foundations as well agisas for moored
floating structures. DNV (2014) refers to DNV (1992) regaglithe recom-
mended desigh methodology for gravity based foundatidles, foundations for
jack-up platforms and the prediction of the installatiorskifted foundations.

e API (2011) provides the recommended design methodologstfaliow and pile
foundations, including recommendations for foundatiorith wkirts regarding
vertical and horizontal capacity as well as installatiothvguction application.

e ISO (2003) provides the recommended design methodologyiloand shallow
foundations, with general guidelines for foundations vgitirts.

e ISO (2007), besides the recommended design methodologyiéoand shallow
foundations, comments that skirted foundations are abkedist cyclic uplift
waves of several seconds’ duration, even in sand.

As seen above, standard design guidelines are availablgiléoand gravity based
foundations while information related to bucket foundatitesign is very limited.
Generally, the bucket foundation should be assessed asvilydrased foundation
with a skirt. There is ample scope for geotechnical desgebpice, for example
in using alternative methods for the evaluation of cycliadimg. The assessment of
cyclic degradation and the relevant displacements is a ntgsk as the cyclic prop-
erties should be examined under various loading regimesteder, a determined
methodology on this topic is unavailable.

2.3.2 Analytical expressions for tensile capacity

Iskander et al. (1993 and 2002) performed tensile loadistg ten caisson foundation
in sand. The tests led to an analytical method for the caionla@f the tensile capa-
city of caisson foundations in drained and undrained camt The drained tensile
capacity was found to reflect frictional response on the btskirt. The undrained
capacity included consideration about the hydraulic gnaidinduced by the tensile
loading.

Houlsby et al. (2005b) introduced a theoretical solutiontfe skirted foundations

14
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subjected to tensile loading. Their design methodolog\sittared possible pore suc-
tion generation due to the tensile loading. The authorsgseg a method for the
prediction of the suction pressure. The solution was verifig model testing at vari-

ous scales and in different soils, including field tests (idoy et al., 2006).

2.3.3 Finite element models (FEM)

Bye et al. (1995) presented geotechnical design methoduokds foundations in
dense sand. Bucket bearing capacity was estimated usimgined soil strength pa-
rameters. The proposed method included pore pressuré eftamation according to
Andersen and Lauritzsen (1988). Moreover, a method wasogespfor the calcula-
tion of cyclic bearing capacity.

As a result of their finite element analysis (FEA) of suctiaissons in cohesive soil,
Deng and Carter (2002) developed and verified simplifiedtsols for three tensile
loading failure modes. Caisson tensile capacity was eginthrough displacement
controlled calculations in which a load-displacement oase was achieved. A non-
dimensional parametdr was introduced to evaluate the effects of the displacement
rate as follows:

ey

o 23
D (2.3)

o= K (2.4)
myYw

Where: ¢, is the coefficient of soil consolidation, is displacement ratd) is cais-
son diameterk is the hydraulic conductivity of the soiln, is the coefficient of
1-dimensional volume decrease apgdis the unit weight of pore water.

Thieken et al. (2014) presented FEA for tensile loading artkbtfoundations in sand.
Different tensile loading rates were applied on a buckenffation. The analysis
showed that under small displacement rates, the drainesile¢arapacity was mobi-
lized while under high displacement rates, the undrainedlitons occurred. In the
latter case, large upward displacements occurred.

Cyclic loading analysis using FEM

Cyclic axial loading is extremely important for relativdight offshore structures with
multi-pod foundation systems, such as jackets with sefeualdations. In storm load-
ing, large cyclic loading amplitudes can arise comparedeamcyclic loads. More-
over, it is hard to expect that the cyclic loading would berieted in the compres-
sive direction as that would inevitably increase the préidaccosts. The best-known
testing campaigns for cyclic loading on piles are descritnedardine et al. (2005).
According to Abdel-Rahman et al. (2014), axial pile capad#écreases with the num-
ber of load cycles due to the loss of the ultimate skin frictidhrough a new finite

15
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element calculation for the cyclic tensile loading on pileslense sand, the authors
showed that the reduction of the ultimate skin friction eeses with the number of
cycles, soil depth (normal stress) and cyclic loading level

Niemunis et al. (2005) applied a high-cycle accumulatio€£ model for the pre-
diction of strains and stresses in sand. The model is afididar large numbers of
cycles (>18) and small strain amplitudes (<18). The HCA model was based on an
extensive laboratory testing programme performed by Wielnn (2005). Niemu-
nis et al. (2005) implemented the HCA model in a finite elementine. Later,
Zachert et al. (2015) compared the HCA finite element modgllte to a cyclic load-
ing test with a full-scale gravity foundation, showing goagleement for settlement
and pore pressure prediction.

A complex design method for cyclic loading on offshore foatiohs was created by
the Norwegian Geotechnical Institute (NGI) (Andersen eti#192; Andersen, 2009;
Jostad et al. 2014). The method requires triaxial and diteear tests on relevant soil
samples to provide the cyclic soil parameters. It is worttingothat each foundation
location requires at least ten cyclic laboratory tests @ndtcess to rich in-house
database for the supplementation of the knowledge of thevamt soil behaviour.
In the NGI method, cyclic loading on the structure is systiéred to the equivalent
loading parcels, after which the data is processed in a f@ment program for the
calculation of the cyclic capacity and settlements of thenftation. The method is
valid also for offshore wind turbine foundations, as arghe&kau and Jostad (2014).
While it is estimated to be among best methods for the desigimeafyclically loaded
foundations, it presupposes high-level expertise andsadoea number of design aids,
such as advanced laboratory testing data, specific finiteegleprogrammes, etc.

16
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2.4 Physical modelling of bucket foundations

Acosta-Martinez and Gourvenec (2008) presented cycliifggtests on caisson foun-
dations for buoyant offshore structures in overconsadidaioft clay. The foundation
model /D = 0.3) was scaled 167 times. Caisson model was installed &lyipg at
a constant displacement rate. The installation ended witedetermined compres-
sive pre-load which nearly reached the primary consoliafi he test results showed
that cyclic loading increased the undrained post-cyclifftugapacity and some con-
solidation developed after the cyclic loading program. ldeer, the permanent uplift
displacement arose when higher cyclic loading amplitudeevapplied on the foun-
dation model.

Clukeley et al. (1995) performed cyclic loading tests orssan foundations in clay.
The foundation modeld/ D = 2) was scaled 100 times. The tests were performed in a
centrifuge and showed that the post-cyclic static uplifteeded the calculated virgin
static uplift capacity. On this basis, the authors devaedapenethod for TLP’s suction
caissons subjected to cyclic loading.

Iskander et al. (1993 and 2002) tested tensile loading ofsa@a foundation in dense
sand (water saturated). The caisson model had a diametetrlofidand a skirt length
of 0.19 m ¢/D = 1.76). In addition to reporting load, displacement ancegessure
results for monotonic tensile loading, the authors bad&etated the tensile capacity.

Bye et al. (1995) presented field tests on bucket foundatidtisa height of 1.7 m
and diameter of 1.5 md(D = 1.13) in dense sand locations. The test data were
used to verify design methods for bucket foundations forEheopipe 16/11E and
Sleipner T. Furthermore, laboratory tests were performedii€ferent size bucket
foundation models witld/ D = 0.38. One model had a diameter of 0.55 m and a skirt
length of 0.21 m in skirt length, while another model was &1es smaller. The two
model tests showed identical behavioural characterishi€sl model tests for cyclic
loading showed that low frequency cycling increased theraindd cyclic capacity,
probably due to the compaction of sand or a stress change.

Feld (2001) performed bucket foundation model tests in &4t set-up. A half bucket
model was constructed to provide visual information abailtleehaviour and seep-
age. The bucket was 0.2 m in diameter and 0.1 m in skirt lengt® (= 0.5). The
testing programme included pull-out tests with severgbldisement rates and cyclic
loading tests. Feld (2001) showed that tensile resistarreases with increasing dis-
placement rate. Unfortunately, the documentation of teértg programme and the
results on the cyclic behaviour were scarce.

Kelly et al. (2003, 2006b) reported cyclic axial loadingtsesn a model foundation
with a diameter of 0.28 m and a skirt length of 0.18dyip = 0.64). The tests were
performed in a pressure chamber where water depths of up e @&uld be simu-
lated. The foundation model was installed in dense wateratd sand. Cyclic
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loading tests with mean compressive loads were followed firyad tensile pull-out.
Later, Houlsby et al. (2006) performed field tests with twagéabucket foundations;
the first withD =3 m andd = 1.5 m (/D = 0.5) for moment loading tests, and the
second withD =1.5m andd = 1.0 m (/D = 0.67) for axial loading tests. Finally,
Kelly et al. (2006a) compared the data and a proposed metigpdtor the compari-
son of the field and laboratory testing data. However, it isttvanentioning that the
cyclic axial loading tests had mean compressive load andaosinall part of the cyclic
amplitudes were on the tension side. Furthermore, Kelly. €2@06a) compared cais-
son installation methods of suction and pushing for sexatiakons of different sizes,
documenting that the suction installation disturbed ttik although it was more evi-
dent in the small-scale model tests.

Senders (2009) analysed the response of wind turbine bdclketiations in a tri-
pod combination. Centrifuge tests on model foundationscafes1:100 were per-
formed. The dimensions were 49-120 mm in diameters and @0¥i in skirt lengths
(d/D = 0.5-1). Various aspects of the testing were documentediiding suction
and push-installation, the permeability of different ggpes, and pull-out and cyclic
loading. Frictional resistance during installation ansike loading were successfully
predicted using a cone resistance measurement. Pullsiatsieowed that the devel-
opment of underpressure led to large upward displacemétdscyclic degradation
was found where the tensile load did not reach the draineaoiigdimit.

Thomassen (2016) performed drained tensile loading testssegment of pile foun-
dation which had a diameter of 0.5 m and an embedded shathlef@.96 m. The

pile was installed in dense sand. The author has shown thsiteégeak loads were
mobilized at upward displacements of about 5 mm.

2.4.1 Model size and set-up size (scaling)

Obtaining a correct scaling of the geotechnical designmaters is one of the main
challenges when planning a testing campaign. Corte (1989)ded a useful overview
of the scaling laws for small-scale testg @nd centrifuge). Recently, Byrne (2014)
discussed laboratory-scale modelling issues focussiraffshore geotechnics. A set
of similarity conditions between the prototype and smadis test ensures that the
results confirm with real physical conditions. However, tgebnical soil parameters
are often dependent on the effective stresses, i.e. satetigrf and dilation angles

decrease with increasing effective stresses and vice f@rfz&e modulus of elasticity

(Section 2.1).

Achieving an ideal scaling is therefore often impossible tiu equipment or mate-
rial limitations. For example, a bucket foundation subgelcto cyclic loading should
be examined in adltest set-up. In a scale of 1:10 model, a loading frequencytds 1
should be selected to simulate 0.1 Hz load rate in the fallesdepending on the test
set-up properties, this loading frequency may cause selamage of the foundation
model and the connected measuring equipment. This may givaendc effects that
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are not found in real, full-scale foundation behaviour.

Bye et al. (1995) commented on field and laboratory test differences. The field
tests were performed with a rather large size foundationathduit difficulties were
experienced when considering scaling (in relation to theqtype size) of the soil
consolidation parameters and foundation geometry. It Bailibe to get the real pro-
totype sand and prepare it to the correct density in the &boy. Furthermore, the
correct consolidation behaviour in the scaled model wastainable. The authors
mentioned that for the smaller laboratory tests with sloleading rates, silicon oil
was used instead of water, which resulted in reduced pectiofriangle and dilation.

Sgrensen et al. (2012) commented on scaling problems irt-so@é laboratory tests,
where effective stresses are generally low. They proposeshamethod for labora-
tory tests in a pressure chamber which allowed applicatfomader pressure on the
soil surface. The effective stresses can only be increagetdative pore pressures
in such a test set-up. As the performed tests were quagi;statsignificant change
of pore pressures could be expected. Furthermore, the pessype results were not
commented on (or recorded), itis therefore difficult to $medotential for overcoming
low stress parameters. Sgrensen et al. (2012) proposedhadret the normalization
of laboratory results based on total parameters for thelssoale piles and claimed it
to be promising for the scaling to the prototype dimensions.

Buckingham (1914) introduced the dimensionless simiéttigeory, which may be
applied to any physical system. He stated that any physysé¢ can be described
by dimensionless units of mass, length and time. Two systemsimilar if the phys-
ical parameters are similar. The theory was used by Byrne-smdisby (2002a) for
the analysis of bucket foundation models (small-scale)oamhger cyclic axial load-
ing. Kelly et al. (2006a) successfully applied dimensisslgroups for model test
results performed with various bucket foundation modelgexied to axial and mo-
ment loads. The authors made proposed dimensionless gwitipgsegard to load,
displacement and stiffness in drained cyclic loading tests

For comparison of laboratory size and full-scale foundatomading rates, Kelly et al.
(2004) used a non-dimensional paraméitdeq. 2.5), which is somewhat the same as
expression (2.3). The authors compared the tensile loadirgf a foundation model
and a prototype. It is worth mentioning that an assumed progocase was used for
the comparison.

cyt
T= 72

(2.5)

Where: ¢, is the coefficient of soil consolidation,is time of 1/4 cycle periodH is
the length of the drainage path (equivalent to the skirttieng

Foglia (2014) proposed non-dimensional groups for dispteent rate analysis when
suction pressure and soil permeability are known as equé?ié). The non-dimensional
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groups were successfully used for a comparison of testisgltseof two different
bucket foundation models.

S vd
YD 7 (w) (2.6)
Where: s is pore pressurey,, is the fuild unit weight,D is bucket foundation dia-
meter,d is bucket foundation skirt lengthy, is displacement raté; is soil hydraulic

conductivity andy is a function for the relationship between two models inetéht
scales (can be found by model testing).
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CHAPTER 3
Scope of the Thesis

3.1 Main findings of the literature review

The expanding offshore energy sector is demanding inerglystost effective engin-

eering solutions. Failure in an offshore foundation cawltes tremendous financial

losses. The pressure for wind turbine generators and waeeggdevices to increase
their competitiveness compared to other methods of enedggation also applies to

the design of their foundations. As shown in Chapter 1, mebean offshore founda-

tions is highly relevant. Standard design guidelines aedulisools for the design of

offshore foundations. Section 2.3 gave an overview of s¢wesign codes, indicating
the need for addressing certain design issues. The respbasgally loaded bucket

foundations for offshore renewable structures is amonddpies to be uncovered in
the following.

It is generally accepted that when subjected to compreksids, bucket foundations
behave similarly to gravity based foundations. Sectionridicated some of the crit-
ical problems in bucket foundation design, such as the asitim of long- and short-
term tensile capacity. In Section 1.4, it was seen how a@udtistallation creates
seepage around the foundation skirt, inevitably redudiregstrength of the grained
soil surrounding the skirt. Although the frictional intace capacity is affected, this
is likely to be regained as a result of the light cyclic loaglthat compacts the soll
interface. But designers are facing difficulties in chogsappropriate parameters for
the prediction of the interface resistance (Section 2.2)e Gisual considerations for
the design face two extremes: either the drained capadaty (ew) or the undrained
capacity with the water cavitation determining the limie(j the highest tensile capa-
city). However, the real response is somewhere in betwesetwib limits for a design
storm loading case.

At present, model testing and advanced finite element mindethay be applied for
the investigations. The displacement of axially loadedkbtifoundations should be
accurately predicted. This concerns in particular fouiodatthat are subjected to ten-
sile loading. While it remains unclear how displacementsrgheenced by the partial
drainage, they should be expected to be larger than undgrdidined conditions
(Section 2.4).
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The evaluation of the cyclic degradation and displacemefrtsicket foundations un-
der cyclic loading leaves considerable leeway in the degigoess. The complexity
of the assessment of cyclic degradation is due to the nége$sixamining the varia-
tion of cyclic properties under different loading regiméhis often requires advanced
soil laboratory testing or, even more expensive and timswaring, model testing.

3.2 Aim and objectives

It is crucial that the design methods ensure sufficient fatiod capacity to prevent
the permanent and oscillating loads from causing signifidaformation. The cyclic

tensile capacity of bucket foundations continues to be & tafoconcern. On the one
hand, the drained tensile capacity of skirted foundatiergenerally very low. On the
other hand, the negative pore pressure generation mayaseitbe tensile capacity
significantly. The key issues are thus to predict the acttahdge conditions during
the lifetime of the structure and to evaluate the relatetiessénts.

In the design of bucket foundations in tension, it is tydicalssumed that the re-
sponses can be categorized as drained (low capacity) orimedr (high capacity).

However, the real tensile resistance may be expected toriewhere in between the
two limits for a design storm loading case. Upward displaeet® related to tensile
loading are difficult to predict. Moreover, although the laydehaviour of bucket

foundation in tension is expected to be very critical, norifiging prediction ana-

lytical methods are available at the moment. The key armalysthod is laboratory
testing, which is often related to scaling issues (Sectidnl?. Thus, steps to over-
come problems related to low soil stress in laboratory nesdlebuld be taken.

The aim of the present thesis is to clarify a number of desigiblpms concern-
ing bucket foundations in sand that are subjected to teluslding (static, rapid and
cyclic). The specific objectives of the study are as follows:

e To examine the tensile capacity of bucket foundations unaieous axial loading
conditions.

e To investigate the parameters governing the strength béguoicture interfaces.
e To investigate the dependency of upward displacementseotetisile loading.

e To assess possible cyclic degradation of axially loadedkdtufoundations in
tension.

e To evaluate the influence of displacement rate on the ulén®atsile strength.

e To design a new test set-up that is able to provide considtatfor the afore-
mentioned objectives.

22



Aim and objectives 23

The present study provides valuable experimental tesesglts applicable for the
primary foundation dimensioning as well as for advanceddirlement model cali-
bration. The novel findings of the thesis include:

e A new laboratory testing facility was designed and builtyiding consistent
results of medium-scale testing. The scale of bucket fotimaanodel was 1:10

compared to prototype size.

¢ An extensive testing programme of bucket foundations isitenwas performed,
thoroughly visualizing tensile behaviour under monotdoads as well as long-
term cyclic behaviour with mean tensile loads.

e Pore pressure behaviour was assessed under tensile loaidingarious dis-
placement rates.

¢ High-quality displacement measurements were documented.

e Soil-structure parameters were assessed in the new téatifity which allowes
for the simulation of different soil depths.
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CHAPTER 4
Research Outcomes

The thesis is based on seven papers that include three enogepapers, two journal
papers and two technical reports. The papers cover the dithe @hD project re-
garding the scientific analysis and the laboratory testfrtmioket foundations in sand
subjected to axial loading. Providing an overview of thegrapthis chapter indicates
the main findings as well as some additional issues that wetraddressed in the pa-
pers.

4.1 Overview of the papers

Primary dimensioning-

axial loading on bucket foundations

Analytical design
methods

Model testing

Design of Tensile Upward Cyclic Tensile Compressive
set-up capacity displacement effects capacity capacity
[ T I T T | T
Paper 3 Paper 4, Paper 5, Paper 6, Paper 7 Paper 1, Paper 2

Figure 4.1 Overview of the research and relevant publications.

The aim and objectives were defined in Section 3.2. Figurgi#ek an overview
of the topics addressed in the thesis. The papers providectbetific background for
the thesis and are as follows:

e Paper 1: Vaitkunaite, E., Ibsen, L. B., Nielsen, B. N., and Devant Mal S.
(2013). Comparison of Foundation Systems for Wave Energwe€ers Waves-
tar. In 10th ewtec 2013 European Wave and Tidal Energy ConfereniesSe
Proceedings of the 10th European Wave and Tidal Energy @Gande, Aalborg,
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Denmark Technical Committee of the European Wave and Tidal Enemyy-C
ference. No. 10.

Paper 2: Vaitkunaite, E., Nielsen, B. N., and Ibsen, L. B. (2015). Quamison
of design methods for axially loaded buckets in sandFrmntiers in Offshore
Geotechnics Il proceedings of the third international ggsium on frontiers in
offshore geotechnics (isfog 2015), Oslo, Norway, 10-12 2015 (Vol. 1, pp.
331-342). London: CR C Press LLC.

Paper 3:Vaitkunaite, E., Ibsen, L. B., and Nielsen, B. N. (2014). Ndedium-
Scale Laboratory Testing of Bucket Foundation Capacityainds InProceedings
of the Twenty-fourth (2014) International Ocean and Polargibeering Con-
ference, Busan, South Kored\ol. 2, pp. 514-520). International Society of
Offshore and Polar Engineers.

Paper 4: Vaitkunaite, E., Ibsen, L. B., and Nielsen, B. N. (2018)sting of
Axially Loaded Bucket Foundation with Applied OverburdeesBure Aalborg:

Department of Civil Engineering, Aalborg University. DCEchnical Reports;
No. 209.

Paper 5: Vaitkunaite, E., Ibsen, L. B., and Nielsen, B. N. Bucket Fdation
Model Testing under Tensile Axial LoadingCanadian Geotechnical Journal
Submitted 14-10-2015 [cgj-2015-0497], Re-submitted 662016 [cgj-2016-0301].

Paper 6: Vaitkunaite, E., Nielsen, B. N., and Ibsen, L. B. (2016) Beickoun-
dation Response under Various Displacement Raleternational Journal of
Offshore and Polar Engineerin@6(2), 116-124.

Paper 7: Vaitkunaite, E. (2015)Bucket Foundations under Axial Loading: Test
Data Series 13.02.XX, 13.03.XX and 14.02.&4lborg: Department of Civil
Engineering, Aalborg University. DCE Technical Reports; N99.

4.2 Foundation solutions for the Wavestar wave

energy converter

The section is based on Paper 1:

Comparison of Foundation Systems for Wave Energy Consektéavestar. IrPro-
ceedings of the 10th European Wave and Tidal Energy Corderéwalborg, Denmark

The Wavestar wave energy converter (WEC) was briefly predent&ection 1.2.
Wavestar C6-600kW (Figure 4.2) is designed to operate iemggpth of up to 20 m.
The structure would be 80 m long and 17 m wide. When Paper 1 wisienyrthe
structural design had not been completed. A section of Warv€6-600kW is con-
structed in Hanstholm and is under continuous developmEnot. this WEC to be
competitive with other offshore energy devices, more effgetive technical solu-
tions are needed for various parts of the device, includiegstitable foundation.
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Paper 1 is a feasibility study considering six possible ffation solutions for the
Wavestar C6-600kW. Pile, bucket and gravity based foundativere dimensioned
for two-column and four-column combinations. As the stauat design details were
unknown at the time of analysis, some assumptions were made:

e In the first case of a two-column solution, the foundationd iigid connections
to the columns. The foundations thus had to resist large moloads as well as
vertical loads and sliding.

e In the second case of four-column solution, the foundati@mt hinged connec-
tions to the columns. The foundations should therefore Ietatresist vertical
loads and sliding.

Under storm conditions, the floaters are locked and the WEi@&d labove the water
surface. This protects the floaters them from large waveslodtlavestar A/S pro-
vided loads for a storm case as follows: wind load on the siracwave loads on the
columns at water surface level and self-weight of the devidee self-weight of the
structure was relatively large. Thus, the foundations aposed to a small portion
of the tensile loads. In dimensioning of the foundationkloalds were considered as
permanent loads.

A soil profile containing layered sands was assumed for tegde The foundations
were designed in three steps considering the ultimate State (ULS) and service-
ability limit state (SLS) as follow:

e The primary foundation dimensioning in ULS was based on D1IS9@).

e A 2D model was applied for the secondary dimensioning in Wa8ploying the
commercial LimitState:GEO program.

e A 3D finite element model verified the ULS and SLS conditionse Tommercial
program Plaxis3D was used in this step.

The last design step was a 3D finite element modelling in weatlsfactory ULS and
SLS conditions were verified.

The feasibility study shows that even though the two-colgase would require larger
foundation dimensions, the total amount of material foirtheanufacture would be
smaller than for the foundations in the four-column case. |g\Mhie installation costs
were not assessed, it is expected that the two-column desigidl be cheaper than the
four-column design. When comparing bucket foundations wilth foundations, the
latter is found to require about 1.4 times more steel. Thé&éuioundations thus ap-
pear to be a cost-effective solution for the WEC. Even thobghtwo-column design
seems to be more profitable, the lifting system of the devimghtirequire the four-
column design (Figure 4.3). The section of Wavestar C6-800kHanstholm is sup-
ported by four columns, which requires a reliable desigrhodology for the bucket
foundation axial capacity, especially with respect to iytEnsile axial loads.
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Figure 4.2 Wavestar C6-600kW wave energy device. (Wavestar, 2011)

Figure 4.3 Four-column Wavestar with bucket foundations. (Wavestat 12
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4.3 Current design methods for bucket foundations

The section is based on Paper 2:

Comparison of design methods for axially loaded bucketaims InFrontiers in Off-
shore Geotechnics Il proceedings of the third internagicsymposium on frontiers in
offshore geotechnics (isfog 2015), Oslo, Norway

As lightweight marine structures may be subjected to gstie loads that result in
dominating axial components on the foundations (Chapteth#&)drained axial capa-
city of a bucket foundation should be determined. Secti8mated that design guide-
lines in this topic are incomplete. Paper 2 gives an overatthe available methods
for the estimation of drained compressive and tensile dgpatbucket foundations.
The analysis includes analytical expressions from av&ldbsign codes and several
research institutes and numerical simulations using est@nmetric finite element
model. The aim of Paper 2 is to investigate the available atttand highlight the
differences between them.

The capacities were determined for a hypothetical casg sthére two bucket foun-
dations of equal diameters (10 m) but with different skirigéhs (5 m and 10 m)
were assessed (Figure 4.4). In all the cases, the foundatiere analysed as separate
units under purely axial loading, either compression ositam A uniform dense sand
was assumed, with the properties given in Table 4.1. As sdrtteedound methods
required information on cone resistance, a profile was edebased on Baldi et al.
(1986) (Figure 4.5).

As it was mentioned in Section 2.2, a bucket foundation bet@as a gravity based
foundation under compressive loading. The following lightains the methods (M)
used for the estimation of the compressive bearing cap&ity

e (M1) Plaxis 2D axis-symmetric Mohr-Coulomb soil model
e (M2) Plaxis 2D axis-symmetric Hardening Soil model

e (M3) Davis and Booker (1971)

e (M4) API (2011)

e (M5) EC-7 (2004)

e (M6) Bolton and Lau (1993)

e (M7) Larsen (2008)

¢ (M8) Caquot and Kerisel (1953)

e (M9) Brinch-Hansen (1970)

e (M10) Lundgren and Mortensen (1953)
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The first two items on the list are finite element calculatioFfse remaining items are
various expressions from research papers and standardssaithd) bearing capacity
factors used in the general Terzaghi's bearing capacitndta. Moreover, Hansen
(1979) has suggested using a reduced friction aptfié in analytical solutions based
on the non-associated plasticity theory. The new frictingle accounts for the non-
associated plasticity in soils considering friction anglkend dilation angle) (eq. 4.1).
Thus, it was included in the methods where possible.

SINYcosy

tang ™ = 4.1)

1 — sinpsing’
Figures 4.6 and 4.7 summarize the results on compressiviageapacity. It is noted
that the ten methods give very different results for the ingacapacity depending on
the selected parameters. Indeedls? contributes to the estimatef, values in the

sense that the results become more consistent. Methods BI3VIVt9 lead to similar

estimated capacities. The overall scatter in the resuksptainable by considering
the exponential increase of the bearing capacity facigrand.V, together with the

friction angle. This indicates that the bearing capacity e significantly overesti-
mated in dense sand locations.

The static tensile capacity was estimated as the sum ofrettskirt friction and the
lowest value of either internal friction or plug weight. Femethods were found to
be capable of determining tensile resistance. The methmusidered for the tensile
capacityR; calculation were as follows:

e (M1) Plaxis 2D axis-symmetric Mohr-Coulomb soil model
e (M2) Plaxis 2D axis-symmetric Hardening Soil model

e (M11) Senders (2009), CPT based method

e (M12) Houlshy et al. (2005b)

e (M13) DNV (1992) tensile loading

e (M14) API (2011) CPT based method |

e (M15) API (2011) CPT based method I

e (M16) API (2011) CPT based method Il

e (M17) API (2011) CPT based method IV

Just as before, the first two items on the list are finite ele¢maoulations. Five tensile
capacity methods (M11, M14-M17) require data from cone tratien testing (CPT).

One CPT based method, M11, is calibrated for tensile loadimgucket foundations,
while the other four methods (M14-M17) are used for axiablsgded pile design. The
latter four were considered purely out of curiosity and, ealized later on, the re-
sults indicated that only specially calibrated methodskiecket foundation tensile
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Table 4.1 Soil parameters used for the analysis.

Parameter Unit | Value
Density ratioDgr [%0] 80
Soil unit weighty [KN/m3] | 20.25
Triaxial friction anglep,-;qx [°] 38.8
Plane friction anglep,,;. [°] 42.7
Interface friction anglé [°] 32.2
Angle of dilationy [°] 9
Effective cohesion’ [kPa] 0
Effective Young’s modulugz’ | [MPa] | 39.3
Lateral earth pressure coeff [-1 0.37
10

10

Figure 4.4 Bucket foundations used for the study with dimensions in rseter

response were valid for the design. Methods M12 and M13 azedan the Coulomb
failure criterion. The first method includes stress reductiue to frictional loads in
the soil-structure interface, while the second is also kmaw thes-method used for
the determination of the axial resistance of piles.

Figure 4.8 shows the calculation results for the tensil@itog capacity. The four
CPT based methods are excluded from the data presentatimafigure because they
resulted in up to 9 times larger capacities. The resultsebther methods show some
considerable scatter. A comparison between the methodficsid because they are
based on different assumptions. To validate of some of tladys@d expressions, a
new laboratory equipment was designed for a testing campdibe results are pre-
sented in the following Section 4.4.
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Figure 4.5 An assumed cone resistance profile, based on Baldi et al. (1986
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Figure 4.6 Normalized drained bearing capacity for a bucket foundatipn=0.5. (Vaitkunaite et al.,
2015)
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Figure 4.7 Normalized drained bearing capacity for a bucket foundatitth ¢/ D=1. (Vaitkunaite et al.,
2015)
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Figure 4.8 Normalized drained tensile capacity for bucket foundatiwite d/D=0.5 andd/ D=1.
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4.4 Design of the "Large Yellow Box" test set-up

The section is based on Paper 3 and Paper 4:

Paper 3: New Medium-Scale Laboratory Testing of Bucket Hation Capacity in
Sand. InProceedings of the Twenty-fourth (2014) International &cand Polar En-
gineering Conference, Busan, South Korea

Paper 4Testing of Axially Loaded Bucket Foundation with Appliecfurden Pres-
sure Aalborg: Department of Civil Engineering, Aalborg Unisgy. DCE Technical
Reports; No. 209.

Vaitkunaite (2015) described the step-by-step test pragedThe report is publicly
available on Aalborg University databastp://vbn.aau.dk/

Based on the literature study (Chapter 2), several aspEbtscket foundation design
remain unclear, e.g., long- and short-term tensile capaaid tensile cyclic axial re-
sponse (settlements and cyclic degradation). A new tefdititity was designed for
the examination of foundation behaviour under tensileilogdonditions (Figure 4.9).

The new testing facility was launched in summer 2012, sinlsennit has undergone
many improvements. The testing rig consisted of a sand wentaf 2.5 m diameter
and a loading frame supported on four fixed columns. The tapffame carried two
hydraulic cylinders of 200 kN and 300 kN loading capacity.e@uylinder was used
for the push installation of a foundation model while theestbylinder was used for
loading.

Two bucket foundation models were designed for the testngpaign. They were 1 m
in diameterD and 0.5 and 1 m in skirt lengtlas The skirt material was structural steel
that was unprotected from corrosion. The skirt wall thiddeywas 3 mm. It should be
noted that most of the tests were performed on the smalledfation, whose lower
self-weight and shorter skirt length made it much easieatwdte (Figure 4.10). Each
of the buckets were equipped with a system of harrow steekmtiowing for inspec-
tion of possible pore pressure development at differeritleegls around the skirt.
The pore pressure transducers were placed on the top ofthddtion models, which
allowed easy access for adjustments and calibration oalieration as needed. An
automatic loading system allowed for the application obhbdads or displacements
on the bucket foundation model. A successful loading secpigypically resulted in
high-quality measurement data with information about tifoad, displacements and
pore pressures.

The sand container was filled with Aalborg University sand N¢ as described in
detail by Hedegaard and Borup (1993). The sand consistetlynw@ifine quarts and
a small fraction of feldspar and biotite. The larger pagolvere rounded, the smaller
particles sub-angular. The sand was submerged in water@ngacted with a rod
vibrator. The same sand specimen was kept in the sand centiiming the entire
testing programme. However, the soil conditions were "netruicted” before each
test, taking the following steps:
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1. Loosening sand with an upward water gradient.
2. Compacting it with the rod vibrator.

3. Inspecting sand conditions with a CPT test of our own desig described by
Larsen (2008). lbsen et al. (2009) suggested a set of egsatdating the lab-
oratory cone resistance to the sand properties, such aveai@nsity. Further
analysis of the laboratory CPT outside the scope of thisghes

A bucket foundation model was installed by mechanical pughEvery installation
ended with an elastic compressive pre-load, after whichmbedel was completely
unloaded. The pre-load ensured that the procedure is tigpdtbm test to test. After
the installation, the loading sequence started for testsowt overburden pressure.

As explained in Section 2.1, Aalborg University sand No. dparties changed dras-
tically in the first 0-100 kPa horizontal stress. This createaling effects related to
the change of the sand properties in low-stress tests. Goesdy, the effective stress
was increased in the soil to enable analysis of soil-straediteraction under more
realistic conditions.

The effective stress was increased using a latex membramevds specially pre-
pared to cover the surface of the sand and the bucket modei.n@orow pipes were
connected to the membrane and used for the suction applicati the surface of
the sand. A filter layer between the membrane and the sanacsupfevented sand
particles from being sucked out of the container. By thishudt a pressurg,,, of
0-70 kPa was uniformly applied on the surface of the sanchallsite the installation
of the bucket model installed at different soil depths (Fégd.11).

Ideally, if the entire volume of sand had contained no airldbe and the membrane
had been perfectly tightened, the suction application didwalve had resulted in two
favourable effects: (1) an increase in effective soil stees(2) keeping the sand sub-
merged in water. However, in practise such conditions werg demanding. Any
holes in the membrane were regularly expected. It was furtbee cleaned from sand
particles before each test. All interfaces of membranelsamtainer, membrane-
bucket model, membrane-suction hoses were tightened. itBespny attempts for
improvements, the tests were performed with a leaky sysf&ra consequence, the
water was sucked out of the sand container, leaving the shihve just moist (Figure
4.12). Luckily, the effective stresses were successfultydased and, knowing the
moist soil unit weight, the testing programme proceeded ttie available facilities.
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Figure 4.9 "Large Yellow Box" test set-up.

Figure 4.10 Bucket foundation model, 1 m in diameter and 0.5 m in skirt lengt
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Figure 4.11 Vertical stress distribution on a bucket foundation: prype (left), model simulations (right).
(Vaitkunaite, 2016)

Figure 4.12 Slightly moist sand after a test with the membrane pressure.
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4.5 Tests performed in the "Large Yellow Box"

The section is based on Papers 4-7:

Paper 4Testing of Axially Loaded Bucket Foundation with Appliecfurden Pres-
sure Aalborg: Department of Civil Engineering, Aalborg Uniggy. DCE Technical
Reports; No. 209.

Paper 5: Bucket Foundation Model Testing under Tensile |IAxdading. Canadian
Geotechnical JournalSubmitted.

Paper 7Bucket Foundations under Axial Loading: Test Data Serie82.XX, 13.03.XX
and 14.02.XXAalborg: Department of Civil Engineering, Aalborg Uniséy. DCE
Technical Reports; No. 199.

The testing programme performed in the "Large Yellow Boxhai at showing the
behaviour of bucket foundations subjected to axial terlséeling during a normal
serviceability situation. Thus, the foundation model weansined under long-term
cyclic loading at low intensity. During most tests, drainszhditions arose. The
testing programme focussed on the development of cycliglatiement and cyclic
degradation. The first part of examinations contained slawatonic pull-out tests
that provided reference capacities for the cyclic testse Bincket was pulled up im-
mediately after the installation with a displacement rat8.002 mm/s. The second
part of examinations contained cyclic loading tests of @0;80,000 harmonic cycles
N and cyclic frequency of 0.05-0.1 Hz. The cyclic tests ended with a post-cyclic
monotonic tensile load that indicated the level of cyclig@delation (Figure 4.13).

Table 4.2 shows the results of ten monotonic loading tests.ekch of the mono-
tonic loading tests, a test ID is given that indicates the brame pressure level. For
example, in a test with the ID M40.1, M indicates a monotosnk&t,t40 a membrane
pressure aiming at 40 kPa and .1 is the attempt number. Refetensile capacities
Frg at variousp,, were derived as the average of the corresponding peakdeassil
sistancesFrr were used for the normalization of cyclic loads.

Table 4.3 shows the results of 18 cyclic loading tests. Thellzs marked the mem-
brane pressure and loading conditions as follows: in te&#¥0724m-0.23, C - cyclic
test, 70 - aimed membrane pressure of 70 kPa, A0.24 - cyditing amplitude in
the testt 4=0.24 and m-0.23 - the mean cyclic load in the tgst-0.23. The last two
coefficients express the corresponding load divided byefexence tensile loafr .

4.5.1 Main findings

In most monotonic loading tests, the tensile peak resistams reached at the upward
displacement of up to -10 mm. Iskander et al. (2002) examénesisson of)=0.1 m
andd=0.2 m, which resulted in drained tensile peak Idgdmobilized at a displace-
ment of -4 mm. Thomassen (2016) performed tests with a pgensat of D=0.5 m
andd=0.95 m, which resulted if’r reached at about -5 mm. Vaitkunaite et al. (2016)
performed tests with a bucket foundation modellof0.5 m andd=0.25 m, which
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resulted inF’r mobilized at displacements of maximum -3.6 mm. All theseiltes
indicate that the upward displacement has no correlatigiherewith diameter nor
with skirt/shaft length. Moreover, it may be stated, that dinained tensile capacity is
generally reached within a displacement of up to -10 mm irsdesands.

The development of the load and displacement was expregspdak loading stiff-
nesskycqr, Which was around 1 MN/m for the monotonic loading tests.

Unit skin friction f is analysed for the monotonic loading tests at differenelev

of surcharge (Figure 4.14Y, corresponds to the tensile peak load divided by the sum
of the inner and outer area of the skift. is back-calculated according to API (2011)
using Ktand=0.46 as recommended for dense sand within the range of 65-85%.
The method under-predictg at surcharges of 2 kPa and 77 kPa, but fits well the
other f; values. Based on performed tesfs,indicates a non-linear increase of the
unit skin friction with the overburden pressure. The naredir increase of, may be
explained by the non-linear change of the lateral earthsprescoefficients (Figures

2.5 and 4.15). The higl value of about 3 at very low soil stress may be generated
by the dilative behaviour of dense sand at low stress whieloisg with findings of
Thomassen (2016) and Boulon and Foray (1986).

While most of the cyclic tests resulted in very small cyclisglacementguo,.,,.|<0.01D,
five of them were interrupted because of an excessive dawelopof vertical dis-
placement. In those tests, tensile peak loads reached fienmee load or even
succeeded it. It was noticed that during the critical testsaturated sand, namely
COA0.7m-0.4.1 and COA0.7m-0.4.2, a minor pore suction kgezl, contributing to
the additional capacity of the tensile resistance. Coreaity) these tests could resist
more cycles compared to the tests where the membrane Eesasiapplied.

Eight cyclic loading tests finished with a monotonic posttryloading. The peak
capacityFp. was up to 25% lower than the virgin tensile capadity in tests with
pm=0 kPa. Rather few post-cyclic tests were performed with brame pressures
pm>0 kPa; they did not indicate any cyclic degradation.

Cyclic loading and unloading stiffness were higher thanwingin loading stiffness
kpear, With the magnitude depending on the loading amplitude &ediean cyclic
load. Post-cyclic monotonic loading tests also resultddgher peak loading stiffness
kp. than the virgin loading stiffness. The averdge. was 2.1 MN/m.

Cyclic loading tests showed that mean tensile loads of up% &f the tensile drained
capacity can be allowed for the design without resultingdcessive accumulated dis-
placement. Figure 4.16 summarizes all cyclic loading testits. The stable zone
marks the region where the accumulated displacementwgs <0.01D.
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Table 4.2 Summary of monotonic loading tests. (Vaitkunaite, 2016)

Loading Installation
Pm Test ID d/D Fr wT v Fp dinst
[kPa] [KN] | [mm] | [mm/s] | [kN] [mm]
0 M0.1 | 05| -5.7 | -6.3 | 0.001 | 49.6 483
0 M0.2 | 0.5 | -6.3 | -5.8 | 0.001 | 50.6 474
0 M0.3 | 0.5 | -53 | -4.6 | 0.002 | 49.5 473
0 M0.5 | 0.5 | -59 | -5,5 | 0.002 | 73.0 491
19 M20.1 | 0.5 | -19.0| -24.3| 0.001 | 45.3 486
21 M20.2 | 0.5 | -15.3| -11.4| 0.001 | 46.1 495
20 M20.3 | 0.5 |-23.3| -7.5 | 0.002 | 57.3 487
41 M40.1 | 0.5 | -28.2| -5.0 | 0.001 | 68.3 487
40 M40.2 | 0.5 | -26.9| -5.2 | 0.002 | 72.8 487
73 M70.1 | 0.5 |-96.3| -72.2| 0.002 | 74.0 490

pm - membrane pressuréy - peak tensile loady - displacement ak’r,
v - pull-out rate,Fp - installation loadd;,s; - installation depth.

Table 4.3 Summary of cyclic loading tests. (Vaitkunaite, 2016)

Cyclic loading Post-cyclic load
Pm TestID Friean | Feye Weyce N Fpe. Wpe
[kPa] [KN] | [KN] | [mm] | [HZz] [KN] [mm]
0 CO0A0.2m-0.4 | -2.11 | 1.02 | -0.88 | 39,592| -5.34 | -3.83
0 COA0.3m-0.4.1| -2.05 | 1.93 | -1.35 | 38,227| -5.95 | -7.60
0 CO0A0.3m-0.4.2| -2.05 | 1.93 | -6.23 | 39,753| -4.74 | -0.53
0 COA0.7m-0.4.1| -2.05 | 3.85 | -63.76| 8,100 - -
0 COA0.7m-0.4.2| -2.05 | 3.85 | -65.80| 1,285 - -
0 COA0.7m0.3.1| 1.80 | 3.85 | 0.15 | 28,263| - -
0 COA0.7m0.3.2| 1.80 | 3.85 0 39,980 -4.85 | -1.30
0* C0A0.4m0.3 | 191 | 230 | 0.04 | 19,629| -5.03 | -3.43
0 CO0A0.3m-0.1 | -0.30 | 1.66 | -0.64 | 39,729| - -
0 C0A0.2m0.0 0 1.00 | -0.29 | 40,020| -4.86 | -4.84
43* C40A0.4m0.4 | 11.76 | 11.38| 0.72 | 19,900 -31.33| -12.35
41 C40A0.7m-0.5| -13.03 | 18.37| -67.55| 67 - -
41 C40A0.3m-0.7| 20.12 | 9.33 | -63.81| 202 - -
71* C70A0.3m0.0.1] 2.01 | 29.38| 0.74 | 19,970| - -
70 C70A0.3m0.0.20 1.92 | 29.30| 1.25 | 40,867| -93.26| -28.29
73 C70A0.2m-0.2| -22.39| 23.08| 0.10 | 31,619| -93.90| -26.53
71 C70A0.3m-0.5| -51.67 | 24.49| -75.01| 19,081 - -
71 C70A0.5m-0.5| -50.61 | 45.78| -81.90 5 - -
*Tests with f=0.05 Hz, other tests are with=0.01 Hz

Frean - mean cyc. loadF,,. - cyc. loading amplitudey.,. - cyc. displacement,
N - number of cyclesFp,. - peak post-cyc. loady p. - displacement at'p...
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Figure 4.13 Cyclic loading with post-cyclic monotonic pull-out (test £0.7m0.3.2). (Vaitkunaite, 2016)
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Figure 4.14 Peak tensile load developed at different surcharge lefdstkunaite, 2016)
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Figure 4.15 Back-calculated lateral earth pressure. (Vaitkunaité620
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Figure 4.16 Interaction diagram for cyclic loading tests with overbemdpressure: 0 kPa (empty marks),
40 kPa (blue) and 70 kPa (green). Red line marks limit of thenddhtensile capacity. (Vaitkunaite, 2016)
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4.6 Tests performed in the pressure tank

The section is based on Paper 6 and Paper 7:

Paper 6: Bucket Foundation Response under Various DispkteRates.Interna-
tional Journal of Offshore and Polar Engineering6(2), 116-124.

Paper 7Bucket Foundations under Axial Loading: Test Data Serie@24.XX, 13.03.XX
and 14.02.XXAalborg: Department of Civil Engineering, Aalborg Unigdy. DCE
Technical Reports; No. 199.

As mentioned in Section 2.2, soil drainage depends on tredfizhe foundation,
loading intensity and soil permeability. Cavitation pragslimits the pore suction
that can be induced by loading. When performing cyclic logdists in the large
sand container (see Section 4.5), it was noticed that higyaic loading rates in-
duced some negative pore pressures. The drainage cosditiervery important for
bucket foundation design. The soil below the full-scaledatifoundations would nor-
mally experience partial drainage of some degree if peritfiggais sufficiently low.
The test set-up presented in Section 4.4 was not applicablevestigations of con-
dition under higher pore pressures. Thus, the opportunitgst bucket foundation
responses in a pressure tank was taken (Figure 4.17).

The test set-up was described by Nielsen et al. (2016) andra dbscription was
given in Paper 6. The aluminium bucket foundation model Hatkdsions of 0.5 m
in diameter and 0.25 m in skirt length. The model had a veryamskirt wall, which
allowed focussing on pore pressure development when gebjég tensile loading.
The bucket was installed in dense Aalborg University sand NoThe sand sample
was prepared in the way as described in Section 4.4 for theéogu®test set-up.

The bucket was installed by mechanical pushing, comprelygire-loaded and com-
pletely unloaded. Afterwards, the tank was closed and aspresf 200 kPa estab-
lished (300 kPa including the atmospheric pressure). Tlkdiumodel was pulled
axially with various displacement rates. Fifteen testsengerformed of which ten
were documented in Paper 6 showing data with different puilrates of 0.01-152
mm/s. The results are summarized in Table 4.4. Tests areenathlaccording to the
pull-out rate; for example, the bucket model has been pdlgdvith a velocity of 0.1
mm/ in test v0.1

4.6.1 Main findings

The testing programme showed that the tensile capacitk @eeaile resistance) cor-
related with the pull-out rate (Figure 4.19). Moreover, tihresile capacity was reached
at increasing displacements that were directly dependethe pull-out rate. Based
on the performed tests, it was noticed that much larger thardtained tensile ca-
pacity was available even considering the design limit fer aipward displacement.
Partial drainage in sand should thus be accounted for whignaggg tensile capacity.
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Table 4.4 Summary of pull-out rate tests in pressure tank. (Vaitkuretitd., 2016)

Loading Installation
Dt Test No. Fr wr v Fp dinst | DR ’}/l
[kPa] [kN] | [mm] | [mm/s] | [KN] | [mm] | [%] | [KN/m?]
0 v0.01 (0) (0) 0.01 | 31.0| 240.5| 79 9.3

200 v0.05 -2.7 -0.7 0.05 | 32.0| 239 | 85 9.6
200 v0.1 -4.08 | -0.65| 0.10 | 31.4| 240.7| 86 9.6
200 vl -8.02 | -3.61 1 37.6|242.0| 88 9.7
201 v10 -30.79| -16.01| 10 43.7 | 241.5| 90 9.8
200 v22 -44.07| -14.73| 21.70 | 33.0| 236.2| 83 9.5
200 v27 -48.84| -14.29| 27.20 | 31.5| 239.0| 85 9.6
200 v47 -65.36| -48.78| 46.71 | 31.5| 236.4| 83 9.5
200 vo8 -71.65| -60.48| 98.30 | 31.0| 239.3| 82 9.5
200 v152 |-75.17| -68.18| 152.30| 37.0 | 236.0| 84 9.5

Figure 4.18 shows peak pore pressure distribution for festst The higher the pull-

out rate that was applied, the lower negative pressure waargieed. The final test

resulted in cavitation pressure, with all inner pore presstansducers showing nearly
identical suction values, indicating undrained behaviGigure 4.18, test v152).

Two analytical methods by Iskander et al. (2002) and Houlsbgl. (2005b) were
considered for the back calculation of the test data. Whidestitond method gave a
very good match with the test data, successful capacityigired presupposed know-
ledge of the particular suction induced by the pull-out.rate
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Figure 4.17 Pressure tank used for the displacement rate tests.
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Figure 4.18 Pore pressure distribution around the bucket skirt at peagile load for tests with displace-
ment rates in mm/s. (Vaitkunaite et al., 2016)
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Figure 4.19 Load and displacement results for tests with displacemesdwah mm/s. (Vaitkunaite et al.,
2016)
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CHAPTER 5
Conclusion and future work

The thesis has addressed a number of critical loading dondifor bucket founda-
tions in sand. Physical modelling was the key tool appliedtii@ analysis as this
showed the largest potential for clarifying real bucketfdation behaviour under ax-
ial loading. A new test set-up was designed for the analysag-term cyclic loading
conditions. A pressure tank was furthermore employed ferekamination of pore
pressure distribution around a bucket foundation modgkestdd to various pull-out
rates. The research work has been documented in severifecigapers that form the
basis of this thesis.

The following Section 5.1 presents the overall outcome ef riisearch, based on
its study objectives (Section 3.2). Section 5.2 providesmamendations for future
analyses regarding model testing and investigation irgdehsile loading on bucket
foundations.

5.1 Conclusion

A new laboratory testing facility was designed for the exaattion of long-term cyclic
loading on a bucket foundation model. This allowed for tretitgy of a large bucket
foundation model in laboratory conditions on a 1:10 scalel@havith a diameter of
1 m and a skirt length of 0.5 m. To the best knowledge of theauythis is the largest
model foundation ever tested under laboratory conditidie model skirt was natu-
rally corroded and installed in fine dense sand providintisti@interface parameters.
The size of the sand container was maximally utilized tgstiinly tensile loads and
minor compressive loads. The boundaries of the sand canttiins had no influence
on the results. The application of suction under the mengsamulated an evenly
distributed overburden pressure, which allowed for the@rations of friction re-
sponses at different soil depths. Overall, the design ofdbeset-up was successful
in that it provided high-quality data and consistent restitat were essential for the
data analysis.

Monotonic displacement controlled tests were performegabus overburden pres-
sure levels. With the slow displacement rate of 0.002 mnr&indd responses were
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obtained. The tensile peak load was achieved within theXf’shm of upward dis-
placement, followed by an even reduction due to the diminglarea of the soil-
structure interface as well as soil softening. The highemttembrane pressure level
that was applied, the higher peak resistance was measuhdle, the stiffness was
similar for majority of the tests, at approximately 1 MN/mhd& peak resistance val-
ues were used for the analysis of interface parameters sihaticed that the unit skin
friction increased non-linearly with the overburden pteeswhich may be explained
by a non-linear change in the lateral earth pressure. Baltkdation of the lateral
earth coefficienf resulted in values from 3 for the low vertical stresses tdér.5he
higher vertical stresses. The rapid changéofnay be expected in the first five me-
ters from the seabed surface. The tests results show thiagdiatic tensile loading,
lateral earth pressure is higher than may be predicted hétlconventional methods.

The next set of examinations involved cyclic load contltests at various over-
burden pressure levels. The mean cyclic loads and amplitweéee normalized with
the measured drained tensile capacity. The bucket foundatiodel was subjected
to long-term cyclic loading containing up to 40,000 cyclésaaonstant frequency
of 0.05 or 0.1 Hz. Two-way (compression-tension) and ong-teasile loads were
applied in the test programme. It was noticed that meanleetsds of up to 50%

of the tensile drained capacity could be allowed for the glesiithout causing an
excessive accumulated displacement during the 40,00@sy¢iowever, all testing
with tensile mean loads resulted in an incremental upwaplatement, even though
it was as small as -10" mm. While the cyclic test resulted in very small accumulated
displacementsw,,.|<0.01D, the model was exposed to gradual pull-out when peak
loads reached the drained tensile capacity.

Values for the cyclic loading and unloading stiffness weighar than those found
for virgin loading stiffness. The magnitude depended onldlagling amplitude and
the mean cyclic load. Post-cyclic monotonic loading showaestiffer response com-
pared to the virgin loading. The post-cyclic peak tensilpacity was up to 25%

lower than the virgin tensile capacity in tests with no meamler pressure. Relatively
few post-cyclic tests were performed with membrane pressyy;>0 kPa; no indica-

tion of cyclic degradation was observed.

The final set of tests concerned tensile loadings in a pregank. The tank enabled
the examination of very low negative pore pressures in algition of conditions at
20 m water depth. A bucket foundation model with a diameted.bfm and a skirt
length of 0.25 m was installed in dense sand. The smoothri¢iss model skirt (cor-
rosion free) allowed a focus on the pore pressure distohuwdind the tensile capacity.
The model was subjected to various pull-out rates. A rapiéqut generated fully
undrained behaviour, based on the measurements of the pEssupe transducers.
The peak tensile resistance was found to increase with thepurate, as did the
upward displacement. The initial loading stiffness showedclear dependency on
the displacement rate. It was found that much larger thadthi@ed tensile capacity
is available, even when the limitations of the upward disptaent are considered. To
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integrate this finding in design practise, a reliable methbdegative pore pressure
prediction in relation to loading intensity needs to be tiferd.

Natural seabed conditions are extremely changeable, atkared by complex lay-

ering of soils and rich variation in their stiffness, strémgarameters and various
hydraulic conductivities. Furthermore, offshore loadaugditions are complex, with

their various loading regimes, amplitudes and mean loadeddlitesting provides

valuable information about soil and foundation behavid@urt large amounts of data
and experimental analysis are still needed before all demspects are clarified and
standardized solutions can be proposed. The data providbi$ithesis offer valuable

information regarding the behaviour of bucket foundationder tensile cyclic loads

in uniform dense sand.

5.2 Recommendations for Future Work

Designing a new model testing facility has been a laborioosegss. It required much
reflection supported by the understanding of physical systand not least, imagina-
tion. Although the two-year development process of the gearellow Box" testing
facility has already yielded significant results, a numbemgrovements are sug-
gested below:

e The possibility of enabling sand saturation should be itigated if further test-
ing at overburden pressures are to be performed. This isiedlyeelevant for
increased loading rates.

e The effect of sand compaction with a rod vibrator on the twrial stress level
should be assessed. This would provide more exact valugbddateral earth
pressure coefficient.

e Correct interface properties are essential to successfigding. Further soil-
structure interface analysis should be performed consiglearious sand and
gravel types and metal surfaces. Interface tests perfoimedect shear box
tests may supplement the model test data.

e Even though the main focus of the present project was long-tgclic loading
and drained response, it was observed that small negatiegpessures occurred
in a few cyclic loading tests. The pore suction developedigaily during the
long-term cyclic loading under constant mean and cyclid$odn the performed
tests, the measuring range of the pore pressure transdaaesded the needed
range at least 50 times, with the result that their accuraay slightly unsatis-
factory (+/-2 kPa). Selecting the measuring sensors atgptd the required
measuring range is likely to provide more accurate results.

e The accuracy of cyclic loading interaction diagrams woutshdfit from cyclic
loading loading tests with different model diameters and skzes. The results
would be directly applicable for prototype design.
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Abstract. In order to deliver cost competitive solutions, Wave Energy Converters
(WEC) must be optimized in several fields, e.g. transportation, installation, structure,
machinery etc. Large expenses lie on the superstructure support, i.e. the offshore foundation.
Geotechnical analysis and optimization of six possible foundation solutions for WEC are
presented in this article. The study is performed for WEC superstructure supported by two or
four foundations. In the four-column system horizontal wind and wave loads are transformed
as a pair of vertical forces, acting in tension and compression. When the overturning moment
is large, it might be desirable to increase the width distance, achieving smaller vertical forces.
For this reason, several distances between the supporting columns are investigated.
Additionally, a two-column system is analysed as it is expected to be more cost effective. In
such a solution horizontal wind and wave loads are dominant.

Gravity based, pile and bucket foundations are universally applied solutions for the offshore
structures. The suitability of these types for a WEC is analysed and commented. The
foundations are designed to satisfy ultimate and serviceability limit state requirements. For
each of the foundation solutions, three geotechnical design steps are followed, employing
analytical calculations, numerical 2D and 3D finite element programs.

Keywords: bucket, pile, gravity based foundation, geotechnical design, wave energy
converter, Wavestar.

A.1 Introduction

Wavestar C6-600 kW is a wave energy converter (WEC) designed to deliver 600 kW of
electrical power to the grid (Figure A.1). It can operate in up to 20 m water depth including
storm surcharge. At present, Wavestar has a grid-connected prototype installed in Hanstholm
(Denmark), which is a section of Wavestar C6-600 kW. The prototype has been installed on
four concrete foundations in soil predominated by chalk. (Marquis et al. 2012)

Figure A.1 Wavestar wave energy machine (Wavestar, 2011).

The purpose of this paper is to compare and evaluate six foundation solutions for a WEC
discussing their applicability and construction materials used. The proposed systems are based
on bucket, pile and gravity based foundation. These types are widely used in offshore
structures and therefore may be well applicable

There are several different ways to transfer the loads into the foundations. The study is
performed for WECs supported by two or four columns, which makes the difference in load
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transfer from the structure through the foundation to the soil. The loading phase is explained
in details in the following subsections. Six possible foundation solutions are presented and
analysed using three geotechnical tools. The programs used are analytical models, the
numerical 2D program LimitState:GEO and the finite element program Plaxis 3D.

A.1.1 Dimensioning Procedure

A foundation dimensioning scheme is shown in Figure A.2 and it describes the concept study
process of the foundation solutions for the static analysis. The first three steps shown in the
scheme are presented in this paper. Primary dimensioning is done with an analytical program,
which differs depending on foundation type. Afterwards, a numerical 2D program
LimitState:GEO is employed for secondary dimensioning and optimization. Finally, Plaxis
3D is employed for the last optimization and verification in ultimate limit state (ULS) and
serviceability limit state (SLS). A completed geotechnical design could be followed by a
structural foundation design and the price estimation could be carried out for the foundation
and installation costs. The last two parts are not analysed in this article.

Analytical Model - 1** dimensioning, ULS

L

Numerical 2D Model - 2™ dimensioning, ULS

L

Finite Element 3D Model - optimization, ULS+SLS

__________ Ne o A L

r a
I Structural design |
L o e e e e e e e e e e - 4
"""""'.'".\l/"'.". """" 1
I Material price estimation I
L o e e D D D D m m mm——— = 4

Figure A.2 Design scheme. The first three from top are analysed in this article.
A.1.2 Structural Solutions

As previously mentioned, Wavestar has an active prototype in Hanstholm. The superstructure
is supported on four concrete foundations. The distribution of loads on the foundations
depends on the overall structural solution. At the time of writing the detailed structural design
for the new Wavestar C6-600 kW was unknown. Hence the upper structure is assumed to be
perfectly rigid and supported by four pinned foundations, as shown in Figure A.3. In this case
vertical compression and tension loads are dominating. It is planned that the new WEC
C6-600 kW will be supported on four legs positioned with distances of 17 and 80 m. When
the overturning moment is large, it could be desirable to increase the 17 m distance between
legs achieving smaller vertical loads and resulting into smaller foundations. That is why the
30 m distance is also investigated, see Figure A.3.

Additionally, a solution with two foundations is considered in this paper because it is
expected to be more economical. In such a solution horizontal wind and wave loads dominate,
which leads to large moment loading on the foundations, see Figure A.4. However, a rigid
foundation connection is assumed here, because it ensures the overall stability of the structure.
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Wave

17/30 m

Figure A.3 Pinned support structure for four-column WEC C6-600kW. Wave loads marked in green and
wind load marked in blue. The superstructure is assumed to be perfectly rigid.

A.1.3 Load Conditions

Loads on the foundation are provided by Wavestar A/S. This paper presents only calculations
in a storm load case, where the superstructure is lifted to the highest position and locked. In
such a case, it is expected that the structure will have to resist the highest wind and wave
loads creating the least favourable situation.

g

Wind

293 m

o

Figure A.4 Rigid support structure for two-column WEC C6-600kW. Wave loads marked in green and
wind load marked in blue.

The assumed water depth is 16 m. Loads are estimated for several column diameters, i.e. 2, 3
and 4 m. The loads are presented in Table A.1 and Table A.2. Calculations are performed for
the ULS and SLS. Safety factors are taken from DNV (2013) and applied for the
characteristic loads and material strength parameters.

A.1.4 Soil Conditions
Seven soil layers up to 33 meters depth are derived from a representative soil profile. The soil
parameters: unit weight, y, friction, ¢, dilation, w, are presented in Tables A.3 and A.4. The

last soil layer is silty clay with a characteristic undrained shear strain strength, s, = 563 kPa.

Table A.1 Characteristic Loads on 1 Column of the 2-Column System.

Description Units Column diameter
72 m D3 m D4 m
Wind load on WEC kN 467 467 467
Moment arm for wind load m 29.3 29.3 29.3
Wave force kN 1007 1557 2280
Moment arm for wave load m 15.8 16.0 16.2
Weight of superstructure kN 7840 7840 7840
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Table A.2 Characteristic Loads on 1 Column of the 4-Column System.
Description Units Column diameter
P2m | O3m | DP4m
Pull/compression load, 17 m | kN 2679 3743 5137

Pull/compression load, 30 m | kN 1518 2121 2911
Horizontal load kN 1241 1791 2514
Weight of superstructure kN 3920 3920 3920
Table A.3 Characteristic Soil Properties 1.
No. | Alt. Description y 0’
[m] [kN/m’] [°] [°1
1 | -6.5 Medium Sand 19.5 38 12
2 | -79 Coarse Sand 19.5 38 12
3 ]1-12 Medium Sand 19.5 35 8
4 | -2438 Gravely Sand 20.0 38 9
5 | -26.5 Fine Clayey Sand 19.5 32 4
6 | -30.5 Silty Sand 18.0 32 2
7 | -33 Silty Clay 18.5 - -
Table A.4 Characteristic Soil Properties 2.
No. | Alt. Description E;gf E;sg E;ﬁf
[m] [KN/m’] | [kN/m?] | [kN/m?]
1 |-6.5 Medium Sand 88427 70083 265281
2 |1-79 Coarse Sand 128559 101890 385678
3 | -12 Medium Sand 72548 63774 217644
4 | -2438 Gravely Sand 130291 103262 390872
5 | -26.5 Fine Clayey
Sand 77169 75712 231508
6 | -30.5 Silty Sand 138459 135844 415376
7 |-33 Silty Clay 66766 96435 200297

A.1.5 The Design Criteria

The deformation tolerances are usually derived from the offshore structure’s operational
requirements. The requirement for WEC is divided into two contributions: one from
installation and one from the loads causing deformation. In this case, the requirement is set to
a total rotational deformation of 0.50°, where 0.25° originates from the installation and 0.25°
is from foundation settlements. According to WEC manufacturer (Wavestar A/S) the machine
is able to perform with this inclination, and a limit for the SLS is chosen. Moreover, the
requirement was critical for most of the cases, e.g. the inclination of 0.25° in SLS gave the
final dimensioning for two-column systems.

A.2 Bucket Foundations

The Bucket Foundation, also known as the Universal Foundation, is found to be a competitive
concept for various offshore structures. It provides several positive properties, e.g. short
installation time and smaller impact on the natural environment during the installation. The
technology was initiated by a research team from Aalborg University, Nielsen and
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Ibsen (2011). The dimensioning methodology for bucket foundations is used according to
Vaitkunaite et al. (2012).

The WEC C6-600 kW supported by buckets is visualized in Figure A.5. Results are presented
in tables for each calculation model. There are two variables: bucket diameter, D, and skirt
length, d. It is assumed that the wave impact is on a 2 m diameter column.

Figure A.5 Wavestar C6-600kW supported by buckets (Aalborg University, 2011)
A.2.1 Analytical Model for Bucket Foundations

Analytical model (Ibsen, 2002) determines the ultimate bearing capacity of bucket foundation
subjected to static loads. Wind and wave loads are combined to one horizontal load, H, acting
with a corresponding moment arm, #,,. The foundation is also subjected to vertical bucket and
superstructure self-weight load, V. It is assumed that the foundation rotates as a solid body
around one point in some depth, d,. The point of rotation can be located below the foundation
level or in between the soil surface and the foundation level. In order to calculate the earth
pressure, it is assumed that the walls are rotating synchronically around a point in each of
them, as shown in Figure A.6.

When calculating the bearing capacity of the bucket foundation, the location of the rotation
point is found iteratively. During the iteration process, the vertical, horizontal and moment
equilibrium must be ensured. It is done by the use of earth pressures, E, (Figure A.7) as well
as friction, F, on the skirt and contribution of the end resistance. The point of rotation which
is the centre of the line failure must also be the point of rotation used in the earth pressure
calculation. The largest moment capacity is obtained if earth pressures, e, are utilized to the
full depth. e, is calculated by the following equations, Ovesen et al. (2012).

epre = (v'zK, + 'K, + ¢'K.)D, drained (A1)
epre = (yzKy +pK, + suKC)D , undrained (A2)
Where p is passive earth pressure, kKN/m%; y — soil unit weight, kN/m®; s, — undrained shear
strength, kKN/m?; ¢’ — cohesion in kN/m?; K, K, and K. — dimensionless earth pressure

factors for the active and passive sides on rough skirt walls, Ovesen et al. (2012); z — soil
depth, m; D — bucket skirt diameter, m.
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Figure A.6 The assumed rotation of bucket walls around a point O, after (Ibsen, 2002).
A% \

Figure A.7 a) Resultant earth pressure when rotation point is below foundation level; b) earth pressure,
rotation point above foundation level, after (Ibsen, 2002).

An extremely eccentric loading is considered. The eccentricity, e, lies within the range
0.3b°<e<0.5D. Dimensionless factors (s, i, V) are employed to the bearing capacity (Equation
A.3 and Equation A.4) according Appendix G in DNV (2013).

% =y'b'NEs,i& + ¢'NEs g (1.05 + tan3¢’), drained (A.3)
% = 1.05 s, N¢s.i&, undrained (A.4)
Where R, is bearing capacity, kN; A4’ — effective area, m% ¢ is cohesion in kN/m?;

y’ — effective soil unit weight, kN/m®; N —bearing capacity factor; s — shape factor; i —
inclination factor, b’ — width of the effective bearing area, see Figure A.15.

Table A.5 Analytical Model Results, Bucket Foundations, ULS.

Distance D d
[m] [m] [m]
Two-column support
- | 8 | 7
Four- column support
17 8 7
30 9 7
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A.2.2 Numerical 2D Model for Bucket Foundations

This software is capable of estimating the ultimate limit state prior to failure of various
geotechnical structures as well as retaining wall problems. The program allows 2D
calculations. Moreover, it is possible to design pulled and compressed foundations at once for
the four-leg supported structure. With several assumptions the program is used for estimation
of circular bucket foundation in ultimate limit state.

LimitState:GEO performs numerical analyses utilizing Discontinuity Layout Optimization
(DLO). DLO discretises the soil body in a number of nodes. Afterwards, the potential slip-
lines discontinuities — sliding blocks — that configure the failure mechanism are assessed
through the node connections; see Figure A.8. Results are presented in Table A.6.

Figure A.8 DLO in LimitState:GEO done for bucket foundation in homogeneous soil layer.

Table A.6 Numerical Model Results, Bucket Foundations, ULS.

Distance D d
[m] [m] [m]
Two- column support
- | 8 | 7
Four- column support
17 6 5
30 4 4

A.2.3 Finite Element Model for Bucket Foundations

Plaxis 3D is a geotechnical software that employs the finite element method (FEM) for the
calculations. This numerical technique enables the user to set up a model in three dimensions
with the desired geometry and boundary conditions, see Figure A.9. Subsequently, a number
of soil constitutive models are available and may well approximate the soil response when the
soil properties are well known. In the study presented, Plaxis 3D is used for estimation of the
bearing capacity as well as the serviceability conditions.

The Hardening Soil model is an advanced model that is used for analysis of soil behaviour
and is selected for the foundation modelling. It directly describes the non-linearity in stress-
strain curve as well as stress level dependency. Three elasticity moduli are required, meaning

more precise soil stiffness estimations: triaxial loading stiffness, E;gf ; triaxial unloading
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stiffness, E;if ; and the oedometer stiffness, E "¢/ Schanz et al. (1999). All of the mentioned

oed>
stiffness parameters for the Hardening Soil model are presented in Table A.4.

Figure A.9 Plaxis 3D model for two of four bucket foundations. Distance between the buckets 17 m,
foundation diameter 5 m, skirt length 4 m.

Table A.7 FEM Results, Bucket Foundations, ULS.

Distance D d Rotation
[m] [m] [m] []
Two-column support
- | 8 | 7 | 022
Four-column support
17 5 4 0.12
30 4 4 0.22

Pulled and compressed foundations are modelled at once for the four-column supported
structure. The serviceability limit state is also assessed.

Results are presented in Table A.7, i.e. in 17 m case buckets with diameter and skirt length of
4 meters resulted in maximum rotation of 0.26°, hence, the diameter was increased by a meter
and the final dimensioning resulted in rotation of 0.12°. Due to time consuming calculations,

the intermediary and more optimal dimensions were not considered. The same procedure was
applied to the following foundation types.

A.3 Pile Foundations

Pile foundations have been used for decades to support offshore structures. Steel piles are
rather easy to manufacture, and the installation procedure, which requires a hydraulic
hammer, is well known. The WEC C6-600 kW supported by piles is visualized in Figure
A.10. Results are presented in tables for each calculation model. There are two variables: pile
diameter, D,,;., and shaft length in the soil, L. It is assumed that the wave impact is on a 4 m
diameter in two-column support and 3 m diameter in four-column support.
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Figure A.10 Wavestar C6-600 kW supported by piles (Aalborg University, 2011).

A.3.1 Analytical Model for Pile Foundations

The analytical method for assessing the required pile dimensions is based on DNV (1992) and
API (2000). The ultimate resistance of the pile is determined from the theory of plasticity
where lateral and moment loadings are supported by the unit earth pressures developed along
the pile shaft. The unit earth pressures estimation is divided into two separate regions,
depending on whether the pile is installed in moderate or great depth. Moderate depth,
0<d<d,, is estimated from the soil surface until the level where soil moves to surface when
laterally loaded. In the great depth, d>d,, the soil moves around the pile due to lateral loading.
The transition point between both calculations is called the transition depth, d,. Presumably in
this point, the unit earth pressure calculated for moderate depth presents the same results as
the unit earth pressure calculated for great depth. Detailed estimation is presented in
DNV (1992) and API (2000). Additionally, the earth pressures are assessed along the pile for
different soil layers. This assessment distinguishes between friction soils where earth
pressures are calculated by Equation A.5 and Equation A.6. In case of cohesive soils, the unit
earth pressure is calculated by Equation A.7 and Equation A.8.

Py = (cl% + cz) y'd, for0<d< d; (A.5)
Py =c3y'd, ford > d; (A.6)
Py =35, +v'd +]%su, for0<d< d; (A7)
Py = 954, ford > d; (A.8)

Where p, is ultimate resistance, kN/m?; ¢;, ¢, and ¢; — coefficients according to DNV (1992),
d — depth, m; and D — diameter, m.

The axial resistance is obtained by the skin friction combined with the tip resistance. When
the pile is axially loaded after the installation, the total resistance against axial loading, O, is
calculated differently either for pile acting unplugged or plugged manner, corresponding
Equation A.9 and Equation A.10. The parameters are illustrated in Figure A.11.

Q = 09Qm,; + Qp,j + Qmy, unplugged (A9)
Q= Qp+0Qp;+Qmy, plugged (A.10)

Where Qs total resistance against axial loading, kN; O,, - inside/outside shaft resistance, kIN;
0, - tip resistance, kN.
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Figure A.11 Parameters for pile axial resistance calculation after (Roesen, 2011).

Term ‘plugged’ specifies that the developed unit skin friction inside of the pile is larger than
the tip resistance, Q,,;> Q,. The term Q,,, cannot be utilized when the soil outside the pile is
used for lateral loading. Therefore, Q,,, should be set to zero unless additional length is added
which is unwanted as additional length means additional cost. The skin friction, g, i
calculated for the different soil layers. For drained cases Equation A.11 is used, and for
undrained cases Equation A.12. DNV (1992)

gm = K pitané < f; (A.11)
m = aSy (A.12)

Where ¢, is the skin friction, KN/m?;, K — earth pressure coefficient, 0.8 according to
DNV (1992); p - effective overburden pressure, kN/m* 6 — angle of soil friction in the pile
shaft interface, degrees; f; — the upper limit for skin friction, kN/m? o — factor, equal or
smaller than 1. The end resistance is calculated for drained conditions according to Equation
A.13 where the limiting resistance, g;, corresponds to the resistance at critical depth. The end
resistance in undrained case is calculated by Equation A.14.

qp = PoNg < q (A.13)
@ = 9s,F. (A.14)

Where g, is the end bearing, kN/m?; g; — resistance at the critical depth, kN/m?; F, — soil
strength correction factor; NV, — bearing capacity factor.

If Q,,; can fulfil Equation A.15, then vertical equilibrium can be achieved without any
additional length for the pile.

Qmi=V—0Qp; (A.15)
Where V' is vertical load, kN.

Pile dimensions are estimated by the analytical model and provided in Table A.8, where

D, stands for pile diameter and L for shaft length.
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Table A.8 Analytical Model Results, Pile Foundations, ULS.

Distance D, L
[m] [m] [m]
Two-column support
- 4 15.8
Four-column support
17 3 9.6
30 3 9.6

A.3.2 Numerical 2D Model for Pile Foundations

The same strategy is applied as for bucket foundations in numerical 2D modelling. Results are
presented in Table A.9.

Pulled and compressed piles are designed at once for the four-column supported structure, see
Figure A.12.

TN

Figure A.12 Two of four piles modelled in LimitState:GEO. Distance between the piles 17 m, pile
length in the soil 11 m

Table A.9 Numerical Model Results, Pile Foundations, ULS

Distance D, L
[m] [m] [m]
Two-column support
- 4 15.5
Four-column support
17 3 11
30 3 10

A.3.3 Finite Element Model for Pile Foundations
With the use of Plaxis 3D, the final dimensions as well as verification for SLS and ULS

conditions are achieved. The same strategy as for buckets is followed. Results are presented in
Table A.10.
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Figure A.13 Two of four piles modelled in Plaxis 3D. Distance between the piles 30 meters, pile length
in the soil 7 m, diameter 3 m.

A.4 Gravity Based Foundations

The weight and foot print on the seabed allow gravity foundation to resist environmental
loads. They can be produced in various shapes providing advantages in material saving,
sustaining ice-loads etc. In this article, gravity foundations are of a very simple square prism
shape. The WEC C6-600 kW supported by gravity based foundations is visualized in Figure
A.14. Results are presented in tables for each calculation model. There are three variables:
length and width, a, and height, hg,,,. It is assumed that the wave impact is on a 4 m
diameter column.

Figure A.14 Wavestar C6-600 kW supported by gravitational foundations (Aalborg University, 2011).

Table A.10 FEM Results, Pile Foundations, ULS & SLS.

Distance D,ie L Rotation
[m] [m] [m] ]
Two-column support
- | 4 | 15 0.18
Four-column support
17 3 7 0.20
30 3 7 0.18
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A.4.1 Analytical Model for Gravity Based Foundations

Bearing capacity formulae for gravity based foundations are taken from Appendix G in
DNV (2013). All the external loading and foundation self-weight forces are transformed into
design horizontal, H,, and vertical loads, V. The bottom surface of the foundation is in direct
contact with the soil in an effective area, 4’, calculated by Equation A.17. The size of the
effective area depends on the foundation shape and loading eccentricity.

e, A

Figure A.15 Effective bearing area (dashed) of square and circular section gravity based foundations
(DNV, 2013)

Several possibilities are visualized in Figure A.15. Eccentricity of the foundation is estimated
by Equation A.16, and it satisfies the requirement for eccentrically loaded foundation,
enax=0.3b".

_M
e=7 (A.16)

A'=b'l (A.17)
Where M is moment load, kNm; and ¥ — vertical load, kN.

The structure is supported on two or four circle-section concrete columns. Bearing capacity is
estimated by Equation A.18, DNV (2013). Layer no. 3 is taken for the calculation. This layer
consists of medium sand, see Table A.3. It is chosen because it presents less material strength
than the two upper layers and can provide a more conservative dimensioning. Cohesionless
fully drained soil is assumed.

R . ’ . ’ .
A—‘,’ = 0.5y'b'Nysyiy + poNgSqiq + ¢'NeScic (A.18)
Resistance to sliding is ensured by Equations A.19 and A.20.

H < A"+ Vtang (A.19)
2 <04 (A.20)

Where H is horizontal sliding load, kN.

Gravity based foundation dimensions estimated by the analytical model are provided in
Table A.11, where a stands for the length and width of the foundation and 4,,,, for the height.
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Table A.11 Analytical Model Results, Gravity based Foundations, ULS.

Distance a Noray
[m] [m] [m]
Two-column support
- | 11 [ 45
Four- column support
17 9 4
30 8 4

A.4.2 Numerical 2D Model for Gravity Based Foundations

The same strategy is applied as for other foundations in numerical 2D model, see Figure A.16.
Results are presented in Table A.12.

¥

Figure A.16 Two of four gravity based foundations modelled in LimitState:GEO. Distance between the
foundations 17 m, foundation height 4 m, width and length 11 m.

Table A.12 Numerical Model Results, Gravity based Foundations, ULS.

Distance a Ry
[m] [m] [m]
Two- column support
- | 11 | 45
Four- column support
17 11 4
30 9 4

A.4.3 Finite Element Model for Gravity Based Foundations

With Plaxis 3D the final dimensions as well as verification for SLS and ULS conditions are
achieved. The same strategy as for buckets is followed. On the contrary to the previous two
types of foundations, the final dimensions of gravity based foundations in four-column case
were determined by the ultimate limit state conditions. Results are presented in the following
Table A.13.
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Table A.13 FEM Results, Gravity based Foundations, ULS & SLS.

Distance a Noray Rotation
[m] [m] [m] ]
Two-leg support
- | 9 | 4 0.24
Four-leg support
17 8 4 0.07*
30 7 4 0.03*

77

*Rotation due to differential vertical settlement of the foundations

A.5 Limitations

While modelling the four-column case, it was assumed that equal lateral loading would
impact both, compressed and pulled, foundations. This assumption is conservative, because
during the storm case the wave length is larger than e.g. 17 m, and the waves cannot hit the
pile with an equal force. However, the comparison between foundation types is still valid as
long as the same conditions are assumed.

In the long-term perspective, cyclic loading influence should be considered. It is noticed that
even not large but constantly repeating pull-out loads tend to impact strongly the stability and
serviceability of the foundations. This can be another issue for a WEC supported on four
foundations. Presently a study on cyclically axially loaded buckets and piles is performed at
Aalborg University.

Figure A.17 One of two gravity based foundations modelled in Plaxis 3D.
A.5.1 Discussion about Dimensioning Steps

Significant optimization was performed for the WEC supported by four bucket foundations.
This is due to the fact that analytical model Ibsen (2002) is created for buckets subjected to
dominating moment loading. The numerical 2D model provided rather good primary results
for the WEC supported by four buckets. When support is on two buckets, the analytical Ibsen
(2002) model gave a fast and precise result compared to the final estimations in Plaxis 3D.
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The dimensioning procedure for piles was followed according to Figure A.l. Small
optimization was done for two-column support, when dimensions from the analytical model
were minimized by 5%. Larger optimization was not achieved for four-column structure. The
analytical model was taken from the monopile foundation calculations, where the pile is
subjected to dominating moment loading DNV (2013). That is why it is more suitable for
two-column support. However, the analytical model provided a good primary dimensioning,
which was optimized by Plaxis 3D afterwards.

The procedure for two-column support with gravity based foundations was rather
conservative during the analytical and LimitState:GEO estimations, because it was possible to
optimize the dimensions by 40% during the last step. A smaller optimization of maximum
23% was done for four-column support comparing analytical and Plaxis 3D models. Yet for
the primary dimensioning the analytical model works better than the present numerical 2D
model.

A.6 Comparison

The comparison is done only from the geotechnical point of view. Other influences of
installation and structural design would give a better overview. Figure A.18 shows the main
dimensions taken into account when comparing the materials used for the foundation.

2m . Dpile 4 m
£
-
£ = N
“ @
=]
-
Vi A e "z Lz
o a |
L=l
-
D

Figure A.18 Dimensions taken into account when estimating the materials used for the manufacturing of
the foundation.

A.6.1 Two vs. Four Foundations

With the analysis of the buckets in Table A.7, it can be stated that the dimensions of each
foundation unit slightly differs in two and four legs cases. As expected, larger foundations are
required for the first case. However, 1.3 times more material would be used for the WEC
supported on four foundations. The influence of distance between pulled and compressed
foundation is minor too, which is seen only in small fluctuations of rotations in SLS and
material used.

With the analysis of the piles in Table A.10, it can be seen that in the two legs case a pile is

significantly longer. However, 1.2 times more material would be used for WEC supported on
four piles, because the upper column from the seabed to the WEC has to be taken into
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account. The influence of distance between pulled and compressed foundation is minor too,
which is seen only in small fluctuations of rotations in SLS.

Similarly to the previous types, gravity based foundations in Table A.12 are larger in two legs
case. There is a difference between foundations in the four legs cases, where 30 meters
distance results in smaller foundation dimensions. It happens due to smaller vertical load.
However 1.7 times more material would be used in the four-column case (30 m) compared to
the two-column case.

Finally, it can be seen that increasing the distance between the columns from 17 to 30 meters
gives small benefits for the foundation size, but requires more complicated upper structure
design. Therefore, the smaller distance of 17 m between the supporting columns is more
favourable

A.6.2 Buckets vs. Piles

In both two- and four-column cases, 1.4 more steel is required when using piles. However this
is just the basic dimensions done from the geotechnical calculations. The structural design
should be the following step. The connection to superstructure should be considered in order
to estimate more exact results. It is known that piles are connected to the superstructure by the
use of transition piece. The bucket foundation does not need this element to be connected to a
WEC. However, the production of the foundation itself is rather expensive.

Three foundation concepts for wave energy converters were performed and presented in this
paper. The proposed systems are based on foundations widely used to support offshore
structures: buckets, piles and gravity based foundations. Dimensioning was done in three
steps employing various geotechnical calculation models and providing the optimised results.
Analytical models, the numerical 2D program LimitState: GEO and the finite element program
Plaxis 3D were used for the design. The comparison showed that two foundations provide a
good stability and economical solution in the means of material use. By comparing piles and
buckets, it was found that the latter requires less material. A full cost estimation needs a
structural analysis, taking fatigue limit state into account, and an installation analysis, where
the need for seabed preparation, scour protection and penetration analysis would be estimated.
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Installation of Wave Energy converters”, sponsored by Energinet.dk and partners. The
financial support is sincerely acknowledged. Moreover, the authors would like to thank
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Introduction 83

Abstract. A study of the present knowledge about the bucket resistanceifdr ax
loading was performed considering analytical and numerical desitimoaeas well
as physical models. A case study was performed with two bucket &tiamd of
equal diameter, but different skirt lengths installed in dense sandadtfeund that
bearing capacity from the surcharge increases approximately twicefduhdation
skirt is two times longer. However, the predicted compressive soikityazaan differ
by 3.6 times depending on the chosen bearing capacity parametermdtbads are
available for the estimation of the static tensile resistance for a bucketdtand
Furthermore, the predicted tensile resistance can differ up to 12 timeatfindithat
further analysis is needed approaching this issue.

B.1 Introduction

Offshore energy industry is greatly expanding. Wind tuelsinrwave and tidal energy
devices can harvest beneficial and ecological energy. Hirsgures are subjected to
strong environmental loads and require some complex stippstems. Geotechnical
design solutions are often inspired by valuable experid¢rara the oil and gas sec-
tor. Suction foundations have been used for decades asableusiupport for various
offshore structures worldwide. Recently, the first jackeirfdation with three buckets
designed for a wind turbine was installed in Borkum Riffgdumind turbine park in
Germany. However, standard guideline for bucket foundatie not yet available.

In 1990s, NGI and Oxford University performed detailed sadf bucket founda-

tions for the Europipe 16/11E and SLT jacket. The campaigiuded model tests,
finite element analysis and a complete foundation desigmpZehensive information
regarding the bucket behaviour was provided by Bye et abg),9Tjelta (1995) etc.

A historical overview of the bucket foundations and NGI deped design procedure
are presented by Skau and Jostad (2014).

Oil and gas platforms transfer mainly compressive load$h&fbundations. Ten-
sile capacity is considered only for the short-term eveanthss storms. Compared
to the oil and gas platforms, wind turbines are very lighte Toundation of a wind
turbine has to sustain long-term tensile loads. Consetye¢hts study focuses on
the ultimate tensile and compressive bucket capaciti@natgtd by various analytical
methods, found in the available research papers and stidar

Aalborg University started an extensive study about buftk@tdations for wind tur-
bines in 2002. The relevant experience is reflected in thigpalt was chosen to
perform a case study for two buckets of different embedmatids illustrating the
differences of the methods in a straightforward manner.
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84 Comparison of Design Methods for Axially Loaded Buckets in Sand

B.2 Methods for Compressive Capacity

The compressive capacity of shallow foundations is catedlaising the traditional
Terzaghi (1943) bearing capacity formula. The formulaneates capacity of shal-
low onshore strip foundations. It is also applied for off@hehallow foundation cal-
culations when improved by various modification factors aovert the plane strain
problem to the axis-symmetric problem. Suction bucket ikidex] shallow offshore
foundation of circular shape. The soil that is trapped iesithkes the bucket behave
as a gravity based foundation. Thus, the bearing capacisuction bucket can be
estimated using the traditional formulae. Bucket comgvessapacityR. consists of
four main parts: soil self-weighk., surchargeR,, effective cohesior?, and outer
skirt friction R,;.. Each of these parts can be estimated in various ways whifeh di
slightly from method to method. The skirt friction makesddkhan one percent of
the total compressive capacity. Frictional resistancel@essed in section B.3. For
comparison reason&,;. is ignored in the compressive bearing capacity estimation.

Factor for surchargéV, increases exponentially with an increase of soil friction a
gle ¢. Most of the methods presented sugg®stvalue derived by Prandtl (1920),
except Larsen (2008) and Bolton and Lau (1993), who combmedifications for
foundation roughness and shape and the bearing capaditydatbsen et al. (2012)
has shown howV, value for bucket foundations is influenced by surface roeghn
which was analysed using a finite element program. Bearipgaty factor for the
self-weight/NV, depends on the values 8f;, ¢ and surface roughness. Detailed anal-
ysis and comparison of bearing capacity factors are donbdsnlet al. (2012).

Formulae forN, and IV, are provided in this paper. Most of the methods require
modification factors for foundation shapeembedment deptti and load inclination

i. The specific formulae can be found in the references. A langeunt of laboratory
tests on axially loaded bucket foundations was performédliorg University. Ver-
tical bearing capacities of rough circular surface footing buckets of various shapes
were tested and analysed by Ibsen et al. (2012, 2013, 201420ddb) . These re-
sults are discussed in section B.5.1. The tests were folldwea new expression for
the bearing capacity of laboratory bucket models.

B.2.1 Design codes
DNV (1992)

DNV (1992) provides (B.1) based on Terzaghi (1943) and dlessthe calculation of
bearing capacity for offshore foundation stability as fotgit good estimate for the
early stage of design.

R. = A'(0.59B'N,K, + ¢ N,K, + ¢ N.K.), (B.1)
N, = tan?(45 + 0.5p)e™ "%, (B.2)
N, = (Ng — 1)cotyp, (B.3)
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Methods for Compressive Capacity 85

K; = s;d;is, (B.4)

wherec’ is the effective cohesiom, surchargeA’ effective bearing area of the foun-
dation,B’ effective width of the foundationy,, N.,, N. bearing capacity factorgy,,
K, K. modification factors to account for foundation shape, emizsd and load in-
clination.

DNV (1992) suggests two methods @3, The first one was found by Brinch-Hansen
(1970):

N, = 1.5(N, — Dtang. (B.5)
The second was suggested by Caquot and Kerisel (1953):
N, =2(Ng + 1)tane. (B.6)

EC-7 (2004) and API (2011)

Eurocode 7 Geotechnical design EC-7 (2004) and API (2014ptaeluations (B.1)
and (B.6). However, the shape and depth factors are diffeEeurocode 7 Geotech-
nical design (EC-7, 2004) is taken into consideration destiat it is intended for
onshore foundation design.

B.2.2 Bolton & Lau (1993)

Bolton and Lau (1993) proposed bearing capacity factfsand Ny. These factors
were estimated for the axis-symmetric calculation.

R. = A'(0.57/ DN* + ¢'N}), (B.7)

B.2.3 Larsen (2008)

Larsen (2008) derived new bearing capacity factéggsind V., for the drained bearing
capacity. The study was performed using an axis-symmetnigemnical model with
bucket foundations and lead to equations (B.8) and (B.9)tail2el information is
provided in Larsen (2008) and Ibsen et al. (2014b).

N, = 3™ tan? (45 + 0.5¢), (B.8)
N, = c1((Ng — 1)cosp)?, (B.9)
wherec; are available for circular and strip foundation with rougitd amooth surface
in Larsen (2008).

B.2.4 Davis & Booker (1971)

Davis and Booker (1971) performed a rigorous plasticityugoh which resulted in
N, for rough foundation:

N, = 0.1054¢”-%%. (B.10)
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86 Comparison of Design Methods for Axially Loaded Buckets in Sand

B.2.5 Lundgren & Mortensen (1953)

Lundgren and Mortensen (1953) estimatégbased on laboratory tests.

N, = 0.25((N, — 1)cosp)*5. (B.11)

B.3 Methods for Tensile Capacity

Applying the theory of anchoring systems, three failure emfbr tensile loading on
bucket foundation can be considered. When the tensile lagghised rapidly, suction
under the lid is generated creating the reverse bearingitgpidowever, in long-term
loading conditions, two components resist the tensile:lé@ction on the outer skirt,
and the lower value of the soil plug weight and friction on itmeer skirt. Obviously,
foundation self-weight would be the third component, bus ihot considered in this
study as mentioned earlier.

Rather few methods are available for the estimation of thg-term tensile capacity
of bucket foundations. Houlsby et al. (2005) and Sender8qp8ave proposed the
tensile capacity estimations for this type of foundatidmttare considered in this
paper. However, design codes, such as DNV (1992) and APIL{2dd not provide
guidelines for bucket foundations in tension. This papeluides only3-method, as
described in DNV (1992), and four CPT-based methods, agibdeddn APl (2011).
The CPT-based methods are derived from various slendetgsite and they are not
intended to be used for other type of foundation design. kewehe applicability of
CPT data to bucket foundation design would be ideal as immbtes the seabed soil
conditions very well.

B.3.1 DNV (1992)

DNV (1992) recommends the following expression for axiétigded offshore piles.

y'd?
5

wherey’ effective unit weight,D is outer diameter] skirt length,s interface friction

angle, K coefficient of horizontal stress, indicésando are indications for the inner
and outer skirt correspondingly.

Ry = —((Ktand),D, + (Ktand);D;)w

(B.12)

B.3.2 Houlsby et al. (2005)

Houlsby et al. (2005) proposed to take into account the redlwertical stress down
the bucket. The authors stated that if the reduction is nduded into the tensile
capacity calculations, bucket strength is overestimated.

Ry = —/Z2y <Zd) ((Ktand),Dom

—' Z%y (;) ((Ktand); Dy, (B.13)

86



Finite Element Modelling 87

whereZ; , are are interface parameters with= 1.5.

B.3.3 Senders (2009)

Senders (2009) performed centrifuge model tests with ddalekets where the foun-
dation behaviour was analysed during the installatioriftugrid cyclic loading. Cone
resistance;. was used for the estimation of the tensile bucket capacityinBation
resistance is expressed as the sum of the inner frictiontenauter friction of the
skirt.

Ry =F;; + Fo4, (B.14)
d
Fi;= 7TD7;kf7t/ qe(2)dz, (B.15)
0
d
Foi= ﬂDok'f,t/ qc(2)dz, (B.16)
0
570.3
D,
kpy = —0.375C |1 — <D> ] tand, (B.17)

whereky ; coefficient,C coefficient equal to 0.012 based on back-calculations from
the laboratory tests.

B.3.4 API(2011)

API (2011) contains four CPT-based methods for the frictiontribution to pile ca-
pacity. This paper adopts the four methods for the estimatifothe tensile bucket
foundation capacity in the main equation (B.18). Authorsdky refer to APl (2011)
for the formulae and relevant factors.

d
Ry =n(Do+Dy) | fi(2)dz, (B.18)
0

B.4 Finite Element Modelling

Plaxis 2Daxis-symmetric Mohr-Coulomb and Hardening-Soil modelsengsed for
the research. The first model requires information aboaxitl friction anglep,iqz,
dilation angley, effective cohesiom’, Poisson’s ratie- and effective Young’s modu-
lus E'. Whereas, the Hardening-Soil model requires knowledgetabesoil stiffness

at a reference pressure, i’ , Er¢/ and E’“/. The parameters serve to describe
the non-linearity in stress-strain curve as well as stregslldependency. The ad-
vanced parameters can be estimated, for example, fromalrigst. However, the

case study uses assumed, but realistic dense sand paameter
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B.5 Laboratory Testing at Aalborg University

B.5.1 Compressive loading

Recently, Ibsen et al. (2014b) have published data from aoeumwf vertical bearing
capacity laboratory tests performed on buckets with diamsedf 50-200 mm and
embedment ratiog/ D from O to 1. The buckets were installed in uniform dense sand.
The soil conditions were relatively constant from test si.tébsen et al. (2014b) have
found a new theoretical relationship of the bucket beariagacity introducing the
reduced friction angle,.. for the analysis of the small-scale laboratory results.
Hansen (1979) suggested (B.19) to account for non-asedgiasticity theory, i.e.,
considering friction and dilation angle.

Stnpcosy

tanpreq = (B.19)

1 — sinpsiny’

wherep friction angle and) angle of dilation.
Measured bearing capacities of laboratory buckets wermaliwed and a general
bearing capacity equation derived (B.20). This equatioral&l for dense saturated
Aalborg University sand No. 1 with a mean reduced frictioglerp,..; = 42° for the
non-associated plasticity flow. Detailed information attbe procedure and analysis
employing the reduced friction angle is provided in Ibseal ef2014b) and Ibsen et al.
(2012), sand properties are reported by Hedegaard and Bb99g3).

R, d
= =1+295, (B.20)

Y

Introduction of reduced friction angle allows realistitdrpretation of small-scale test
results and possible application to full-scale design. iSoalize this, Larsen (2008)
method is compared to the laboratory derived equation (B.B@aring capacity of
full-scale buckets wittD = 10 m and various embedment rati@sD is calculated by
the two methods. Consequently, dense sand with very higtidini anglep,..q = 42°
must be used resembling laboratory conditions. BearingagpR., of a rough plate
with D = 10 m was estimated using (B.9) and inserted to (B.19). Estidhedpacities
(dashed line in figure B.1) fit very well the expression forgbwbuckets by Larsen
(2008).

B.5.2 Tensile loading

Presently, a study about pure axial loading on bucket folimakais in process at Aal-
borg University. A new medium scale laboratory test set up designed and installed
in 2013. Vaitkunaite et al. (2014) presented the main tesiséeatures and the first
results of monotonic tensile loading on bucket foundatidriee tested bucket models
have a diameter of 1 m and skirt lengths of 0.5 and 1 m. The guely mentioned

methods, DNV (1992) and Houlsby et al. (2005), are based eiintierface friction

angles and the coefficient of lateral earth pressifelf the laboratory findings were
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Figure B.1 Normalized vertical bearing capacity vs. bucket embedment.

compared to such methods, value would be significantly higher than the usual ex-
pressionK = 1 — singsa. However, the CPT based method (Senders, 2009) can
be compared to the laboratory results. The cone penetragitanis available for every
experiment which is a part of the usual procedure at Aalbariyéssity. Normalized

measured tensile peak capacities are compared to equBtibf) (and presented in
figure B.2.

—

Ri/(yD?)
I

k=)
i

m Senders (2009)
» AAU Lab.

1 2 3
Test no.

Figure B.2 Laboratory tensile capacity vs. predictions using CPT éasethod (Senders, 2009).

B.6 Case Study

Some of the best known calculation methods as well as thetlegeearch findings
are presented in this paper. In order to compare and visudledifferences of these
design tools, an idealized case study is created. In thitystwo bucket foundations
of different geometries are compared. The comparison i® donthe pure axial

capacity of a single foundation. For the comparison regsang influence of the

foundation self-weight is omitted. Table B.1 provides thenbered marking for the
previously mentioned methods which is used in the compariBach method requires
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Table B.1 Methods used for ultimate capacity analysis.

No. Method Variables
M1 Plaxis 2D, Hard.-Soil 0, Ptriazs Pa
M2  Plaxis 2D, Mohr-Coulomb 0y Oiriazs Pa
M3  Davis & Booker (1971) Ppl.» o2

M4 APl compression Ptriaz: Prpone
M5 EC 7: Geotech. Design Ppl.» wgfd
M6  Bolton & Lau (1993) Piriaz: Prerne
M7  Larsen (2008) Ptriazs Pirias
M8  Caquot & Kerisel (1953) Ppi.» Opi?
M9  Brinch-Hansen (1970) Ppl., P
M10 Lundgren & Mortensen (1953) g, h¢?
M11 Senders (2009) 0, qe

M12 Houlshy et al. (2005) )

M13 DNV (1992) tensile loading ¢

M14 API (2011) method 1 Ocvy Ges Pa
M15 API (2011) method 2 Ocvy Ger Pa
M16 API (2011) method 3 Ocvy Ger Pa
M17 API (2011) method 4 Ocvy Ger Pa

information about skirt lengtti and soil unit weight/, while other variables are given
in the table B.1.

B.6.1 Soil Parameters

The assumed seabed contains ideal uniform dense sand Wigasameters given in
Table B.2 . Horizontal soil stress paramef€ris often recommended to be in the
range of 0.5-0.8 (DNV (1992), Byrne and Houlsby (2002)). sTrecommendation
originates from the offshore pile design criteria. Howegeiction bucket installation
is slightly different andK = 1 — singyq. 1S USed instead in this study according
to Larsen (2008). Where possible, the reduced friction aisglgroduced, see Table
B.1. Furthermore, where the formulae are based on plania stwlution, the plane
friction angleyy;. = 1.1p¢riq, IS Used.

B.6.2 Geometry of the Foundation

Two weightless bucket foundations are considered for théyais. Both of them have
a diameterD of 10 m. The skirt lengthd are 5 m and 10 m, and thickness is 30 mm.
During the comparison they are identified by the geomettio &/ D, which is 0.5
and 1 correspondingly. Foundation surface is rough.
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Table B.2 Geotechnical soil parameters.

Parameter Unit Value
Triaxial friction angley,-iqx [°] 38.8
Red. triaxial friction angleoie?  [°] 34.5
Plane friction anglep,,;. [°] 42.7
Red. plane friction angle [°] 36.8
Interface friction anglé [°] 32.2
Angle of dilation [°] 9
Density ratiolp [%0] 80

Soil unit weighty [KN/m3] 20.25
Effective cohesionr’ [kPa] 0

Effective Young's modulug’ [MPa] 39.3
Triaxial unloading stiffnes&r¢/ [MPa]  260.9

Oedometer stiffnes&’*/ [MPa]  43.7
Triaxial loading stiffnesserc’ [MPa] 87
Poisson’s ratia/’ [-] 0.2
Plaxis interface factoR [] 0.78
Plaxis factorm [-] 0.58
Reference pressuge [kPa] 100
Lateral earth pressutg [-] 0.37
Cone penetration, at 5 m d. [MPa] 10.3

Cone penetration,. at 10 m d. [MPa] 15.1

B.6.3 Comparison
Compression

During the case study, the vertical bearing capacity isreg8d according to previ-
ously presented analytical and numerical methods. FiguBeaBd figure B.4 present
the normalized bearing capacities. The values deviatéfisigntly when the reduced
friction angle is included to the calculation. Intereshndinite element estimations
(M1 and M2) are in the same range with the methods whéfé is used. M4 re-
quires using the triaxial friction angle; consequentle tlifference between results
usingered andepy,iq. is small, because the difference between the bearing dgpaci
factorsV, and N, is smaller comparing to other analytical methods. On théreoy
M3 and M8 for the d/D=1 and M5 and M6 for the d/D=0.5 are the nsesisitive to
the change in the friction angle. It can be concluded thatstiater in the bearing
capacity estimation is important for the dense or very desasels, becaus¥, and
N, increases exponentially at the higher friction angles aediilation angle effects
the bearing capacity estimation.

As it was shown earlier, the estimation Bf, and R, differ from method to method
depending on the bearing capacity factors. When analysagrhlytical methods, it
was found thaf?, value increases approximately twice if the skirt is two titenger.
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Figure B.3 Normalized compressive capacity for bucket with d/D=1.

150 4

100 - . . .

Re/(yD?)

Method no. M
e d/D=0.5 x d/D=0.5, reduced friction

Figure B.4 Normalized compressive capacity for bucket with d/D=0.5.

However, it increased 2.27 times using M10 while only 2 timesg M5, M6 and
M7. Obviously, R, was equal for both foundations as it depends on the foundatio
area.

Tension

Cone resistance highly depends on location and sand piepettiowever, an ide-
alized profile is assumed which corresponds to possible penetration values for
dense sands, as shown in Table B.2. Figure B.5 presents timaliwed pull-out ca-
pacities. It can be seen that the values deviate significémtin method to method
indicating that it is difficult to predict the tensile capygprecisely. M11, M12, M13
are in the same range with the finite element estimation. Mewhese methods pre-
dict quite low tensile capacity for the bucket d/D=0.5 congohto M1 and M2. A
great difference in the estimated tensile resistance isisgbe four CPT-based meth-
ods (M14-M15). The methods were derived from tests on skepitis and should not

92



Conclusions 93

R/(YD?)

1 2 11 12 13 14 15 16 17
Method no. M

= d/D=0.5 - d/D=1

Figure B.5 Normalized tensile capacity.

be used for the bucket design until all relevant adjustmaresdone. Overall in the
selected case, M11 gives the lowest estimate.

B.7 Conclusions

The intention of this article was to collect an up-to-datehmodology for the compres-
sive and the tensile bucket bearing capacity estimation difeerent expressions were
used for the estimation of the compressive capacity andfointhe tensile capacity.
Quite some scatter between the compressive and tensileitapaas seen, which in-
dicated that more testing and analysis would be favourahitatify the design of the
bucket foundations. Despite the doubts regarding the infl@®f the non-associated
plasticity in the bearing capacity problems (e.g., David Bnoker (1971)), the influ-
ence is significant in dense and very dense soils because ekpwonentially increas-
ing bearing capacity factors and high dilation. In the detese study, the precise
tensile bucket capacity was complicated to estimate. Itshasvn that the CPT-based
methods from API (2011) can predict very high tensile caexi
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Abstact. This article presents a new testing rig for axially loaded bucket foundations.
The medium-scale physical model gives the ability to examine the influence of axial loading
on bucket foundations subjected to various levels of overburden stress. The properties of the
test set-up allow long-term examination. Tests can be done with specimens of up to one meter
in diameter and one meter in skirt length. The overburden pressure can be as large as 70 kPa
using a tight latex membrane which covers the specimen and the soil surface. In addition to
the description of the rig, results from several monotonic tensile tests are presented.

Keywords: Bucket foundation; laboratory test; medium-scale; dense sand; tension; axial
loading; overburden pressure.

C.1 Introduction

Offshore structures, such as wind turbines or wave energy machines, require complex support
systems in order to withstand the large environmental loading. Due to the size of the
structures and the water depth, jacket and tripod foundations supported with three or four
suction buckets are often considered by the engineers. Jacket and tripod foundations are
mainly subjected to axial loads. Suction caissons can resist large compressive loads.
However, monotonic tensile or cyclic capacity can be rather small compared to the
compressive capacity.

Environmental loads are greatly variable, and offshore foundations must bear cyclic wind and
wave loads. However, the cyclic loads are difficult to model and predict. Real soil behavior is
best analyzed by a proper full-scale physical model. Unfortunately, it is also the most
expensive and time consuming method. Until today, most of the examined bucket foundations
were modelled using small-scale laboratory equipment. Only a few experiments were done in
large-scale, but often the results are not publicly available information. Regarding the ultimate
tensile capacity of a bucket, loading rate, and the corresponding displacement, several studies
were performed.

C.1.1 Physical Models until Today

Feld et al. (2000) performed axially loaded bucket tests. The physical model had a half bucket
with diameter of 200 mm and skirt length of 100 mm installed in sand. Several dynamic pull-
out tests with velocities of 2 mm/s, 3.7 mm/s, and 5.3 mm/s and several cyclic loading tests
were done. It was found that the tensile capacity is very dependent on the displacement rate.
The higher pull-out speed, the higher tensile maximum capacity is.

Kelly et al. (2003) tested a bucket with a diameter of 280 mm and a skirt length of 180 mm
installed in dense saturated sand in a pressure chamber. The bucket was subjected to some
cycles and dynamic tensile load with velocity of 5 mm/s. Cavitation of the pore fluid did not
appear. Conclusion was drawn that the ultimate tensile capacity is mobilized at the
displacements of 10-20% of the bucket diameter. Further research with the same small-scale
testing equipment and pull-out velocity of 100 mm/s showed that the maximum tensile load
was mobilized at the displacement of 3.5% of diameter (Kelly et al. 2004).

Houlsby et al. (2006) performed a series of field trials of bucket foundations in sand. The
axially loaded specimen had 1500 mm in diameter and in skirt length. The pull-out velocity
was low compared to the previous test, approximately 0.23 mm/s. During pull-out tests it was
found that a rather high tensile resistance and large displacements were generated.

Senders (2009) performed many tests with axially loaded buckets in dense sand in a
centrifuge. The buckets were manufactured on a scale 1:100 which resulted in diameters of
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49-120 mm and skirt lengths of 60-114 mm. It was found out that the resistance under drained
conditions depends on the skirt friction. It was stated that in drained conditions, the maximum
tensile capacity is mobilized at displacement of 0.2% diameter. However, in partially drained
conditions, it is much larger, 2-10% of foundation diameter.

To sum up, most of the present experiments were performed on small-scale suction caissons.
Knowledge about displacement mobilization during axial loading of a bucket foundation
would be valuable. Furthermore, the researchers and engineers are interested in a realistic
prediction of the full-scale bucket displacement after long-term cyclic axial loading. Having
these goals, a new testing rig for axially loaded bucket foundations was designed (Figure
C.2). The design of this test set-up allows long-term examination with more than 40 000
cycles. It is also possible to apply overburden pressures, which simulate different soil depths.
The paper describes the main features of the test set-up. Moreover, the results of the first six
static tensile tests with various overburden pressures are presented. Attention is paid to the
ultimate tensile capacity of a bucket foundation in dense sand and the corresponding
displacement.

C.2 Test Set-Up

The test set-up consists of a 2.5 meters diameter sand box, a large installation and loading
frame equipped with two hydraulic cylinders and an automatic load regulation system. The
tests can be done with bucket specimens of up to 1 meter in diameter and 1 meter in skirt
length. Throughout the procedure, loads, displacements and pressures are measured in various
points to ensure the knowledge about foundation behavior and influence of the testing
equipment. Overburden pressure can be applied as large as 70 kPa using a tight latex
membrane which covers the specimen and the soil surface.

C.2.1 Sand Container

A rigid sand container is made of steel with an inner diameter of 2.5 m. Figure C.1 shows the
cross-sectional view of the test set-up. The box was filled with 0.3 m of gravel and 1.2 m of
sand. The sand was saturated before every test. The bottom of the sand container had a
drainage system with equally distributed perforated pipes, draining material (gravel) and a
sheet of geotextile. The geotextile ensured that the drainage material was kept clear of sand
grains which could potentially block the drainage system. The equally distributed perforated
pipes ensured homogenous draining and inflow of water to the entire area.
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Figure C.1 The cross-sectional view of the test set-up.

The inflow of water to the container came from a water reservoir located in a position higher
than the soil surface (Figure C.2). The water level inside the container was regulated by a
valve on the inlet pipe, and the level was controlled through a piezometer connected directly
to the bottom of the container.

C.2.2 Overburden Pressure

Several research studies regarding the geotechnical testing of offshore foundations has
marked the favorability of small-scale testing with overburden pressure (Serensen et al., 2013;
Foglia et al., 2012). The main issues of the small-scale tests are the small soil stresses which
result in very high friction angle and elastic Young’s modulus. For example, the friction angle
is such tests can be as high as 53 degrees. More explanations about the estimation of the
friction angle and Young’s modulus in the small stresses can be found in Ibsen et al. 2009.
Obviously, such properties are different from real offshore soil properties. The problem would
be overcome if full-scale foundation was tested. However, this is a very expensive solution.
At Aalborg University, a new method was created to increase the soil stresses in the
laboratory sand box by applying an overburden pressure. Moreover, the bucket foundation
samples were increased to a scale of approximately 1:10, which contributes to larger soil
stresses.

Figure C.3 shows air-tight latex membrane specially installed on the sand surface. Four
suction hoses were attached to it and used for pumping the excess water out of the sand box
creating the differential pressure. A transducer installed on the membrane measured the
pressure continuously. The level of the overburden pressure was regulated by a control valve
and kept constant during each test.
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Figure C.3 Yellow latex membrane on the sand surface, suction hoses no. 1 and 2, and three pressure
transducers P.P.

C.2.2.1 Measuring System

Every preparation and testing procedure was recorded. Soil preparation, installation, suction
application and loading was inspected using various transducers. During the installation, a
250 kN load cell UIOM from HBM measured axial resistance. Furthermore, displacement
transducer WS17KT from ASM GmbH provided information about the installation depth.

Figure C.4 shows pressure transducers placed on the skirt and under the lid of the specimen.
They were used to investigate the pore pressure state. They helped to ensure the state of sand
drainage. A rapid pull-out force generates suction under a bucket foundation installed in dense
sand. In such a case, the soil experiences undrained condition. However, the pore pressures
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are expected to dissipate after the long term cyclic loading. This behavior is difficult to
predict, because it depends on the soil type and the dimensions of the foundation. Moreover,
during static loading tests, the pore water is able to drain. In such a case, pore pressure sensors
should measure no pressure changes. Six transducers PPM-S330A-5 BAR 0~5bar measured
pore pressure variations during the test.

An automatic system was designed and installed to regulate and monitor the loading. A
powerful hydraulic cylinder, a 250 kN load cell, and a displacement transducer were
connected into one system regulated by the MOOG program. The program allows various
loading regimes, such as tension/compression and periodic loading with various
force/displacement amplitudes and frequencies. The system is able to work continuously for
many days or weeks, which is important for the long-term analysis. The program can record
the loading information at any moment.

Two external position sensors WS10-125-R1K-L10 from ASM GmbH were placed on the
bucket lid, which measured the exact vertical displacements of the specimen during the
loading.

All measurement equipment was connected to two data acquisition systems, HBM Spider and
MGCplus, which transferred the measured data to the computer. All the sensor signals, such
as time and force, were sampled with a rate of 1 Hz during the tests.

C.2.3 Soil Specification

Borup and Hedegaard (1995) defined the material properties of Aalborg University sand
No. 1 (Baskarp Sand No. 15), which was used in the tests. The material properties are
provided in Table C.1.
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Figure C.4 Pressure and displacement sensors attached to the bucket.

Table C.1 The material properties of Aalborg University Sand No.1.

Specific grain | Maximum | Minimum 50%- Uniformit
density d void ratio | void ratio | quantile coeffi cien)t]
[g/cm3] Cmax Cmin d50 U=d O/d
[mm] 5004100
2.64 0.858 0.549 0.14 1.78
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Table C.2 The material properties of sand during tests.

Test No. Relative density Ip [%]
130207 83
130208 83
130211 79
130209 81
130212 79

C.2.4 Preparation of Soil

104

Prior to each test, the soil was loosened by an upward gradient of 0.9 applied through the
drainage system. Systematic mechanical vibration with a rod vibrator ensured the uniform
sand compaction and saturated conditions (Figure C.5). The rod vibrator was penetrated to
1.1 meter in the sand. Larsen (2008) has analyzed in details and proved that this preparation
method ensures high quality and uniform conditions in the soil. Moreover, the uniformity and
soil properties were examined by a laboratory size cone penetration test prior to every test
(Figures C.6~7). Table C.2 shows the properties of sand during tests. Sand with a relative
density of 79-81% was prepared, corresponding to the sand commonly found in the North

Sea.

Figure C.5 The equipment of sand vibrations.
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Figure C.7 Relative density vs. depth (Test 130209).

C.2.5 Installation

In offshore sites, a part of the bucket foundation is self-penetrated due to its dead-weight, and
another part is installed by suction which generates differential pressure and pushes the
foundation into the soil. In the laboratory, the installation was done mechanically by pushing,
because it was impossible to apply suction. The installation velocity was 0.2 mm/s. Two
valves were attached to the lids of every specimen. They were kept open during installation,
which allowed free air flow from the buckets. The valves were closed immediately after the
specimen was positioned.

Figure C.8 The installation of bucket d/D=0.5.
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C.2.5.1 Test Program

The axial tensile capacity of buckets was tested in the geotechnical laboratory of Aalborg
University, Denmark. Two steel buckets were used with a diameter D of 1000 mm, skirt
lengths d of 500 and 1000 mm, and a skirt wall thickness of 3 mm.

When the sand had been prepared and the bucket installed, the measuring equipment was
connected: pore pressure sensors, load cell, and displacement transducers. Afterwards, the
loading program was started. During every monotonic pull-out test, the bucket was loaded
with displacement rate of 0.002 mm/s. When the tensile capacity had reached the highest
value and started to decrease, the test was stopped. The sand was saturated during all the
procedure of the tests without the overburden pressure. Drained sand behavior was present
during static loading. It was recorded by the pore pressure sensors, which measured no build-
up of the pore pressures (Figure C.9). However, the sand was brought to dry condition when
suction system was applied.

Table C.3 presents six tensile loading test results with several overburden stress levels. The
ultimate capacity and the corresponding displacement are presented.

Table C.3 Laboratory tests with buckets foundations.

Test d/D | d/D* | Overburden Max. Displ.
No. pressure tensile [mm]
[kPa] load [kPa]
130207 | 0.5 0.5 0 10.2 4.2
130208 | 0.5 0.5 0 9.4 4
130211 | 0.5 | 0.75 20 35.7 4
130209 | 0.5 | 0.87 40 46.5 8.8
130212 | 0.5 | 0.86 40 45.7 6
130210 1 1 0 43.1 3.9

* Equivalent skirt length and diameter ratio

o

®

Pore pressure [kPa] // Tensile load [kPa]

0 E -10 15 20 25 30 35 -40
Upward displacement [mm]

Figure C.9 Pore pressure build-up during loading is less than 1 kPa (Test 130208).
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C.2.6 Equivalent Skirt Length

The idea behind the application of the pressure on the soil surface is that it allows
investigation of the soil-foundation behavior in larger depths. The stresses created by suction
under the membrane can be scaled to the equivalent stresses without overburden pressure, but
a deeper soil layer and a greater skirt length. Figure C.10 visualizes the idea of the equivalent
overburden pressure to a considerably larger skirt length.

AV AVEN VONVONN

o

Xiyd, kPa =

yd,, kPa
@ ®

Figure C.10 Overburden pressure used for skirt length simulation: a) real soil stress. b) equivalent soil
stress.

The traditional formula for friction induced tensile capacity is used for the scaling of the
bucket skirt length. DNV (1992) recommended Eq. C.1 for axially loaded offshore piles. The
same equation was used for the estimation of bucket tensile capacity in Byrne and Houlsby
(2002).

v 72
R,=—((Ktan5)0D0+(Ktan5),.D,.);z7 ; , (C.1)

f=Ktano, (C2)

where R, is tensile capacity, i and o are indications for the inner and outer skirt
correspondingly, D diameter, K coefficient of lateral earth pressure, J interface friction angle,
y’ effective soil weight, d skirt length.

Having the information from the tests with zero overburden pressure, parameter f was
calculated. Afterwards, the equivalent skirt length was estimated for the tests with overburden
pressure of 20 kPa and 40 kPa. The equivalent skirt lengths are given in the Table C.3.

C.3 Results

Table C.3 presents six static loading tests that were performed in the laboratory: five with
specimens of embedment ratio d/D=0.5 and one with d/D=1. The monotonic tensile capacity
was approximately four times higher of d/D=1 than d/D=0.5 at equal overburden pressure
levels, e.g. tests 130207 and 130210. Regardless of the different geometries, the static pull-out
capacity tended to increase when larger overburden pressure was applied. Test 130211 with
the overburden pressure of 20 kPa showed 3.5 times higher pull-out resistance than test
130207 without any overburden pressure. When the pressure had been increased to 40 kPa,
the tensile capacity became approximately 4.6 times higher than the capacity of the tests with
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no overburden pressure, e.g. 130207 and 130209. It should be mentioned that the tests with
40 kPa have a slightly larger tensile resistance than the bucket with d/D=1 (test 130210).
Conclusions regarding this result cannot be drawn at the moment, because many more tests
will be performed in the near future. If the tendency of the loading is the same, it may indicate
that the method for the scaling of the bucket skirt length should be reconsidered.

In order to visualize the tensile loading influence on displacement and compare it to the
previous research of Senders (2009), vertical displacements w were expressed as a percentage
part of the bucket diameter D. Figures C.11~12 visualize the loads and displacements in linear
graphs. Results of the tests showed that the peak tensile load was reached at the very
beginning of the test, within displacement of up to one percent of bucket diameter. This
tendency was noticed in the small and the large bucket tests.

C.4 Conclusion

This article presents a novel bucket testing rig. The medium-scale physical model gives the
ability to examine the influence of axial tensile, compressive as well as cyclic loading on
bucket foundations subjected to various levels of the overburden stress. The test set-up
contains a 2.5 meters diameter sand box, a large installation and loading frame equipped with
two hydraulic cylinders and an automatic load regulation system. Two bucket foundations
were installed in dense sand and subjected to various axial loads. The specimens had depth
and diameter ratio d/D of 0.5 and 1. Moreover, several levels of overburden pressure of 0 kPa,
20 kPa and 40 kPa were applied.

Results from the first six tensile loading tests were presented in this article. Tests with the
bucket of d/D=0.5 resulted in smaller ultimate loads, but similar displacements compared to
the test with bucket of d/D=1. The peak tensile load was mobilized at the displacements of
0.4-0.9% bucket diameter D. The resultant displacements are a little higher than the
displacements found in small-scale laboratory tests done by Senders (2009), where the peak
tensile load was mobilized at displacement of 0.2% diameter. The difference in the mobilized
displacement can be explained by the scale differences, because the tested buckets were
approximately 10 times larger than the buckets tested by previous researchers, among others,
Senders (2009). However, more investigations will be performed with the presented
testing rig.
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Figure C.11 Static tensile loading vs. upward normalized displacement d/D=0.5.

108



109

-45 T
40
350
=
& 3o 0kPa, /D=1, 130210
?g -25 — 0 kPa, &/D=0.5, 130208 |
g e 0 kPa, d/D=0.5, 130207 |
‘@
o
(]
F

QO o s

0 0.5 -1 -1.5 2 25 3 3.5
Upward displacement w/D [%o]

Figure C.12 Static tensile loading vs. upward normalized displacement d/D=0.5 and d/D=1.

The test set-up has good potential for axially loaded bucket testing. The laboratory work and
the analyses of the results presented here provide improved understanding of soil-structure
interaction when buckets are subjected to monotonic tensile loading. Using this laboratory
equipment, a study about the cyclically axially loaded bucket foundations will be soon
published.
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Errata Sheet

Table C.3 Laboratory tests with buckets foundations.

Test d/D | d/D* | Overburden Max. Displ.
No. pressure tensile [mm]
[kPa] load [kPa]
130207 | 0.5 0.5 0 8.0 5.8
130208 | 0.5 0.5 0 6.8 4.6
130211 | 0.5 | 0.70 20 29.7 7.5
130209 | 0.5 | 0.77 40 35.9 5.0
130212 | 0.5 | 0.76 40 343 5.2
130210 1 1 0 353 3.9

* Equivalent skirt length and diameter ratio
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Figure C.9 Pore pressure build-up during loading is less than 1 kPa (Test 130208).
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Figure C.11 Static tensile loading vs. upward normalized displacement d/D=0.5.
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Figure C.12 Static tensile loading vs. upward normalized displacement d/D=0.5 and d/D=1.

112

-4

112



APPENDIX D
Testing of Axially Loaded

Bucket Foundation with
Applied Overburden
Pressure

Vaitkunaite, E., Ibsen, L. B., and Nielsen, B. N. (2018ksting of Axially Loaded
Bucket Foundation with Applied Overburden Pressukalborg: Department of Civil
Engineering, Aalborg University. (DCE Technical RepoNs;, 209).
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The layout has been revised.
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Figure D.1 Loads on the wave energy converter Wavestar in a storm; hidéizevind and wave loads and
the axial and horizontal components on a shallow foundation.

D.1 Introduction

This report analyses laboratory testing data performeld avitucket foundation model
subjected to axial loading. The examinations were conduatéhe Geotechnical lab-
oratory of Aalborg University. The report aims at showingl @iscussing the results
of the static and cyclic axial loading tests on the buckenhftation model. Finally, a
cyclic loading interaction diagram is given that can be egapfor a full-scale bucket
foundation design. This report is based on two previoushlipbied reports that con-
tain test data and a detailed description of the test praeedu

e Vaitkunaite, E.: “Bucket Foundations under Axial Loadinglest Data Series
13.02.XX, 13.03.XX and 14.02.XX". DCE Technical Report, .Ni®9, Depart-
ment of Civil Engineering, Aalborg University. 2015. Aaligp Denmark.

e Vaitkunaite, E.: “Test Procedure for Axially Loaded Bucketundations in Sand
(Large Yellow Box)”. DCE Technical Memorandum, No. 51, Depzent of
Civil Engineering, Aalborg University. 2015. Aalborg, Deark.

D.1.1 Aim of the report

In a shallow offshore multi-pod foundation combinatiore tiorizontal wind and wave
loads are transferred to the axial loads and sliding. Figuieshows an example of
such load transfer in the wave energy converter Wavestasdtoad conditions cor-
respond to those of offshore wind turbine foundations standn a jacket structure.

Suction bucket foundations are shallow skirted geoteethrsituctures. For bucket
foundations in sand, the axial tensile load component cagritieal and setting the
dimensions. Senders (2009) described the failure meaharitr bucket foundations
in sand (Figure D.2). Constant or static tensile loading bucket foundations in sand
results in the drained response and lowest capacity. Fehafé conditions, cyclic
wind and wave loads can create long-term tensile mean I&utsh situation should
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internal friction
external friction

external friction
z

Figure D.2 Bucket foundation tensile resistance in cohesionless t@ft) drained response; (right)
undrained response. After Senders (2009).

be avoided based on the experiences of earlier researclgesByne and Houlshy
2006, Kelly et al. 2006a).

If the loading rate is rapid enough, the pore water does nat baough time to drain
resulting in an undrained foundation behaviour. A fourmtagxperiences high inten-
sity loading conditions in a storm, where the structure [gescted to large cyclic wind
and wave loads. The undrained tensile capacity is signtficirger than the drained
capacity because of the suction pore pressure contribtaidhe resistance. How-
ever, such loading conditions can lead to large displacésreemd tilting of the overall
structure (Kelly et al., 2006b). Furthermore, constanticyensile loading with mean
tensile load and tensile cyclic amplitude can lead to inreasde upward displacements.

Model testing is an important tool that provides valuablelemstanding of the real
foundation behaviour under various loading conditionsthieknowledge of the au-
thors, no publicly available testing campaign have beefopeed on bucket foun-
dations subjected to one-way tensile cyclic loading. Tihs,aim of this report is to
show the axial behaviour at different effective stresslkeaad to set the cyclic loading
interaction diagram that can be used for bucket foundatésigth. To fulfil the aim, a
new testing facility was employed for bucket foundatiortitesunder axial loading.
In this test set-up, an overburden pressure increased fingtieé stress in the soil.
Consequently, the skirt friction of a bucket foundationiéfedent soil depths could be
analysed.

The selected cyclic loading program focussed on the axaalit@ conditions during
a normal serviceability situation of an offshore structuresuch case, the foundation
is subjected to long-term cyclic loading of small intensigmpared to the storm case.
Drained conditions are present. Therefore, the targetetdhting program was the
accumulated cyclic displacement and the cyclic degradaftect on the tensile ca-
pacity. The second set of tests started with slow monotaulequit tests that provided
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Figure D.3 Test set-up for the axial bucket foundation testing withliggpoverburden pressure.

reference capacities. The testing program continued withrhte cyclic loading tests
corresponding to the drained response. Finally, a podtecymnotonic tensile load
was applied which was directly comparable to the virgin Ingdesistance.
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Lid

(@) (b)

Figure D.4 (a) Bucket foundation model used in the testing campaign. d@sjtiens of points for pore
pressure measurements and labels of pore pressure trarsBueebDistances in mm.

D.2 Test Set-Up

This chapter presents the principle of the overburden presgpplication and provides
a short overview of the test set-up facilities. The stepstap testing procedure can be
found in Vaitkunaite (2015).

D.2.1 Testing rig and foundation model

Figures D.3 and D.4 show the testing rig and the bucket fatimaanodel used in the
testing campaign. The test set-up consisted of a large ioentaf 2.5 m in diameter
and 1.5 m height. The container was filled with 0.3 m of coarage] (drainage layer)
and 1.2 m of Aalborg University sand No. 1. A rigid structuffaur columns and
beams was built to support the loading equipment which stediof two hydraulic
cylinders; installation and loading (actuator). Two dé&@ment transducers and two
load measuring cells (measuring range 250 kN) were fixedetdyiraulic cylinders.

The bucket foundation model was made of steel. It had a demieof 1 m, skirt
lengthd of 0.5 m and skirt thicknessof 3 mm. The skirt was allowed to corrode
naturally providing a realistic soil-structure interfadéree inner and three outer nar-
row pipes were fixed to the bucket foundation model. The pipee filled with water
before the installation of the foundation model to the sakae pore pressure trans-
ducersP P were fixed on the lid and connected to the narrow pipes (FiDug They
served for pore pressure measurements at different depths.
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Figure D.5 Aalborg sand No. 1 parameters dependence on the confinirsg.sfhesen et al., 2009)

D.2.2 Soil properties

Aalborg University sand No.1 was used for the testing. Twmores by Hedegaard
and Borup (1993) and Ibsen and Boedker (1994) contain sasdifitation data and
triaxial testing data correspondingly. The sand propgdie as follows:

e min. void ratioe,,;, 0.549,

e max. void ratioe,,,,, 0.858,

¢ specific grain density, 2.64 g/c,
o uniformity coefficientU 1.78.

Ibsen et al. (2009) determined Aalborg University sand Nmfameters for a Mohr-
Coulomb material. They showed that the parameters are depean confining pres-
sureos and density indexD . Results were expressed in the fitted diagrams as given
in Figure D.5. As seen, sand properties change stronglyearitst 0-100 kPas con-
fining pressure. This visualizes the typical issues reltiesnall-scale testing in low
effective stresses, such as a very high friction angle aatiati. Soil-structure inter-
face properties depend on the normal stress, relativecgurtaighness, soil particle
shape and density. To inspect the frictional response fardift soil depths, the nor-
mal stress on the bucket foundation model had to be incred$es, the overburden
pressure was applied changing the stress conditions awiljpr@ more test results.

D.2.3 Test preparation

This section gives an overview of the preparation for thestekhe step-by-step testing
procedure can be found in Vaitkunaite (2015).

Sand preparation

Before each test, water was allowed to flow into the sand bal am upward gra-
dient which loosened and redistributed the sand particlé® sand was compacted
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with a rod vibrator to the averagb zp=81% (standard deviation 6%) and the effec-
tive unit weighty’=9.4 kN/m?. Sand density ratio was found from a laboratory cone
penetration test (CPT) specially developed at Aalborg Ehsity. Larsen (2008) de-
scribed the equipment and methodology behind the labgr&®i. Ibsen et al. (2009)
provided the empirical equation for the estimation/of based on cone penetration
measurements. The procedure was repeated before evetiaitish.

Installation

After the sand preparation, the narrow pipes used for mawstine pore pressure,
as mentioned in section D.2.1, were filled with water. Thektienodel was placed
above the sand surface. Displacement and load transdueeeszaroed and the in-
stallation started. The installation hydraulic cylindershed the model to the sand
with a velocity of 0.2 mm/s. The two valves on the model werptlapen to let the
air flow out during the installation. The installation endeith about 70 kN load:p
that consisted of 50 kN required for the installation and alsoompressive pre-load
of 20 kN. The elastic pre-load ensured full installation aegetitiveness of the pro-
cedure. Due to sand dilation around the circumference ofrtbdel, the skirt was
installed to approximately 490 mm depih,s;. The installation was followed by
connection of the transducers and mounting of the actuator.

Application of the overburden pressure

A latex membrane was laid on the surface of the sand contaimeéthe bucket lid.
A water pumping system was available by the sand containgtich was applied in
four points on the membrane. A filter layer prevented sanahgifaom being sucked
into the pumping system. Suction application on the menweuenly pressed the
whole surface and simulated overburden pressyre In the atmospheric pressure
conditions, the pump unit could apply up to -100 kPa suctiGurcharge of up to
-70 kPa was aimed in the testing campaign. In a successfiilte®stablished level of
pressure was kept constant with +/-2 kPa variations. Thebavéen pressure allowed
analysing axial behaviour of the bucket foundation moddifé¢rent soil depths. Fig-
ure D.6 visualizes the idea of the overburden pressurecgtjgin. On the left side of
the figure, vertical stress distribution on a bucket fouimataskirt is shown as it is in
reality. The right side of the figure shows the bucket mod#té@test with and without
membrane pressufg, .

This method of the overburden pressure application reduireery tight system and
de-aired water to saturate the sand. At least £ ®fale-aired water would have been
necessary to saturate the sand which was unavailable atthefttesting. Tap-water
was therefore used for the tests. Although many attemptsp@cial care were taken
for the tightening of the system, air was present in the s@ihds, the suction through
the membrane resulted in a reduced amount of water in the\gdnche that left the
sand moist instead of fully saturated. Furthermore, thel samicture changed - the
pores became larger - due to the suction method as shownuneHly7. There could
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Figure D.6 Vertical stress distribution on a bucket foundation.

Figure D.7 Sand after suction application.

be two reasons for this; water cavitation or expansion duetmative pressure in the
air/vapour. Despite this, the testing program continuechbse it was still possible
to apply a constant overburden pressure and to investigatiittion response in the
different soil depths. For the result analysis, soil unitgh¢was measured after sev-
eral tests with the membrane and was found to$H&7 kN/n?.

After a constant membrane pressure was established, tdmdpeould start. Dur-
ing tests with the overburden pressure, load, displacememtmembrane pressure
were measured. During tests without the overburden prespare pressures were
measured too.
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D.3 Testing program

In this report, the upward displacement, tensile load arghtive pore pressure are
drawn on the negative axis and marked with a negative sign.

Monotonic pull-out tests were performed with a constanbe#y v of 0.002 m/s.
The bucket model was pulled approximately 60 mm which wafcéerfit to capture
the peak load’ and the corresponding displacement .

Cyclic loading tests were performed with 0.05 or 0.1 Hz fremmy f. A testing se-
guence consisted of 20,000-40,000 harmonic cydletat were followed by a post-
cyclic monotonic tensile load. The post-cyclic load wasleggpwith a displacement
rate of 0.002 mm/s until the peak lod¢-. and the corresponding displacemeant,
were measured, as shown in Figure D.8. If the accumulatdit aiisplacementu,.,,.
reached 60 mm upward displacement, the loading sequencstoygsd.

Vaitkunaite et al. (2015) documented the tests performethenlarge yellow sand
box. Tables D.1 and D.2 provide an overview of the perfornestist The load cell
and displacement transducers were zeroed before the lnggiohthe loading step;
thus, the tables provide only the loading response (modfeheight is zero).

Cyclic loading is described using two parametérsand¢,, (egs.D.1 and D.2) 4 is
the ratio of cyclic loading amplitudé',,. and the reference tensile lodt-r. &,
defines the ratio of the mean cyclic lo&d,.., and F'rr. The parameter is negative
for mean tensile load, and positive for mean compressivé. lathe case of perfect
two-way loading¢,,, is O.

Fcyc
_ D.1
€a T (D.1)
Fmean
m=——. D.2
3 Frn (D.2)

Each test has an ID. For example, a monotonic loading tess Il220.1, where M
stands for monotonic, 20 for the membrane pressure aime@ k2 and .1 marks the
test number. A cyclic load loading test ID is, e.g. C70A0.2d123, where C stands
for cyclic, 70 for the aimed membrane pressure of 70 kPa, A@n2rks the cyclic
loading amplitude in the tegty=0.24 and m-0.23 marks the mean cyclic load in the
test¢,,,=-0.23.
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Figure D.8 Cyclic loading with post-cyclic monotonic pull-out (test 80.7m0.3.2).
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Table D.1 Summary of the monotonic loading tests.

Loading Installation
Pm Test ID d/D Fr wr v Fp dinst
[kPa] [kN] | [mm] | [mm/s] | [KN] | [mm]
0 MO0.1 | 0.5 | -5.7 | -6.3 | 0.001 | 49.6 | 483
0 M0.2 | 0.5 | -6.3 | -5.8 | 0.001 | 50.6 | 474
0 M0.3 | 05| -5.3 | -46 | 0.002 | 49.5| 473
0 MO0.5 | 0.5 | -59 | -5,5 | 0.002 | 73.0| 491
19 M20.1 | 0.5 | -19.0| -24.3| 0.001 | 45.3| 486
21 M20.2 | 0.5 | -15.3| -11.4| 0.001 | 46.1| 495
20 M20.3 | 0.5 |-23.3| -7.5 | 0.002 | 57.3| 487
41 M40.1 | 0.5 | -28.2| -5.0 | 0.001 | 68.3| 487
40 M40.2 | 0.5 | -26.9| -5.2 | 0.002 | 72.8| 487
73 M70.1 | 0.5 | -96.3| -72.2| 0.002 | 74.0| 490
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Table D.2 Summary of the cyclic loading tests.

Cyclic loading Post-cyclic load
Pm Test ID Fmean Fcyc Weyce N FPC Wpe
[kPa] [KN] | [KN] | [mm] | [HZz] [kN] [mm]

C0A0.2m-0.4 | -2.11 | 1.02 | -0.88 | 39,592| -5.34 | -3.83
CO0A0.3m-0.4.1| -2.05 | 1.93 | -1.35 | 38,227| -5.95 | -7.60
CO0A0.3m-0.4.2| -2.05 | 1.93 | -6.23 | 39,753| -4.74 | -0.53
CO0A0.7m-0.4.1| -2.05 | 3.85 | -63.76| 8,100 - -
C0A0.7m-0.4.2| -2.05 | 3.85 | -65.80| 1,285 - -
CO0A0.7m0.3.1| 1.80 | 3.85 | 0.15 | 28,263 - -
C0A0.7m0.3.2| 1.80 | 3.85 0 39,980 -4.85 | -1.30
CO0A0.4m0.3 | 191 | 2.30 | 0.04 | 19,629| -5.03 | -3.43
CO0A0.3m-0.1 | -0.30 | 1.66 | -0.64 | 39,729| (-3.49) | -8.66
0 C0A0.2m0.0 0 1.00 | -0.29 | 40,020| -4.86 | -4.84
43* C40A0.4m0.4 | 11.76 | 11.38| 0.72 | 19,900 -31.33| -12.35
41 C40A0.7m-0.5| -13.03| 18.37| -67.55| 67 - -
41 C40A0.3m-0.7| 20.12 | 9.33 | -63.81| 202 - -
71* C70A0.3m0.0.1] 2.01 | 29.38| 0.74 | 19,970 - -
70 C70A0.3m0.0.2 1.92 | 29.30| 1.25 | 40,867| -93.26 | -28.29
73 C70A0.2m-0.2| -22.39| 23.08| 0.10 | 31,619| -93.90 | -26.53
71 C70A0.3m-0.5| -51.67 | 24.49| -75.01| 19,081 - -
71 C70A0.5m-0.5| -50.61| 45.78| -81.90| 5 - -
*Tests with f=0.05 Hz, other tests are wiif+0.01 Hz

*

[cNeoNoNoNoNoNoNeNe]

124



Results 125

D.4 Results

This chapter provides the results of the monotonic and cyaéiding tests. It includes
the main results of the load, displacement and stiffnegsoreses. Finally, the chapter
presentes a cyclic loading interaction diagram applicéblaicket foundation design
in dense sand.

D.4.1 Monotonic tensile loading tests

Monotonic tensile loading tests were performed at the aueldn pressure levels of
0, 20, 40 and 70 kPa (Figure D.9). The average membrane peelesel p,, var-
ied +/-2 kPa as seen in Table D.1. The four tests with oveduptessure of 0 kPa
showed very similar response. Three tests were performgd20i kPa overburden
pressure and showed a bit scattered peak tensile loadsesl40 tests were aborted
after a displacement of only -8 mm both times due to crackhémtembrane and a
sudden pressure loss. However, the peak load was captuwleg@orded. Only one
monotonic tensile loading with 70 kPa was successful. Cdftempts failed due to
the loss of pressure or other technical issues. As FiguresBo®vs, in most of the
casesF was reached at upward displacement of up to -10 mm (Q)G@kcept two
tests, M20.1 and M70.1 (correspondingly, Dand 0.0D).

The development of peak tensile resistance compared totihesponding displace-
ment was visualized by the corresponding peak stiffiigss,. It is used as compar-
ison of the resistance development in different tests. feigu10 shows:,.... values
at different surcharge levels. As the tests with the ovetbampressure had different
soil unit weights (see sections D.2.3 and D.2.3), the sugehwas estimated at the
middle of the skirt deptid/2. This quantified better the tests with different overteurd
pressures. Sevek),., values atp,, of 0, 20 and 70 kPa lied around 1 MN/m while
the other three tests showed higher stiffness.

As expected, different levels of unit skirt frictiofy were developed in the mono-
tonic loading tests. The skirt friction corresponds to theasured tensile load divided

by the sum of the inner and outer areas of the skirt in contettie soil. According to

the testing data, a quadratic fitting resembled best the unedsensile capacities at
the different surcharge levels (Figure D.11) which is waaking a little closer look
into. Unit skirt friction f, can be estimated using equation D.3 that depends on the
effective vertical stress!, lateral earth pressure coefficiefitand interface friction
angles as follows:

fs = ol Ktand, (D.3)

Obviously, o/, increases linearly with depth for a uniform soil layer. Bgrand
Houlsby (2002) usedtand=0.5 for back-calculations of different scale model tests
and showed that it is a well applicable value for bucket faiimhs. Knowing this, the
data in Figure D.11 should have had a linear fit. Gaydadzhteal. €2015) investi-

gated Aalborg University sand No. 1 properties in the samd santainer as used in
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Figure D.9 Monotonic tensile load vs. displacement for tests with 0, 240,and 70 kPa overburden
pressure.

this testing program. They used a Marchetti dilatometer {DKbr the examination

of horizontal stress anfl’ values. The lateral pressure coefficients were rather scat-
tered between approximately 0.4 and 4.5 for vertical effecstress between 3 and

9 kPa. The mean value df was approximately 1.6. However, the testing program
was limited to rather few attempts. Boulon and Foray (198@wed thatK value
decreases to a constant value together with the increasifghing pressure as seen
in Figure D.12. Thus, an attempt was taken to back-calctih&téateral earth pressure
value using equation D.3 and assuming that constant and equal to 2%ee Figure
D.13. The back-calculatell value has a similar tendency of changing depending on
the stress conditions as seen in Figure D.12. At the surelarg kPa, lateral earth
pressure coefficient lies approximately at about 1.8 whsatiase to 1.6 estimated by
Gaydadzhiew et al. (2015).

D.4.2 Cyclic loading tests

Cyclic loading conditions were modelled taking into comsation the monotonic load
results. For each of the overburden pressure levels, tieeerefe monotonic tensile
resistance’rr was estimated as the average of the peak tensile resistApcehe

intention was to test different levels of mean cyclic load amplitudes and to find the
most critical load case. All of the cyclic tests were expotepeak tensile loads, but
the mean loads were various; small compressive, zero (dwe-way loading) and
tensile load. Most of the tests proved to be in a "stable zofkls means that during
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Figure D.10 Peak stiffness at different overburden pressure levels.
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Figure D.11 Peak tensile load developed at different surcharge levels.

the whole cyclic loading sequence of 20,000-40,000 cydhesyertical displacement
was close to zero.,.|<0.01D). Figure D.14 shows some typical examples of this
behaviour.

However, as seen in Table D.2, five cyclic loading tests wbogtad during the cyclic
loading because the upward cyclic displacement develogeidly and reached the
limit of about 65 mm. Figure D.15 shows four of those tests.allrcases, critical
tensile loading was applied, where the peak loads reachedeorsucceeded the ref-
erence tensile loadBrr. It was noticed that even under so critical loads, the tests
without the overburden pressure and with saturated sand told longer than the
tests withp,,,>0. The reason for this was the development of pore suctiancibuld
help the bucket model resist the critical loading. For ex@mpigure D.16 shows
full cyclic loading data for test COA0.7m-0.4.2. The inner@ pressure transducers
(PP4-PP6) measured a small negative suction that at thpdésof the cyclic load-
ing reached -8 kPa suction under the bucket model lid. Thitaudivided by the
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Figure D.12 Lateral earth pressure vs. confining pressure. Reproduoced the figure presented by
Boulon and Foray (1986)
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Figure D.13 Back-calculated lateral earth pressure vs. confining press

inner area of the lid provides a resistance suction forceDdN which is larger than
the peak tensile load applied of -5.9 kN. Even though theif@pftequency was low
(0.1 Hz), it was sufficient to create partial drainage caodg and generate negative
pore suction in the tests with the critical loading.

Eight cyclic loading tests ended up with a post-cyclic monat pull-outF'p.. Figures
D.17, D.18 and D.19 show the results from tests with diffeoaerburden pressures.
Virgin monotonic peak load’r is marked at the corresponding displacemept Fp..
values were up to 15% lower thdfy in the tests with 0 kPa overburden pressure (Fig-
ure D.17). Very few successful tests with the post-cycladiog were performed in
tests with the overburden pressure of 40 and 70 kPa. Frome fleostests, it seems
that no obvious cyclic degradation was present after thg-term cyclic loading.

Table D.3 shows stiffness results for cyclic loading testhe following ratios of
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Figure D.14 Accumulated displacement vs. cycle number for three tests.

load and displacement were considered: cyclic unloadiifimess &y where the
trough value was subtracted from the peak value of a cyctdicdpading stiffness:
where the peak value was subtracted from the trough valueptla and peak stiff-
nesskp.. for the post-cyclic monotonic loading part. Three testsettgyed very small
cyclic displacement and had very scattered and extremgly s$tiffness values, they
are marked with a star in Table D.3. Overall, cyclic stiffe@gas always significantly
higher than the virgin loading stiffnegs... (see section D.4.1). By its magnitude,
cyclic unloading stiffness was very similar to the loadiniffreess except three tests
whereky y was higher thak. The post-cyclic peak stiffneds,. was generally higher
thank,.q, with the mean value of 2.1 MN/m.

Finally, based on the testing data, a cyclic loading intésaaliagram was prepared.
Figure D.20 shows the results of cyclic loading that led taimam -50 mm (0.0B)
upward displacement.,.. The normalized cyclic amplitudg, and mean load,,,
were used as the main input to the diagram. The diagram watediinto two zones;
stable and unstable. The stable zone contains most of tfierped tests, because
the displacement developed was close to zero. The respasseampletely drained
in these tests. In the stable zone, a bucket foundation wesidt the tensile loading
without an excessive upward displacement. As seen, a smealhriensile load of up
to &,,=-0.5 can be allowed for the design. All the tests in the urstaone resulted in
a gradual pull-out of the bucket model. In this case, the diation would need extra
ballast or to be increased in size.

129



130 Testing of Axially Loaded Bucket Foundation with Applied Overburden Pressure
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Figure D.15 Accumulated displacement vs. cycle number for four tests wheredisplacement was
developed in less than 20,000 cycles.

Table D.3 Stiffness results for cyclic loading tests.

Pm, Test ID k'UN, g, k, g, kpc,
[kPa] [MN/m] | [MN/m] | [MN/m] | [MN/m] | [MN/m]
0 CO0A0.2m-0.4 - - - - 14
0 CO0A0.3m-0.4.1 - - - - 2.6
0 COA0.3m-0.4.2*| 1781 929.1 1705 892 0.7
0 COA0.7m-0.4.2| 21.34 8.68 19.08 7.938 -
0 COA0.7m0.3.2 | 228.9 42.0 228.8 42.4 3.7
0 C0A0.4m0.3* 3190 717.9 3150 677.1 15
0 CO0A0.2m0.0* 5469 2011 5704 2451 -
43 C40A0.4m0.4 17.1 0.5 17.1 0.5 2.7
41 C40A0.7m-0.5 8.8 3.7 7.3 29 -
41 C40A0.3m-0.7 | 183.6 157.2 394 5.4 -
71 C70A0.3m0.0.1| 39.7 0.3 39.7 0.3 -
70 C70A0.3m0.0.2| 41.2 0.4 41.2 0.4 -
73 C70A0.2m-0.2 | 39.2 0.5 39.2 0.5 -
71 C70A0.3m-0.5| 3438 1.0 34.8 1.0 -
71 C70A0.5m-0.5| 13.0 5.5 55 0.9 -
*Rough estimate
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Figure D.16 Full data for the cyclic loading test COA0.7m-0.4.2.
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Figure D.17 Post-cyclic tensile loading for two tests vs. vertical thsgment for tests with O kPa over-
burden pressure. Triangle marks the peak monotonic tensite lo
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Figure D.18 Post-cyclic tensile loading for two tests vs. vertical thsgment for tests with 40 kPa over-
burden pressure. Triangle marks the peak monotonic tensite lo
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Figure D.19 Post-cyclic tensile loading for two tests vs. vertical thsgment. Triangle marks the peak
monotonic tensile load.
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Figure D.20 Interaction diagram for the cyclic loading tests with oweden pressure: 0 kPa (empty
marks), 40 kPa (blue) and 70 kPa (green). The red line markéntitfdr the drained tensile capacity.
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134 Testing of Axially Loaded Bucket Foundation with Applied Overburden Pressure

D.5 Conclusion and Recommendations

Conservative assumptions often govern bucket foundatesigd in sand. Several
researchers have recommended that no tensile loadingdshewdllowed for a safe
design. But there are no publicly available studies thaeHacussed on the cyclic
behaviour of a bucket foundation subjected to one-way leefeaiding. Consequently,
this study took a closer look into the cyclic tensile loadomy a bucket foundation
model. The drained cyclic response was examined by simglé#tie long-term cyclic

loading conditions for an offshore structure under the radrserviceability perfor-

mance. Cyclic degradation was tested applying post-cymli¢-out loads on the
bucket foundation model. The physical model analysis lethéofollowing obser-

vations:

e Unit skin friction increased with the increasing overburdwessure. Interest-
ingly, the measured increase was non-linear which couldplaimed by a change-
able lateral earth pressure coefficient.

e In terms of stiffness, cyclic loading stiffness was muchhigigthan the virgin
monotonic loading stiffness. Post-cyclic monotonic loadstiffness was ap-
proximately twice as large as the virgin monotonic loaditiffress. However,
cyclic unloading and loading stiffnesses were very similar

¢ In most of the performed cyclic loading tests, the sand cérelely drain and no
pore pressure was built up. It was found that mean tensil#sloarresponding
to &, up to -0.5 can be allowed for long-term loading. For the ldeign loading
analysis, the tensile drained capacity should never besebeck because it would
lead to pull-out.

e After long-term cyclic loading, cyclic degradation of up 16 % was noticed
in tests with 0 kPa overburden pressure. Only a few tests 4dthnd 70 kPa
overburden pressure succeeded, and they showed no cygliaddd¢ion. But
more tests are needed to confirm a tendency.

Interface properties were analysed based on the testiag dariation of the prop-

erties, such as different skirt roughness and other typsamd, would provide more
information that could be used for a more detailed interfaam@meter analysis. More-
over, better knowledge about the lateral earth pressurédvib@uvery useful and clar-
ifying the soil conditions. Dilatometer may be a suitablel tor the horizontal stress
analysis.

The interaction diagram is valid only for a bucket foundatigith d/D=0.5. Dif-
ferent shapes of foundation model should be tested to peaviore data. Rather few
tests were successful when testing the post-cyclic momotoading with the applied

134



Conclusion and Recommendations 135

overburden pressure. More tests would provide a bettevmwerof the results and
reduce the scatter in the data.

135



136 Testing of Axially Loaded Bucket Foundation with Applied Overburden Pressure

D.6 List of Symbols
Greek Symbols

~ Total soil unit weight

v Effective soil unit weight

0 Soil-structure interface friction angle

&a Ratio of cyclic loading amplitude and static resistance
Em Ratio of mean cyclic load and static resistance

o3 Confining pressure

Oy Vertical stress

o Effective vertical stress

Vs Secant friction angle

v Dilation angle

Latin Symbols

D Bucket model diameter
Dpg Relative soil density

Exg Secant Young’s modulus
F Load

Foye Cyclic load amplitude

Frean Mean cyclic load

Fp Preload during installation
Fp, Peak post-cyclic tensile load
Fr Peak tensile load

Frr Reference tensile load (averagergf)

K Lateral earth pressure coefficient
N Cycle number

PP Pore pressure transducer

U Uniformity coefficient
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List of Symbols 137

d

dinst
ds
Emax

Emin

fs

kpe
Epeak
kun
Pm

Dbt

Weyce
wr

Wpe

Skirt length

Installed skirt length

Specific grain density

Maximum void ratio

Minimum void ratio

Unit skin friction

Loading frequency

Cyclic loading stiffness

Post-cyclic monotonic loading stiffness
Monotonic loading stiffness

Cyclic unloading stiffness
Membrane pressure

Tank pressure

Tensile load velocity (Pull-out rate)
Skirt thickness

Displacement during cyclic load
Displacement at peak tensile load

Displacement at peak post-cyclic tensile load
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Abstact. Quasi-static offshore loads, such as mean wave loads, induce drained soil
condition. The present study focusses on the bucket foundation behaviour under long-term
cyclic loading. The paper analyses model testing results of a bucket foundation model
exposed to cyclic tensile loading. The model dimensions are 1 m in diameter and 0.5 m in
skirt length. It is installed in dense water-saturated sand. Slow monotonic loading tests and
cyclic tensile loading tests are performed (up to 40,000 load cycles) including tests with mean
cyclic load in tension which is unique in this sense. High quality data is documented for load,
displacement and pore pressure response. Conclusions are drawn regarding static and cyclic
loading stiffness, displacement development during the long-term cyclic loading. Four cyclic
loading tests induced partially drained soil conditions and showed that pore pressure can
accumulate during the long-term loading. Post-cyclic monotonic tensile loading tests showed
up to 25% reduction in capacity.

The research results supply valuable information for the design of an upwind bucket
foundation under a jacket structure.

Keywords: bucket foundation, tensile loading, axial loading, cyclic loading,
long-term loading, 1g testing, dense sand

E.1 Introduction

Bucket foundations have been used for decades as a suitable support for various offshore
structures in the oil and gas industry. Tjelta (2015) thoroughly explains the development of
suction foundation technology including historical overview and main features. Currently,
interest is growing for building extra-large, but still relatively light and very slender wind
turbines in deep waters. Compared to an oil platform, a large wind turbine has a small self-
weight. To stand in deep water, a wind turbine can be supported on a multi-foundation
system. Thus, the large horizontal loading coming from wind and waves would be transferred
to dominating axial loads on each foundation. An optimal foundation design solution for
extra-large wind turbines should be found, and it is not a straight forward process for two
reasons: firstly, the foundations should be cost-effective; and secondly, they should be able to
resist tensile loading. In some cases, a long-term cyclic tensile loading would be unavoidable
unless the spacing between each foundation is increased or an additional dead-load is placed.

Until today, a significant number of bucket foundation studies were performed at several
research institutes and universities, among the best known are Oxford University, Norwegian
Geotechnical Institute and Aalborg University. At Aalborg University, monopod bucket
foundations were analysed in detail by Feld et al. (1999 and 2000), Larsen et al. (2013),
Foglia and Ibsen (2013) and Barari et al. (2015).

An extensive study at Oxford University focussed on axially loaded suction caisson
foundations. It included tests with caisson foundation models in different soils in a pressure
chamber (Kelly et al. 2003) as well as a large-scale field testing (Kelly et al. 2006a). Most of
the times, the performed cyclic loading tests had mean compressive loading and a small part
of the loading amplitude was tensile; the highest number of cycles was 1000. It was claimed
that, to have a safe design, the highest tensile loading acting on a bucket foundation should be
limited to the drained friction resistance (Kelly et al. 2003, 2004, 2006a and 2006b). Thus, the
tensile capacity would consist of friction on the outer skirt, self-weight of the structure and the
lower of the soil plug weight and the inner skirt friction. Byrne and Houlsby (2006) stated that
the tension on the upwind foundation should be generally avoided. However, limited amount
of model testing data is publicly available focussing on the cyclic tensile loading on bucket
foundations, especially with high cycle number and various mean tensile loads.
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A medium-scale bucket foundation model, corresponding to 1:10 prototype size, was used for
the testing of load, displacement and pore pressure response in a 1g testing rig. Cyclic loading
program consisted of up to 40,000 constant load amplitude cycles followed by a final
monotonic pull-out quantifying the cyclic degradation of the frictional resistance.
Furthermore, dimensional analysis on stiffness and displacement was applied according to
Kelly et al. (2006a). Through the physical model testing, this paper aims at visualizing the
bucket foundation behaviour under long-term cyclic loading conditions. The influence of the
axial tensile load on the displacement and cyclic degradation is studied.

E.2 Equipment and testing

Quasi-static and permanent loads, such as mean cyclic loads, induce drained conditions in
soil. Under drained conditions, the tensile capacity of the bucket foundation corresponds to
the dead load of the structure and the frictional resistance generated in the soil-structure
interface. Furthermore, it is a lower bound solution for the tensile capacity. This was taken as
a starting point in the present model testing program which focussed on the drained response
of the bucket foundation model examined by a specially designed laboratory test set-up.

The laboratory test facility was launched in 2013 and presented for the first time by
Vaitkunaite et al. (2014). The test set-up consisted of a large sand container, an installation, a
loading frame equipped with two hydraulic cylinders and an automatic load regulation
system. The tests presented in this article were performed with bucket foundation model of
1 m in diameter D, 0.5 m in skirt length d and 3 mm skirt thickness ¢, which corresponds to
prototype foundation with d/D ratio 0.5. The bucket is made of steel and has a self-weight of
204 kg including the connection flange between the model and the load application point,
see Figure E.1.

@ Bucket @ Drainage system @ Hydraulic piston

@ Saturated sand @ Ascension pipe Load cell
@ Saturated gravel @ Load frame @ Water tank

@ Displacement transducer @ Connecting flange

Figure E.1 Test set-up plan (Vaitkunaite 2015).
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E.2.1 Sand

The rigid sand container had an inner diameter of 2.5 m. It was filled with 0.3 m of gravel
used for drainage and 1.2 m of Aalborg University sand No. 1 (Figure E.1). The latter is
quarts sand which contains a small part of biotite and feldspar. The small sand particles are
sub-angular while the larger particles are rounded. The main sand properties were as follows:
specific grain density 2.64 g/cm3, lowest void ratio e,,;, 0.549, highest void ratio e, 0.858,
50%-quantile 0.14 mm, uniformity coefficient 1.78. Borup and Hedegaard (1993) and Ibsen
and Boedker (1994) thoroughly reported the sand properties. Figure E.3 shows the sieve
analysis. The sand was saturated and compacted to a planned density level before every test.
Aalborg University sand No. 1 has a hydraulic conductivity of 8-10° m/s when prepared to
relative density Dp = 80%. Sjelmo (2012) performed a permeability analysis of Aalborg
University sand No. 1 through a falling head apparatus.

E.2.2 Testing procedure and data sampling

Vaitkunaite et al. (2014) described testing procedure that was applied for this program. To
begin with, the sand was loosened with an upward gradient. Afterwards, the sand volume was
compacted by a rod vibrator. Later on, at least four small-scale laboratory cone penetration
tests (CPT) were performed to inspect soil conditions. Larsen (2008) described the laboratory
CPT device and the methodology for the CPT interpretation. Ibsen et al. (2009) estimated Dy
from the laboratory cone resistance. Tests presented in this article were performed in dense
sand with Dy = 80%, see Table E.1.

Table E.1 Testing program.

Test ID Dx y’ Fr/Fp | Fuowt Foyef LR, En & N
[%] [kN/m?] [kN] [kN, Hz] [kN/s] [x10°]
St.1 80 93 5.7/ - - 0.02%* - - -
St.2 80 9.5 6.3 /- - 0.02%* - - -
St.3 84 9.6 -53/- - 0.02%* - - -
St.4 85 9.6 -5.9/- - 0.02%* - - -
A0.2m-0.4 78 93 -/-53 | -2.1%1.0,0.1 0.41 04 |02 ] 400
A0.3m-0.4:1 77 9.2 -/-5.7 | -2.1£1.9,0.1 0.77 04 [ 03] 382
A0.7m-0.4:1 79 9.3 pulled | -2.1£3.9,0.1 1.54 0.4 [ 07 8.1
A0.7m0.3:1* 85 9.6 - 1.843.9, 0.1 1.54 03 [ 07| 283
A0.4m0.3 78 9.3 -/-5.0 | 1.9+2.3,0.05 0.46 03 |04 ] 196
A0.3m-0.4:2 - 9.1 -/-47 | -2.1£19,0.1 0.77 04 [ 03] 397
A0.7m-0.4:2 - 9.1 pulled | -2.1£3.9,0.1 1.54 0.4 [ 07 1.3
A0.7m0.3:2 81 9.4 -/-49 | 1.8+3.9,0.1 1.54 03 |07 ] 400
A0.2m0 81 9.4 -/-4.9 0+1.00, 0.1 0.40 0 02 | 400

Where: Dy — density ratio, y’ — soil unit weight, F7,p. — monotonic tensile peak load, F).., — mean
cyclic load, F,. — cyclic amplitude, f— load frequency, LR — load rate, N — cycle number.

*Test stopped after cycle No. 28,263; loading program was repeated in test A0.7m0.3:2.

**Max. load rate.

Mechanical push installation of bucket foundation models was used by Kelly et al. (2003),
Kelly et al. (2006a) and Foglia (2015). Kelly et al. 2006a compared installation by suction
and pushing and documented that the soil disturbance due to suction installation was more
visible in small-scale model tests, probably, because of local soil disturbances which do not
increase in proportion to caisson diameter. It is expected that suction installation loosens soil
in the inner interface zone and reduces the strength properties of soil-structure interface in a
short-term. However, the properties are probably regained after some time due to small cyclic
wave loading which is typical in summer weather conditions. Nielsen (2016) performed
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laboratory tests with bucket foundation models. He showed that a bucket foundation model
gained 1.6 times larger bearing capacity when pre-loaded with small load cycles. This study
dealt with the foundation model installed by mechanical pushing, because the focus was
operational loading discharging the installation impact.
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Figure E.2 Bucket model used for the testing: pressure transducer (1), valves (2), displacement
transducers (3), positions for the pore pressure measurements (PP1-PP7); dimensions in mm.
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Figure E.3 Sieve analysis of Aalborg University Sand No. 1. performed in 2012.

Installation started with positioning the bucket right on the soil surface level, zeroing the
signal of the load cell and penetrating the bucket skirt down to the soil with 0.2 mm/s
velocity. Two large valves were kept open during the installation to let the air flow out. The
installation ended when approximately 70 kN force was reached. Right after that, the model
was completely unloaded. The installation required about 50 kN force from the hydraulic
cylinder. An elastic compressive preload of 20 kN ensured that the bucket was fully installed
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and kept the procedure repetitive (Figure E.4). In most of the cases, during the installation, the
water table was about 3 cm above sand surface. During installation procedure, it was noticed
that the load cell reacted to the lid contact with the water table. In a few tests, were the water
table was at the same level of the sand surface, only one change in the response was noticed
corresponding to the level of the soil surface. This means that the installation rate was slightly
higher than would be required for completely drained soil response. However, the installation
velocity was limited by the equipment and could not be lower than 0.2 mm/s. Thus, bucket
model was left to rest in the sand at least 2 hours allowing pore pressure dissipation. Load and
position signals were measured during the installation process with sampling frequency of
1 Hz.
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Installation load [kN]
Figure E.4 Model installation with preload and elastic unload, test A0.7m0.3:1.

The testing program of the monotonic tensile loading and cyclic loading tests is presented in
details in section 2.3. Load, displacement and pore pressure responses were measured during
the tests. Load cell had a capacity of 250 kN and was positioned right above the foundation
model. Position of the hydraulic cylinder piston was measured with a displacement
transducer. Additionally, two displacement transducers were placed on the lid of the
foundation model; they could measure displacements of up to 125 mm. To analyse the
drainage conditions, pore pressure response was measured at different levels on the model
skirt. Pore pressure transducers were placed above the bucket model and connected to
measuring positions via narrow water-filled pipes. As the cyclic tests typically took up to five
days, the atmospheric pressure changes were also measured and separated from the pore
pressure measurements. Figure E.2 shows all the mentioned transducers. Data sampling rate
depended on the type of loading, i.e. 1 Hz frequency was chosen for monotonic loading tests
and 2 Hz frequency for cyclic loading tests.

MOOG modular test controller was used to control and monitor various loading regimes; for
example, tension, compression and periodic loading with various force or displacement
amplitudes and frequencies. The system was able to work continuously for several days,
which was important for the high cycle number loading tests.

E.2.3 Loading program

Before describing the loading program, it is worth mentioning that tensile loading, upward
displacement and suction pore pressure are marked with a negative sign or drawn on the
negative axis.
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For the presentation of the load cases, two parameters were used to characterise the cyclic
axial loading, i.e. {; and ¢,. Ratio &, (eq. E.1) describes the cyclic loading amplitude F,.
normalized with reference monotonic tensile load Frg. &, takes a value from 0 to 1, where F,.
equal to Fyg results in =1 and the smaller F,. results in 4<1. The second parameter
(eq. E.2) expresses the ratio between the mean cyclic load F,,,, and the reference monotonic
tensile capacity F7z. &, takes a value from -1 to 1, where mean tensile cyclic load equal to 7z
results in &,=-1 while mean compressive cyclic load equal to |F7g| results in &,=1. A perfect
two-way cyclic loading with F,,,,=0 results in &,=0. Figure E.5 visualizes the mentioned
loading parameters.
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In the first set of tests, the monotonic tensile capacity was measured. The tests were position
controlled with maximum vertical pull-out velocity of 0.002 mm/s which ensured that the soil
response was drained.

The second set of tests focussed on drained behaviour of bucket foundation subjected to
cyclic axial loading. Sinusoidal cyclic loading with constant amplitude and mean load was
applied on the model. Loading frequency f was 0.1 Hz, except in one test presented in this
paper where the frequency was 0.05 Hz. Each time, the testing program consisted of more
than 20,000 load controlled cycles followed by a position controlled monotonic pull-out Fp,.
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Figure E.5 The definition of loading parameters.

E.3 Test results

All monotonic tensile loading tests showed very similar behaviour and similar tensile peak
resistance. Pore pressures did not exceed 1.3 kPa during the loading sequence (Figure E.6),
which was within the measuring accuracy of the transducers. Two different displacement rates
were applied in the four monotonic tests: two tests with 0.001 mm/s and two with
0.002 mm/s. No influence on the pore pressure transducers was seen for the different
displacement rate tests. The displacement rate was extremely low for water saturated sand and
it took 1.4-2.8 hours to lift the model only 10 mm. Thus the response was assumed to be
drained.

It was noticed that the peak tensile load Fr was reached within the first 6 mm upward
displacement (0.006D), which was followed by a continuous decrease in load resistance due
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to a decrease in the soil-structure interface area and softening behaviour of the soil. The
reference monotonic tensile resistance Frz was chosen as the average of Fr.

This paper presents five cyclic loading tests with mean tensile load, three tests with mean
compressive load and one with zero mean load. Figure E.7 shows a cyclic loading test
followed by a post-cyclic monotonic pull-out. The bucket foundation model was allowed to
move up to -65 mm upwards (0.065D). In Table E.1, two tests are marked as “pulled”; it
refers to vertical upward displacement of -65 mm.

If no significant displacement rate and pore pressure change were seen, then it was expected
that there was no cycle that could exceed the drained tensile capacity. However, during four
cyclic loading tests, i.e. A0.3m-0.4:1, A0.3m-0.4:2, A0.7m-0.4:1 and A0.7m-0.4:2, pore
pressure build up during the loading sequence was noticed. Loading rate analysis showed that
the pore pressure build up was present in the tests where the loading rate was higher than
0.77 kN/s and mean tensile load was applied in the loading sequence (see Table E.1). Pore
water pressure during cyclic loading is addressed in section 3.3.

Some of the tests are referred as critical loading tests or tests where a critical load is reached.
The critical load in this loading program is the drained tensile resistance Frz. The drained soil
response is normally assumed for long-term loading conditions. As the main subject of this
testing program is drained soil response, the loads reaching Fry are referred as critical.
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Figure E.6 Monotonic tensile loading tests and pore pressure development under the bucket model lid
vs. upward displacement (tests St.1, St.2, St.3 and St.4).

0

E.3.1 Displacement vs. cycles

All the tests had a tendency to either keep the bucket in the initial position or develop upward
displacement. During tests with £,=0.3 and &, <0.7, the foundation model stayed in the initial
position (A0.4m0.3, A0.7m0.3:1, A0.7m0.3:2). Very small upward displacements (<0.006D)
developed in tests with &, €[-0.4, 0] and &, <0.3 (A0.2m0, A0.3m-0.4:1 and A0.3m-0.4:2).
Figure E.8 clearly shows that when critical loading was applied - the tensile load reached Frg
- the bucket eventually was pulled out (A0.7m-0.4:1, A0.7m-0.4:2). However, the foundation
model had to be subjected to more than 1,000 cycles of such critical loading to be lifted up to
0.05D.
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Figure E.7 Full loading program for test A0.2m0: Load and pore pressure vs. upward displacement.

Tests A0.7m-0.4:1 and A0.7m-0.4:2 had identical loading conditions, but slightly different
behaviour, the first test required 8 times more cycles to lift the bucket model to -60 mm
(Figure E.8). Obviously, the displacement rate was changeable in the tests A0.7m-0.4:2 while
in A0.7m-0.4:1 was rather constant. Furthermore, the inner pore pressure in test A0.7m-0.4:2
decreased constantly (Figure E.13) whereas in the test A0.7m-0.4:1 it was around 0 kPa
during the first 5,000 cycles (Figure E.14). This indicated that the accumulation of negative
pore pressure resulted in higher displacement. As the loading rate was identical, it should be
expected that slightly lower soil permeability (thus, higher Dz) could result in the lower
negative pore pressure of test A0.7m-0.4:2 compared to test A0.7m-0.4:1. Unfortunately, the
density ratio was not estimated for the test A0.7m-0.4:2 due to technical issues.
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Figure E.8 Accumulated displacement vs. number of cycles (tests A0.3m-0.4:1, A0.3m-0.4:2, A0.7m-
0.4:1, and A0.7m-0.4:2).

Kelly et al. (2006b) analysed incremental and cumulative cyclic displacement during one test
with mean compressive load (referred as Testl5) and showed that the incremental
displacement decreased within the first 200 cycles and, afterwards, kept constant with a small
positive value pushing the bucket model down to the soil at a constant rate. Positive
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incremental displacement indicates a safe foundation design range, because the bucket cannot
be lifted due to the loading conditions.

Table E.2 Displacement analysis.
Test ID En & | N Comment for displacement
A0.7m0.3:1 0.3 0.7 | 160 Developed constant w, ;s of 10 mm
A0.7m0.3:2 0.3 0.7 | 200 Developed constant w; 4 of 10° mm

A0.4m0.3 0.3 0.4 | 1100 | Developed constant w;, of 10° mm
A0.2m0 0 02 | 40 Developed stable w;, of -107 mm
A0.3m-0.4:2 -0.4 0.3 | 188 Developed stable w; 4 of -10™ mm
A0.7m-0.4:1 -0.4 0.7 | - Large displ. during all cycles
A0.7m-0.4:2 -04 0.7 | - Average wiq of -5:10% mm

Where: Dy, — density ratio, w;, — incremental displ., N — cycle number to reach a constant w; 4.

During the present testing campaign it was seen that in most of the examined cases the
incremental displacement w;; became constant within the first 200 loading cycles. Figure E.9
shows accumulated and incremental cyclic displacement during test A0.7m0.3:2. The
incremental displacement changed within the first 200 cycles and continued almost constant
with a very small positive increment of 10°® mm until the end of the test. Within the first 200
cycles, the model reached the uppermost position and, afterwards, it was slowly pushed
downwards to the initial position (0 mm). The accumulated displacement during this long-
term cyclic loading test was very small (<10°D). Similar behaviour was seen in tests
A0.7m0.3:1 and A0.4m0.3.

However, all tests with &,<0 resulted in negative incremental displacements, where average
w; 4 Was in the range from -10” mm to -102 mm depending on loading conditions (Table E.2).
Furthermore, under the critical tensile loading, the displacement increment varied during the
loading sequence, as seen in Figure E.10. Overall, the negative incremental displacements are
small, but they would eventually lead to an inadmissible accumulated displacement of the
foundation.

Test A0.7m0.3:2, &m=0.3 §A=0.7

Incremental
displacement [mm]
|
o
o
(8]

10 10° 10° 10* 10

Accumulated
displacement [mm]

10’ 10° 10> 10t 10°
Number of Cycles

Figure E.9 Incremental and accumulated displacement vs. number of cycles, test A0.7m0.3:2.
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E.3.2 Post-cyclic load

Cyclic degradation is a very important factor that should be evaluated when designing
offshore foundations. In this testing program, the cyclic degradation was evaluated comparing
the virgin loading response and the post-cyclic loading response. The measured monotonic
load decreased continuously due to a decrease in the soil-structure interface area and softening
behaviour. Thus, the corresponding shaft friction was calculated dividing the measured load
by the area of the shaft in contact to soil (Figure E.11). The peak post-cyclic shaft friction was
very similar to or lower than the virgin shaft friction; in the performed tests, up to 25%
difference in the peak capacity. The peak resistance was reached within the upward
displacement of -10 mm, which corresponded to 0.01D.

Test A0.7m-0.4:2,& =-0.4&,=0.7

-0.2
-0.15}
-0.1¢
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Accumulated
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o

10° 10' 10° 10°
Number of Cycles
Figure E.10 Incremental and accumulated displacement vs. number of cycles, test A0.7m-0.4:2.
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Figure E.11 Virgin and post-cyclic monotonic shaft friction vs. upward displacement.
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E.3.3 Pore pressure vs. cycles

Shear and dilation occur when dense sands are subjected to external loads. Negative pore
pressure occurs if water is unable to flow into the pores when the soil dilates. Dilation is
especially high in low soil stresses (shallow depth). As mentioned earlier, the negative pore
pressure is limited by the cavitation.

Until now, no tensile high cycle number tests were performed measuring pore pressure
behaviour at different depths of the bucket model skirt. In this testing campaign, it was
noticed that pore pressure depends not only on loading rate, but can also change/develop
during long-term cyclic loading as seen in Figure E.12 (test A0.3m-0.4:2). It should be noted
that any influence from the atmospheric pressure change during the tests was removed from
data, so it shows only the pore pressure state in the soil contact to the foundation model, see
also Figure E.2 for the pore pressure measuring positions.

No pore pressure development (thus, fully drained response) was seen during full loading
program in tests A0.2m-0.4, A0.7m0.3:1, A0.7m0.3:2, A0.4m0.3and A0.2m0. Small suction
accumulation during cyclic loading was visible in tests A0.3m-0.4:1 and A0.3m-0.4:2 that
were subjected to a higher loading rate of 0.77 kN/s and mean tensile load (Table E.1). The
highest measured pore pressure reached -8.5 kPa in test A0.7m-0.4:2 which was small
compared to the cavitation limit of -100 kPa (Figure E.12 and Figure E.13). However, the
generated suction pressure of -8.5 kPa under the bucket lid resulted in 6.7 kN resistance to
tensile load which was larger than Frz. As seen in Figure E.13, negative pore pressure was
continuously generated through all the loading sequence. Due to measuring accuracy of the
pore pressure transducers (+/-2 kPa) it is hard to say the exact time when drained behaviour
changed to partially drained and the tensile resistance was induced by negative pore pressure
additionally to the interface friction. Moreover, the pore pressure transducers measured
different suction in different levels on the bucket skirt, i.e. the inner part of the bucket was
subjected to more suction than the outer indicating partial drainage conditions, see
Figures E.2 and E.13. As mentioned in section 3.1, the accumulation of the negative pore
pressures influenced the displacements. Vaitkunaite et al. (2016) performed experimental
analysis with a bucket foundation model in a pressure tank. The analysis confirmed that pore
suction level is closely related to upward displacement rate. More analysis of this matter was
out of the focus of the present research.
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Figure E.12 Pore pressure development during cyclic loading
(tests A0.2m-0.4, A0.3m-0.4:2 and A0.7m-0.4:2).
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Figure E.13 Accumulated displacement and pore pressure vs cyclic loading in test A0.7m-0.4:2.
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Figure E.14 Accumulated displacement and pore pressure vs cyclic loading in test A0.7m-0.4:1.
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E.3.4 Stiffness during monotonic and cyclic loading

Monotonic loading stiffness during the first 10% of load, k;p,, was about 11 MN/m,
see Figure E.15 for the definition of stiffness. Peak loading stiffness k., from the beginning
to the peak of the load, was 1.1 MN/m. Post-cyclic tensile load resulted in rather high
stiftness. Here k;y., was very high, i.e. from 46 MN/m to 3300 MN/m, while the peak loading
stiffness k., was from 1.0 to 7.3 MN/m.

It was noticed that cyclic loading and unloading stiffness were significantly higher than the
monotonic loading stiffness and it had similar values to post-cyclic pull-out values of k.
Moreover, the stiffness was rather constant during the loading sequence except tests
A0.3m-0.4:2 and A0.7m-0.4:2, where the stiffness dropped at some point. Figure E.16 shows
that test A0.7m0.3:2 unloading stiffness k.. was about 230 MN/m (mean). On the contrary,
keye was quite low (only 24 MN/m) in test A0.7m-0.4:2 where large tensile loading
dominated. Clear stiffness degradation during cyclic loading was visible only when critical
tensile cyclic loading was applied and no degradation in other loading cases.

Kelly et al. (2006a) performed cyclic loading tests with mean compressive load and showed
that unloading cyclic stiffness had no degradation during cyclic loading, i.e. it was constant or
increasing during the loading sequence. Such tendency is confirmed with the present tests,
except when critical tensile cyclic loading was applied (tests A0.7m-0.4:1 and A0.7m-0.4:2).
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Figure E.15 Cyclic unloading stiffness (a), Monotonic loading stiffness (b).
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Figure E.16 Unloading stiffness vs cycles for tests A0.7m-0.4:2 and A0.7m0.3:2.
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Figure E.17 The normalized cycles of tests A0.7m0.3:2 (black) and A0.7m-0.4:2 (grey).
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Figure E.18 Normalized unloading stiffness vs. cycle number during the first 200 cycles.

E.3.5 Dimensional analysis

Kelly et al. (2006a) provided equations for comparison of laboratory and field tests which
indicated that the method used for data normalization was very successful. Indeed, the study
showed good comparability of stiffness in any of the cycles. However, accumulation of
deformation during the cyclic loading (90 cycles) had smaller similarity when comparing
laboratory and field test data. Analysis of vertically loaded caissons showed that disturbance
due to suction installation was less important for field caisson. It is worth mentioning that the
dimensional analysis was applied to test data with foundation models having 0.15, 0.2 and
1.5 m diameter while the present study analyses a foundation model with 1 m in diameter.
Moreover, the loading conditions were quite different compared to the present study, since
herein more attention is given to the tensile loading. Model testing data provides valuable
knowledge for the full-scale foundation design. Therefore, the application of the theoretical
background is of interest.

Figure E.17 shows the first, middle and last cycles of the corresponding loading sequence in

the normalized space. It is clearly seen that test with mean compressive loading (A0.7m0.3:2)
presented significantly stiffer behaviour compared to test with mean tensile loading
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(A0.7m-0.4:2). Softer behaviour of an axially loaded bucket foundation model in tension was
also noticed by Kelly et al. (2006a). Actual unloading stiffness is plotted in Figure E.18 which
shows that the unloading stiffness was approximately 6.5 times higher in test A0.7m0.3:2. It
is impossible to compare directly Kelly et al. (2006a) results to the present data, because the
load amplitudes herein are much smaller. The softer behaviour of tensile loading tests with
negative F,,,, resulted in progressive uplift of the foundation mode is as seen in Figure E.19.
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Figure E.19 Normalized accumulative displacements vs. cycle number during the first 200 cycles.

E.4 Conclusions

The study drew attention to the cyclic tensile loading on a bucket foundation model. The
paper presented results from four monotonic and nine cyclic loading model tests where
several tests had a mean tensile load which has not been publically documented until now.
The medium scale bucket foundation model, corresponding to 1:10 prototype size, was
subjected to large number of load cycles with various mean loads. Continuous measurements
of load, displacement and pore pressures visualized the actual tensile loading behaviour.
Based on the performed laboratory tests, the following findings can be drawn:

e  Displacement during long-term cyclic loading: All the tests had a tendency to either
keep the bucket in the initial position or develop upward displacement. During tests
with &, from -0.4 to 0.3 and &,<0.3, the accumulated displacement was smaller than
0.006D. Tests with ¢&,=-0.4 and &,=0.7 resulted in gradual pull-out. However, the
foundation model had to be subjected to more than 1,000 cycles of such critical
loading to be lifted up to 0.05D.

e A constant negative incremental displacement developed in the tests with &,<0
which indicated that the bucket foundation would be eventually moved to an
inadmissible upward displacement.

e  Pore pressure during long-term cyclic loading: Negative pore pressures developed
during four tests indicating partially drained behaviour. Consequently, it was
noticed that pore pressure can continuously accumulate during long-term cyclic.

e  Cyclic loading stiffness during long-term cyclic loading: During tests where the
mean compressive loading dominated, the cyclic unloading stiffness was higher
compared to tests where mean tensile loading dominated. Generally, cyclic stiffness
was much higher than monotonic loading stiffness. Clear stiffness degradation
during cyclic loading was visible only when critical tensile cyclic loading was
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applied and no degradation in other loading cases. Unloading stiffness was slightly
higher compared to loading stiffness.

e Cyclic degradation: The peak post-cyclic shaft friction was very similar to or lower
than the virgin shaft friction; in the performed tests, up to 25% difference in the
peak capacity. The peak tensile resistance was reached within upward displacement
of 1% of bucket diameter (0.01D).

e Dimensional analysis by Kelly et al. 2006a was applied and visualized well the
different trends in the tests for load, displacement and cyclic stiffness development.
The dimensional analysis can be validated only performing similar loading program
on bucket foundation models of different size.
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Abstract. The present testing program aims at showing the pore pressure response
around a bucket foundation skirt as well as the load and displacement change due to ten
different displacement rates. Research findings are useful for a numerical model calibration
focussing on the design of the upwind foundation in a multi-bucket foundation system. The
foundation model is in a scale of approximately 1:20 prototype foundation size. The tests are
performed in a pressure tank with the foundation model installed in dense sand. Based on the
data, the conclusion is that bucket foundation design in storm case should allow accounting
for partial drainage in sand.

Keywords: Bucket foundation, tension load, axial load, displacement rate, pore
pressure, model testing, pressure tank.

A

Ry R¢
Figure F.1 A wind turbine on a jacket with several bucket foundations with reactions to tensile loading
(Ry) and to compressive loading (R¢).

F.1 Introduction

If a jacket with several bucket foundations supports a wind turbine, the upwind foundation
should be able to resist tensile loading in the short or long term. Drained tensile capacity of a
bucket foundation corresponds to the self-weight of a structure and the frictional resistance on
the inner and the outer skirt. If the tensile load is applied rapidly enough, undrained
conditions can arise, resulting in high tensile resistance even in a sandy soil. Drainage
conditions depend on the size of the foundation, soil permeability and loading intensity.
Cavitation pressure limits the pore suction induced by the tensile loading; the cavitation
pressure is approximately -100 kPa in atmospheric pressure conditions and temperatures of
about 0-35°C.

When estimating bucket foundation response during a storm loading, it is important for the
foundation to resist the large wave loads. In a jacket case, the horizontal wave loads would be
transferred to the dominating tensile and compressive components on the foundations. A well-
known case with the “monster wave” in Draupner E jacket with four bucket foundations
proved, that the pore pressure dissipation during the large wave (wave period 11.2 s) was very
low (Hansteen et al. 2003, Tjelta 2015). Thus, in a storm loading, the loads on a full-scale
bucket foundation would most probably create partial drainage conditions and the tensile
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response would be somewhere between the drained and undrained even in sandy soils. Pore
suction induced due to rapid loading increases the tensile bucket foundation capacity. The
tendencies of the tensile capacity dependence on the loading rate were also noticed by Bye et
al. (1995), Feld et al. (2000), Kelly et al. (2006) etc. Clearly, a successful numerical model
would be preferable for the foundation design. In the best case, a suitable numerical model
should be calibrated with a large-scale model test. As the latter is very expensive, laboratory
tests can provide useful information.

Iskander et al. (1993) performed tensile loading tests on a model suction pile which had an
outer diameter of 0.11 m and a shaft length of 0.19 m. The foundation model was installed in
water saturated dense sand. The authors investigated suction installation and its influence on
the frictional resistance. The study included four pull-out tests: each of different type
according to the installation method and type of tensile loading. An analytical method
predicting the tensile capacity was proposed according to the test data. Feld et al. (2000 and
2001) performed laboratory tests on a small-scale bucket foundation and concluded that large
tensile capacity could be generated by suction. Houlsby et al. (2005) presented an analytical
method evaluating the tensile resistance of a bucket foundation when suction is present. They
stated that friction along the skirt reduces vertical stresses and proposed a method to include
this reduction in the tensile capacity calculation. Houlsby et al. (2005) validated their
analytical method comparing it to laboratory tests performed in a pressure chamber with a
suction caisson installed in water saturated dense sand. The bucket dimensions were: diameter
of 0.28 m and skirt length of 0.18 m. Houlsby et al. (2006) performed a large-scale field
testing and remarked that large tensile capacity at large displacements could be generated
during pull-out tests. Kelly et al. (2003, 2004 and 2006) performed laboratory tests and
concluded that the bucket foundation tensile capacity should be limited to the self-weight of
the structure, frictional resistance and plug weight (if applicable). Byrne and Houlsby (2006)
stated that tension of the upwind foundation should be avoided to have a safe structure. To
follow such recommendations, the spacing between each of the bucket foundations should be
increased, which would increase the manufacturing costs.

Bye et al. (1995) presented a design methodology for Sleipner T and Europipe 16/11E jackets
on bucket foundations. The design included model testing and finite element modelling. By
numerical simulation, Cao et al. (2002) analysed the passive suction and displacement
development of a suction caisson installed in clay. The model showed close agreement with
centrifuge test results. Thieken et al. (2014) and Achmus and Thieken (2014) presented a
finite element model for the design of axially loaded bucket foundations in sand. The model
was compared to several test results (including Iskander et al., 1993) and gave rather good
results. Tang et al. (2015) implemented a finite volume model of a poro-elasto-plasticity soil
model where they simulated a suction caisson under vertical tensile loads applied with several
displacement rates.

The present testing program aims at showing the pore pressure response all around the
foundation structure as well as the load and displacement change due to a variety of different
displacement rates. A pressure tank was used allowing the generation of lower negative pore
pressures. The bucket foundation model was at least two times larger than the previously
mentioned laboratory models. It was installed in water saturated dense sand. Finally, the
results were compared to the analytical methods proposed by Iskander et al. (2002) and
Houlsby et al. (2005).
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F.2 Testing Equipment and Program

Figure F.2 shows the bucket foundation model used for the testing. It had a diameter D of
0.5 m, skirt length d of 0.25 m and skirt thickness ¢ of 2 mm, which was approximately 1:20
prototype size. Pore pressure transducers were fixed to the lid of the model and connected to
measuring positions via narrow water-filled pipes.

The test set-up was previously used by Serensen and Ibsen (2012) for pile foundation testing.
The test set-up consisted of a large steel pressure tank, a hydraulic cylinder (actuator) and an
automatic load regulation system (Figure F.3). The pressure tank had an inner diameter of
2.1 m and the height of 2.1 m. Figure F.3 shows the plan of the pressure tank and the bucket
model installed in sand. It is expected that the pressure tank is large enough for the tensile
loading tests with low pull-out rates. If the reverse end bearing failure aroused, the size of the
tank might be insufficient resulting in lower measured tensile capacity. However, the authors
did not perform a detailed assessment of the boundary effects.
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Figure F.2 Bucket foundation model with pore pressure transducers PP1-PP11. Dimensions in mm.
(Vaitkunaite, 2015)

F.2.1 Properties of sand

The soil sample consisted of 0.6 m of Aalborg University sand No. 1. Hedegaard and Borup
(1993), Ibsen and Boedker (1994) provided a detailed study about the sand properties.
Hydraulic conductivity & was 7.4-10° m/s and the effective soil unit weight y’ was 9.6 kN/m’
when the sand was prepared to relative density Di of 85%. The permeability of Aalborg
University sand No. 1 was tested in a falling head apparatus by Sjelmo (2012). Figure F.4
shows the hydraulic conductivity dependence on the void ratio for Aalborg University sand
No. 1.

The summary of the sand properties:
. min void ratio e,,;, 0.549,
. max void ratio e,,,, 0.858,
. specific grain density d, 2.64 g/cm’,
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e uniformity coefficient U 1.78.
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Figure F.3 In-scale plan of the test set-up for the axially loaded bucket foundation model. After

Vaitkunaite, 2015.
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Figure F.4 Hydraulic conductivity vs. void ratio for Aalborg University sand No. 1. (Sjelmo, 2012)
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F.2.2 Preparation and testing

Before proceeding with the testing description and results, it should be noted that tensile
loading, upward displacement and suction pressure are negative in this paper. The peak tensile
load is marked as Fr and the corresponding displacement at the peak load is wr. Suction
pressure s shows the differential pressure between the absolute p,,, and the atmospheric
pressure p,, as:

§ = Pabs = Patm- (Fl)

In the case with the applied pressure p; in the tank, the suction pressure corresponds to:

§ = Pabs = Patm™ Pr- (F2)
Sand preparation and laboratory CPT testing

Every test started with soil preparation: loosening the sand with an upward gradient and
compacting it with a rod vibrator as explained by Vaitkunaite et al. (2014). Afterwards, at
least four CPT tests were performed with a small-scale and custom-built device to inspect soil
conditions. Larsen (2008) developed this laboratory CPT testing procedure and provided the
methodology behind it (Larsen 2008, Appendix A). Ibsen et al. (2009) provided an expression
for the estimation of the relative soil density Dy based on the cone resistance from the
laboratory CPT device:

, —0.42
D, = 5.14( 9w J ; (F.3)
q

0.75
¢

where ¢’y — vertical effective stress, g. — laboratory cone resistance.

Figure F.5 shows the typical CPT results, i.e. cone resistance and relative density. It should be
noted, that the first 100 mm are not considered for the interpretation of data. That is due to a
different failure figure in the very shallow depth, where the laboratory CPT interpretation
cannot be applied (Larsen, 2008). In the performed tests, the relative soil density Dy was on
the average 85% with the standard deviation of 5%.
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Figure F.5 Cone resistance and relative density measured with the laboratory CPT in test v27.
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F.2.2.1 Installation

Installation started with positioning the bucket right on the soil surface level, zeroing the
signal of the load cell (measuring capacity 100 kN) and mechanically pushing the bucket
down in the soil with a velocity of 0.05 mm/s. Two displacement transducers were used: one
on the actuator and another on the bucket lid. A valve on the bucket lid was kept open during
the installation to let the air flow out. At an installation depth d;,, of about 240 mm, the
installation load response changed, meaning that the bucket lid was in contact with the soil
surface. During the installation, a compressive force of 32 kN was reached. Immediately after
it, the bucket model was completely unloaded (Figure F.6). The push installation required
about 10 kN load to penetrate the skirt 240 mm. The additional 22 kN were used for the
compressive preloading. This preloading was purely elastic and ensured that the testing
program was repetitive and the model was completely installed.

During the installation, the sand dilated slightly around the skirt circumference. Thus, the
foundation model could not be installed to full depth (=250 mm). In small-scale testing,
every millimetre of the model dimensions is important. Thus, the installation depth d;,,, was
carefully measured and noted after every installation (Table F.1). Furthermore, it was taken
into account in the data analysis.

W
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35

Installation load [kN]

0 50 100 150 200 250
Installation depth [mm]
Figure F.6 Installation load vs. installation depth in test v27. (Vaitkunaite, 2015)

F.2.2.2 Testing program

After the installation, the pressure tank was tightly closed and p, of 200 kPa (p,,=300 kPa)
was established allowing the simulation of 20 meters water depth. The pressure in the tank
provided a possibility of lower negative pore pressure generation during loading.
Displacement controlled tests with a pull-out velocity v (in mm/s) were conducted on the
bucket foundation model. The testing program contained ten tests, which were numbered
according to the displacement rate, e.g. v47 stands for velocity v = 47 mm/s (Table F.1). The
aim of the testing program was to capture the lowest and the highest tensile capacity.
Furthermore, the program had to show the change of the tensile behaviour in between those
two limits, especially the change in pore pressures, development of peak resistance and
displacements. The needed displacement rates were unknown without actually testing them.
As a result, ten different pull-out rates were used in this campaign. Table F.1 gives an
overview of the performed tests.
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Table F.1 Overview of the performed tests

P Test Fr, wr, v, insts Dy,
[kPa] No. [kN] [mm] [mm/s] [mm] [%]
0 v0.01 - - 0.01 241 79
200 v0.05 -2.7 -0.7 0.05 239 85
200 v0.1 -4.1 -0.7 0.10 241 86
200 vl -8.0 -3.6 1 242 90
201 v10 -30.8 -16.0 10 242 90
200 v22 -44.1 -14.7 22 236 83
200 v27 -48.8 -143 27 239 85
200 v47 -65.4 -48.8 47 236 83
200 vo8 -711.7 -60.5 98 239 82
200 v152 -75.2 -68.2 152 236 84

where p, — pressure in the tank, Fr — peak tensile load, wr — upward
displacement at F', v — pull-out rate, d;,,, — installed skirt length, Dy —
sand density ratio.

F.2.3 Scaling law

Small-scale experimental studies can provide useful information about various design issues.
In the case of this testing program, the main interest is brought to the pore pressure change
and distribution during tensile loading of a bucket foundation. Dimensional analysis is often
employed as a good tool to visualize the influence of various parameters on the specific model
test. Foglia et al. (2013) proposed non-dimensional groups for the analysis of pore pressure
development around a bucket foundation model. The same test set-up was used as in the
present campaign, but the bucket foundation models were loaded laterally.

In the proposed method all the relevant parameters are reduced to combinations of force [F],
length [L] and time [T]. Thus, suction pressure s [FL™?] depends on the unit weight of pore
fluid p,, [FL™], drainage length L [L], soil hydraulic conductivity k [LT"'] and displacement
rate v [LT™'] as follows:

s=10., L, k v). (F.4)

The drainage length is presumed to be directly proportional to bucket foundation skirt d and
diameter D. Consequently, the non-dimensional group is as follows:

s (vd
-5 %) (F.5)

Eq. F.5 contains one unknown function g which can be foundation from the laboratory
experiments. If the non-dimensional groups are expressed correctly, the non-dimensional pore
water behaviour should resemble the prototype behaviour. The analysis can be validated
comparing the non-dimensional patterns of experiments performed with different soil and

169



170

geometry parameters, various model scales and other types of modelling, such as finite
element modelling.

Foglia et al. (2013) conducted small-scale experiments with two bucket foundation models
that differed in skirt lengths. The non-dimensional pore water behaviour had a good match. In
this model analysis only one bucket foundation is used and it is subjected to tensile loading,
however, it is expected that the method holds.

F.3 Results

The following sections are intended for the presentation of the testing results. Load,
displacement, stiffness and pore pressure responses are considered in this part. It should be
noted that the self-weight of the bucket model and displacements were zeroed, thus, the
diagrams with the results show the pure response of the tensile loading.

F.3.1 Load vs. displacement

Figure F.7 shows loading response when tension was applied with six different displacement
rates from 1 mm/s to 152 mm/s. Table F.1 shows two tests with displacement rates below 1
mm/s that resulted in very small tensile capacity. Fr increased together with increasing v. The
peak tensile capacity was 9.4 times higher in the tests with v=152 mm/s compared to

v=1 mm/s.
-80 T T . .
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Figure F.7 Load vs. displacement response for tests v1, v10, v27, v47, v98 and v152.

The higher the peak tensile resistance F'z, the higher the displacement wy was developed. It
was noticed that test v152 developed peak load at -68.2 mm (0.136D) while test vl developed
peak load at -0.7 mm (0.0014D). Upward displacement in test v152 clearly indicates problems
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with serviceability limit state. However, assuming that a bucket foundation in a design case
can have the maximum upward displacement of only 0.05D, the tensile resistance is still
considerably higher for the faster pull-out tests than for the slower pull-out tests. Thus, the
tensile capacity can be up to 7.8 times higher, see Figure F.7. In other words, the pore
pressure response should be considered when designing the upwind foundation since it can
have significantly higher tensile capacity compared to the drained tensile capacity.

F.3.2 Stiffness

Figure F.8 shows the definition of the initial stiffness k; and the peak stiffness k,.q that were
calculated for each of the performed tests. The stiffness defines how the tensile load
developed compared to the displacement. The highest measured k.. was 7.13 MN/m in the
test v0.1, while the lowest measured k., was 1.01 MN/m in test v152. Figure F.9 shows that
some scatter was noticed in k., for displacement rates 0-27 mm/s. However, in this range,
peak stiffness had higher values compared to the faster pull-out rate tests. The testing data
showed that the peak load was reached at higher upward displacements for the higher pull-out
rates. Thus, the decrease of stiffness was expected. As seen in Figure F.9, the fitted expression
kpear =3.11 198v**! gives a satisfactory resemblance of the measurements.

The initial stiffness k; was rather scattered for all the tests and no clear dependency on the
pull-out velocity was noticed. Mean value of k; was 8.23 MN/m with the uppermost value of
20.85 MN/m and the lowermost value of 1.00 MN/m discharged. As seen, the mean initial
stiffness was higher than any of the peak stiffness values and did not depend on the
displacement rate.

w
Figure F.8 Peak stiffness k., and initial stiffness ; definition in the load-displacement graph.

F.3.3 Poor pressure development

The following comments and illustrations refer to the suction pressure s (see Eq. F.2). In all of
the performed tests, the inner pore pressures (transducers PP7-PP11, see Figure F.2) were
lower compared to the outer pore pressures (PP1-PP6); Figure F.10 shows an example of such
response in test v10. Figure F.11 shows the peak pore pressures during four different tests. In
test v98 the inner transducers measured peak pressure of about -272 kPa. The displacement
rate was increased to 152 mm/s in test v152, but the pressure development was not more
significant. The lowest pore pressures generated had peak pressure of about -288 kPa.
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Figure F.9 Peak and initial stiffness vs. pull-out velocity.

Higher than 152 mm/s pull-out velocity attempts were unsuccessful, because the velocity
could not be kept constant during several seconds due to the limitations of the actuator.
However, it was assumed that the measured peak pressure in test v152 reached cavitation.
Ideally, the cavitation should be reached at s = -300 kPa, but deviations from this value can be
influenced by imperfect saturation of the narrow water-filled pipes, air bubbles in the sand
and measurement accuracy of the pressure transducers. Lower cavitation level was earlier
noticed in triaxial cell tests (Ibsen, 1995) and centrifuge tests (Senders, 2008).
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Figure F.10 Load and pore pressure vs. displacement in test v10.
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Moreover, as the inner transducers in test v152 showed almost identical measurement, it
should be understood that the response was fully undrained since no inner water flow was
present.

Figure F.12 shows the peak suction pressure results expressed in the non-dimensional groups.
Pore pressure measurements from the skirt tip and under the bucket lid are shown in the
figure. The pore pressures drop with the increasing pull-out rate following a non-linear path.
Suction on the skirt tip is slightly higher than the suction developed right under the lid.
However, when the pull-out rate is fast enough to cause cavitation, the developed suction
becomes very similar in all the transducers indicating the undrained behaviour.
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Figure F.11 Peak suction distribution along the bucket model in tests v1, v27, v47 and v152.
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Figure F.12 Non-dimensional group results for pore pressure transducers pp3, pp6, pp7 and

ppY.

F.3.4 General remarks

Figure F.13 and Table F.1 prove that very small tensile resistance and no significant suction
pore pressure development were measured during the test with the lowest displacement rate
(v0.01). The tensile loading resulted in completely drained response, the bucket skirt was
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rather smooth, and thus, this behaviour was expected. However, oscillations in load and pore
pressure responses are seen in Figure F.13. This is due to the noise of the system and
vibrations in the loading equipment. During the testing, it was noticed that the loading
equipment experienced some sort of vibrations when very low displacement rates were
applied (as seen in Figure F.13). Unfortunately, it was impossible to tune these vibrations.
However, the tuning of higher displacement rates was much easier as seen in the response in
Figure F.7. Furthermore, Figure F.13 shows slightly drifting pore pressure measurements in
the range of [0.5; -1.7] kPa. Such drift and measuring error was noticed during calibration of
the pore pressure transducers and, in this case, should be treated as zero pore pressure
measurement.
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Figure F.13 Slow pull-out test v0.01. Total load and pore pressure vs. displacement.
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Figure F.14 Approximate surface elevations after slow (v0.05) and rapid (v152) pull-out
tests.
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The submerged weight of the soil volume inside the bucket was 0.45 kN, corresponding to the
soil unit weight (3’ = 9.6 kN/m®) multiplied by the inner volume of the bucket model. The soil
surface was visually inspected after every extraction of the foundation model. It was noted
that during slow pull-out tests (v0.01-v0.1), the soil surface was rather flat and only marks of
the skirt were visible. However, after the fast pull-outs (v98, v152), the soil under the bucket
formed an 80-90 mm hill and was completely disturbed indicating that the soil volume was
actually lifted up. Figure F.14 shows the changes of the soil surfaces after the tests.

F.4 Back-Calculation

Figure F.15 shows total measured tensile load and suction load (pressure under the lid times
the inner lid area) for four tests. The difference between the F; and peak suction load F;
increases together with increasing v. In some cases, such as tests v27 and v47, it was noticed
that the F; was larger than F; which is physically impossible. In both tests, this response is
visible after -100 mm of the upward displacement. One of the reasons for it could be some
sudden loss of saturation in the water filled pipes connecting the pore pressure transducers
(Figure F.2). That could results in unexpected and wrong pore pressure measurements.
Clearly, data where F; > Fr should be discharged from analysis.

The suction force under the lid gives a significant contribution to the total tensile resistance as
shown in Figure F.15. Two analytical methods were considered for the back-calculation of the
test results. Both of them include the contribution of pore suction to the tensile capacity.

Test vl Test v10 Test v27 Test v47
-10 =50
=30
-8 -40 -60
= > = =
- Z -0 .
hel hel o o
-10 [ =20
-2 | -10
0 0 == 0 0 =
0 -50 -100 -150 0 -50 -100 -150 0 -50 -100 -150 0 =50 -100 -150
Displacement [mm] Displacement [mm)] Displacement [mm] Displacement [mm]

Figure F.15 Load vs displacement: Total measured tensile load (black line) and suction load
(grey line).

The first method by Iskander et al. (2002) requires the knowledge about the pore suction.
Thus, the measured pore suction was used for the prediction. In the second method by
Houlsby et al. (2005), firstly the suction under the bucket lid is predicted and then the tensile
capacity is estimated.

F.4.1 Method by Iskander et al. (2002)

Table F.2 gives an overview of the load response in the tests where clear soil disturbance and
elevation were noticed after the foundation model was pulled out (see also Figure F.14). It
was assumed that the soil plug was lifted up and contributed to the total tensile capacity,
which was expressed in Eq. F.6 by Iskander et al. (2002):

FT = FS+ Wb+VVplug+F/,’m (F6)
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where Fris the total tensile capacity, F is the suction force (pore pressure times the internal
area of the lid), W, is the self-weight (in these tests zeroed before testing, 0 kN), W, is the
soil plug weight (estimated earlier, 0.45 kN) and F7, is the outer friction.

From the test results, Fy, ., Was determined for the peak values by:
Ffo,te.vt =Fr—Fs—W,— I/Vplug~ (F.7)

Fo s in Table F.2 increases together with the increasing displacement rate (and suction
pressure). Iskander et al. (1993 and 2002) explained this by an increase in side shear due to
the downward vertical gradient 7 acting outside the skirt:

d .
Fres = —E(V'HJ’W)K tan(5) 4 (F.8)

where K is the coefficient of lateral earth pressure, J interface friction angle, y,, water unit
weight, d skirt length penetrated to the soil (equal to d;,), 4, outer area of the skirt. For this
and the following calculations Ktand = 0.5 was taken as typical value according to Byrne and
Houlsby (2002).

As the pore pressures were actually measured in this testing program, it was possible to
evaluate the hydraulic gradient and estimate £, ¢, r s using Eq. F.8 (Table F.2). Peak load and

peak pore pressure under the bucket model lid were used in Table F.2.

Table F.2 Load overview for tests, where the soil plug was displaced.

Test v, FT: FSa Ff,u,testa i F},’a,Eq.F&
No. |[mmvs]| [kN] | [kN] | [kN] [kN]
v10 10 -30.79 | -24.64 -5.70 -9.6 -2.39

v22 22 -44.07 | -35.37 | -8.25 -14.4 -3.46
v27 27 -48.84 | -37.71 | -10.68 | -14.7 -3.54
v47 47 -6536 | -48.87 | -16.04 | -20.8 -4.93
vo8 98 -71.65 | -5345 | -17.75 | -24.7 -5.81

v152 152 -75.17 | -56.71 | -18.01 -26.3 -6.16

where Fs — suction force, Fy,, . — measured outer friction, Fy, gy rs —
estimated according to Eq. F.8 outer friction.

F.4.2 Method by Houlsby et al. (2005)

Houlsby et al. (2005) proposed an analytical method for calculation of the tensile capacity of
a bucket foundation under the presence of suction:

2
F,=-s4 1+£)’n[£ Ktano |,
Dd V4

_ D(m2 -1)
° 4(Ktans),’

¥, ()= (exp(-x) = 1+ x),
m=1.5.

(F.9)
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Four different loading conditions were analysed: slow rate tensile load, liquefaction without
cavitation, cavitation without liquefaction and cavitation with liquefaction. It was noted that
friction contributes to reducing the vertical stress further down the foundation skirt. An
expression for estimation of suction s was proposed as:

7 Dy, dh

T4F Kk di’ (F.10)

where s — suction pressure, F' — dimensionless flow factor, y, — water unit weight, &k, —
hydraulic conductivity, dh/dt — displacement rate.

Eq. F.10 requires knowledge about the hydraulic conductivity &,, which changes depending
on flow conditions in the soil. Back-calculating the measured suction pressure with the initial
k=7.4-10° m/s, leads to a significant overestimation of suction for tests with v>10 mm/s
(Figure F.16). Thus, for the tensile load prediction, the measured suction was used and k, was
back-calculated using Eq. F.10 as shown in Figure F.17.

—-1500 T T T
*  Predicted suct. Eq. 10 *
E A Measured suct.
=% —1000 |
=
S
2 *
2 *
§ =500
* A
A a4
0 1 1 1 1
10 20 30 40 50

pull-out rate v [mm/s]
Figure F.16 Back-calculated peak suction s using Eq. F.10 and measured peak suction.

x 10
1.5
o1t
2
T 05
E
g, -6 -5
g 6.547x 10 " v+8.976x 10
O 1 1 1
0 50 100 150 200

pull-out rate v [mm/s]

Figure F.17 Back-calculated permeability %, using Eq. F.10.

177



178

F.4.3 Comparison

Tensile capacity was estimated using two mentioned methods: Iskander et al. (2002) (Eq. F.8
introduced to Eq. F.6) and Houlsby et al. (2005) (Eq. F.9). Figure F.18 shows the measured
peak resistances and predicted tensile resistances taking into consideration the upward
displacements wz. Obviously, the suction under the lid F; makes the largest part of the
measured as well as the predicted loads. Thus, Figure F.19 shows the outer interface strength
and the plug weight part (Fr - F}) for the methods.

Comparing the measured and predicted tensile response, Houlsby et al. (2005) method gives a
very good agreement if the suction under the lid is known. The pore suction according to
Eq. F.10 was highly overestimated for v>10 mm/s compared to the present testing data.
Therefore, it was back-calculated according to the measured suction. It should be noticed that
Houlsby et al. (2005) had to use somewhat higher hydraulic conductivity than was measured
in their testing program to get a fair match.

-80 T -
Z 60 8 A
— A

o9 @ A
5 v
g -40 A
o v
Z 0l O Houlsby et al. 2005 | |
s 7 A Iskander et al. 2002

ﬁ 4 Test

0 L L N
0 50 100 150 200

pull-out rate v [mm/s]

Figure F.18 Predicted and measured tensile resistance with the different pull-out rates.

[ ] ﬂ E
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é Oe O  Houlsby et al. 2005
=" —10F e A Iskander et al. 2002 |-
I O
er 5 ° (] Test
- 4 A A A
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0 50 100 150 200

pull-out rate v [mm/s]

Figure F.19 Predicted and measured contribution to the tensile loading Fy - F, with the

different pull-out rates.
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F.5 Conclusion

Traditionally, the tensile capacity of a bucket foundation in sand is designed taking very
conservative assumptions. This study drew attention to the pore pressure distribution around
the bucket foundation skirt when it is subjected to tensile loading. The response was tested
under axial tensile loads applied at various displacement rates. The paper presented results
from 1g model tests performed in a pressure tank. One bucket foundation model was used in
this testing campaign. To the knowledge of the authors, the foundation model was at least
twice larger than previously tested laboratory models. Load, displacement and pore pressures
visualized the tensile behaviour of the bucket foundation model. Pore pressures were
measured all around the bucket skirt providing valuable information about the flow in the soil
due to the tensile loading. Moreover, ten different pull-out rates were applied (displacement
controlled). This gave a good overview of the tensile behaviour starting with the drained
tensile capacity and ending with the undrained tensile capacity in sand. Finally, the results
were compared to the analytical methods proposed by Iskander et al. (2002) and Houlsby et
al. (2005). After the testing program, it was clarified that pore pressures contribute highly to
the tensile capacity. Bucket foundation design in storm case should allow accounting for
partial drainage in sand. Overall, the outcome of the performed tests was as follows:

e Tensile capacity increased parallel to the increasing displacement rates. The
increased capacity was reached at higher displacements of the foundation model,
indicating serviceability problems when utilizing the full capacity. However, even
if only using part of the capacity, the real tensile capacity was much higher
including the effect of the pore pressure than estimating only the drained capacity.
Thus, based on the performed tests, the pore pressure response should be
considered when designing the upwind foundation since it can have much higher
tensile capacity compared to the drained capacity. Though, knowledge about the
soil permeability (which changes according to loading conditions) is essential for
the correct tensile resistance estimations.

e  Peak loading stiffness was high in slow monotonic pull-out tests, but it dropped
significantly when the displacement rate increased. On the other hand, initial
loading stiffness did not show any clear dependency on the displacement rate and
was generally higher than the peak loading stiffness.

e The inner transducers in test v152 (152 mm/s) showed almost identical
measurement. The response was fully undrained since no inner water flow was
present. The rapid pull-out load generated cavitation.

e Non-dimensional groups were suggested for the analysis of the pore pressure
behaviour that can be used for further comparisons with other model tests or finite
element models.

e Iskander et al. (2002) and Houlsby et al. (2005) analytical methods were compared
to the testing data. The second method gave a very good agreement with the
measured response, but the knowledge about the soil permeability (or possible
suction) was essential.

In nature, soil conditions are very variable: soil is often layered and have variable
permeability. It would be favourable to have a numerical model that is capable of calculating
tensile capacity under various soil drainage conditions. The data provided in this paper
supplies valuable information for the calibration of numerical models.

179



180

Bibliography

Achmus, M, and Thieken, K (2014). “Numerical Simulation of the Tensile Resistance of
Suction Buckets in Sand,” J of Ocean and Wind Energy, 1 (4), 231-239.

Bye, A, Erbrich, C, Rognlien, B, and Tjelta, TI (1995). “Geotechnical Design of Bucket
Foundations,” Proc of the 27th Offshore Technology Conference, OTC, 869-883.

Byrne, BW, and Houlsby, GT (2002). “Experimental Investigations of Response of Suction
Caissons to Transient Vertical Loading,” J of Geotechand Geoenvirnm Eng, ASCE,
128(11), 926-939.

Byrne, BW, and Houlsby, GT (2006). “Assessing Novel Foundation Options for Offshore
Wind Turbines,” Proc of World Maritime Technology Conf, London.

Cao, J, Phillips, R, Popescu, R, Audibert, JIME, and Al-Khafaji, Z (2002). “Numerical
Analysis of the Behavior of Suction Caissons in Clay,” Proc 12th Int Offshore and Polar
Engineering Conf, Kitakyushu, Japan. ISOPE, 795-799.

Feld, T, Leth, CT, Mikkelsen, H, and Steenfelt, JS (2000). “Nyt Laboratorieudstyr til
Simulering af Dynamisk Pavirkede Sugebettefundamenter,” Proc of NGM-2000: XIII
Nordiska Geoteknikermdétet, Helsinki, 77-84.

Feld, T (2001). “Suction Buckets: a New Innovative Foundation Concept, Applied to
Offshore Wind Turbines,” Ph.D. Thesis, AAU Geotechnical Engineering Papers R0108,
Aalborg University, Aalborg, Denmark.

Foglia, A, Ibsen, LB, Nielsen, SK, and Mikalauskas, L (2013). “A Preliminary Study on
Bucket Foundations under Transient Lateral Loading,” Proc 23 Int Offshore and Polar
Engineering Conf, Anchorage, USA. ISOPE.

Hansteen, OE, Jostad, HP, and Tjelta, TI (2003). “Observed Platform Response to a “Monster
Wave”,” Field Measurements in Geomechanics, Oslo, Norway, 15-18.

Hedegaard, J, and Borup, M (1993). “Klassifikationsforseg med Baskarp Sand No. 15,”
Aalborg University Center, Aalborg.

Houlsby, GT, Kelly, RB, and Byrne, BW (2005). “The Tensile Capacity of Suction Caissons
in Sand under Rapid Loading,” Proc Int Symp Front Offshore Geotech (ISFOG), Perth,
Australia, 405-410.

Houlsby, GT, Kelly RB, Huxtable, J, and Byrne, BW (2006). “Field Trials of Suction
Caissons in Sand for Offshore,” Géotechnique, 56(1), 3-10.

Ibsen, LB, and Bedker, L (1994). “Baskarp Sand No. 15: Data Report 9301,” Geotechnical
Engineering Group, Aalborg University, Aalborg.

Ibsen, LB (1995). “The Static and Dynamic Strength of Sand,” Proc of the 11th European
Conf on Soil Mechanics and Foundation Engineering, Copenhagen.

Iskander, MG, Olsen, RE, and Pavlicek, RW (1993). “Behavior of Suction Piles in Sand,”
Design and Performance of Deep Foundations, Piles and Piers in Soil and Soft Rock.
ASCE, GSP No 38, 157-171.

Iskander, MG, El-Gharbawy, S, and Olson, R (2002). “Performance of Suction Caissons in
Sand and Clay,” Canadian Geotechnical Journal, 39, 576-584.

Kelly, RB, Byrne, BW, Houlsby, GT, and Martin, CM (2003). “Pressure Chamber Testing of
Model Caisson Foundations in Sand,” Proc of the Int Conf on Foundations, Dundee, 421-
431.

Kelly, RB, Byrne, BW, Houlsby, GT, and Martin, CM (2004). “Tensile Loading of Model
Caisson Foundations for Structures on Sand,” Proc 14th Int Offshore and Polar
Engineering Conf. Toulon. ISOPE.

Kelly RB, Houlsby, GT, and Byrne, BW (2006). “Transient Vertical Loading of Model
Suction Caissons in a Pressure Chamber,” Géotechnique, 56(10), 665-675.

180



181

Larsen, KA (2008). “Static Behaviour of Bucket Foundations: Thesis submitted for the degree
of Doctor of Philosophy,” Department of Civil Engineering, Aalborg University, Aalborg.
DCE Thesis, 1 (7).

Senders, M (2009). “Suction Caissons in Sand as Tripod Foundations for Offshore Wind
Turbines,” PhD Thesis, University of Western Australia.

Serensen, SPH, and Ibsen, LB (2012). “Experimental Comparison of Non-Slender Piles under
Static Loading and under Cyclic Loading in Sand,” Proc 22nd Int Ocean and Polar
Engineering Conf, Rhodes, Greece. ISOPE

Tang, T, Hededal, O, and Cardiff, P (2015). “On Finite Volume Method Implementation of
Poro-Elasto-Plasticity Soil Model,” Int J for Numerical and Analytical Methods in
Geomechanics, Wiley Online Library (wileyonlinelibrary.com). DOI: 10.1002/nag.2361

Vaitkunaite, E, Ibsen, LB., and Nielsen, BN (2014). “New Medium-Scale Laboratory Testing
of Bucket Foundation Capacity in Sand,” Proc 24" Int Ocean and Polar Engineering
Conf, Busan, South Korea. ISOPE, 2, 514-520.

Vaitkunaite, E (2015). “Bucket Foundations under Axial Loading — Test Data Series
13.02.XX, 13.03.XX and 14.02.XX,” Department of Civil Engineering, Aalborg
University, Aalborg. DCE Technical Report No. 199. ISSN 1901-726X.

Sjelmo A (2012). “Soil-structure Interaction in Cohesionless Soils due to Monotonic
Loading,” M.Sc. Thesis, Aalborg University.

Tjelta, TI (2015). “The Suction Foundation Technology,” Proc Int Symp Front Offshore
Geotech (ISFOG), Oslo, Norway, 85-93.

Thieken, K, Achmus, M, and Schroder, C (2014). “On the Behavior of Suction Buckets in
Sand under Tensile Loads,” Comput Geotech, 60, 88—100.

181



182 Bucket Foundation Response under Various Displacement Rates

182



APPENDIX G
Bucket Foundations under

Axial Loading — Test Data
Series 13.02.XX, 13.03.XX
and 14.02.XX

Vaitkunaite, E. (2015). Bucket Foundations under Axial Loading: Test Data Se-
ries 13.02.XX, 13.03.XX and 14.02.XXalborg: Department of Civil Engineering,
Aalborg University. (DCE Technical Reports; No. 199).

— 183 —



Bucket Foundations under Axial Loading — Test Data Series 13 .02.XX, 13.03.XX and
184 14.02.XX

The layout has been revised.

184



Contents

G Bucket Foundations under Axial Loading — Test Data Series 3.02.XX,

13.03.XX and 14.02.XX 185
G.1 ListofSymbols . . . . .. ... ... ... 189
G.2 TestSeries 14.02.XXOverview. . . . . . . . . . oo Q01
G.2.1 Test14.02.01 . . . . . . . . e 193
G.2.2 Test14.02.02 . . . . . . . ... 196
G.2.3 Test14.02.03 . . . . . . ... 198
G.2.4 Test14.02.04 . . . . . . . e 200
G.25 Test14.02.05 . . . . . . . . e 202
G.2.6 Test14.02.06 . . . . . . . . . e 204
G.2.7 Test14.02.07 . . . . . . . . . e 206
G.28 Test14.02.08 . . . . . . . . ... e 208
G.2.9 Test14.02.09 . . . . . . . ... 210
G.2.10 Test14.02.10 . . . . . . . o i e 212
G.2.11 Test14.02.11 . . . . . . . . e 214
G.2.12 Test14.02.12 . . . . . . . e 216
G.2.13 Test14.02.13 . . . . . . . e 219
G.2.14 Test14.02.14 . . . . . . . . e 221
G.2.15 Test14.02.15 . . . . . . . . e 223
G.3 Test Series 13.02.XX0Overview. . . . . . . . . . .. o 262
G.3.1 Test13.02.01 . . . .. . . . . e 229
G.3.2 Test13.02.02 . .. . . . . . ... 231
G.3.3 Test13.02.03 . . . . . . . .. 233
G.3.4 Test13.02.04 . . . . . . . ... 235
G.3.5 Test13.02.05 . . . . . . . . . e 237
G.3.6 Test13.02.06 . . . .. . . . . . 239
G.3.7 Test13.02.07 . . . . . . . . . e 241
G.3.8 Test13.02.08 . .. . .. . . . ... 243
G.3.9 Test13.02.09 . . . . . . .. .. 245
G.3.10 Test13.02.10 . . . . . . . . e 247
G.3.11 Test13.02.11 . . . . . . . . e 249
G.3.12 Test13.02.12 . . . . . . . e 251

— 185 —



186 Contents
G.3.13 Test13.02.13 . . . . . . . e 253
G.3.14 Test13.02.14 . . . . . . . . e 255
G.3.15 Test13.02.15 . . . . . . . . . e 257
G.3.16 Test13.02.16 . . . . . . . . .. 259
G.3.17 Test13.02.17 . . . . . . . e 261

G.4 Test Series 13.03.XXOverview. . . . . . . ... .. o 632
G.4.1 Test13.03.01 . ... .. .. . ... e 264
G.4.2 Test13.03.02 . .. . . . . . . .. 267
G.43 Test13.03.03 . . . . . . . ... 270
G.4.4 Test13.03.05 . .. . . . . . . ... 273
G.45 Test13.03.06 . .. . .. . . . ... e 275
G.46 Test13.03.08 . .. ... .. . ... 277
G.4.7 Test13.03.09 . ... .. . . . ... 280
G.48 Test13.03.10 . . . . . . . . . e 282
G.49 Test13.03.11 . .. . . . . . ... 285
G.4.10 Test13.03.12 . . . . . . . e 287
G.4.11 Test13.03.13 . . . . . . . e 290
G.4.12 Test13.03.14 . . . . . . . . e 292
G.4.13 Test13.03.15 . . . . . . . . . e 294
G.4.14 Test13.03.16 . . . . . . . . e 296
G.4.15 Test13.03.17 . . . . . . . e 298
G.4.16 Test13.03.19 . . . . . . . . .. 300
G.4.17 Test13.03.20 . . . . . . . e 303
G.4.18 Test13.03.21 . . . . . . . e 306

References 309

186



List of Symbols

187

G.1 List of Symbols

Greek Symbols

~ Total soil unit weight

~' Effective soil unit weight
o Standard deviation

Latin Symbols

D

dinst
[

f
Pm

Dt

wCyC

wr

Bucket model diameter

Relative soil density

Load

Cyclic load amplitude

Mean cyclic load

Preload during installation

Peak post-cyclic tensile load
Peak tensile load

Cycle number

Pore pressure transducer

Skirt length

Installed skirt length

Data sampling frequency

Loading frequency

Membrane pressure

Tank pressure

Tensile load velocity (Pull-out rate)
Skirt thickness

Displacement during cyclic load
Displacement at peak tensile load

Displacement at peak post-cyclic tensile load
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G.2 Test Series 14.02.XX Overview

Series 14.02.XX present tensile loading tests on a bucketfation model performed
with different pull-out rates. This chapter provides théadaf tests performed in the
pressure tank. Bucket model dimensions were: 0.50 m in demig 0.25 m in
skirt lengthd and 2 mm in skirt thicknes& Figure G.3 shows the positions of the
laboratory CPT samplings. Sgrensen and Ibsen 2012 havidysthescribed the test
set-up. Hedegaard and Borup 1993, Ibsen and Boedker 1984halied the Aalborg

University sand No.1. properties.

Table G.1: Test series 14.02.XX summary.

Loading Installation
Dt Test No. Fr w v Fp dinst | Dr ’}/I
[kPa] [KN] | [mm] | [mm/s] | [KN] | [mm] | [%] | [KN/m3]
163 14.02.01| -3.91 | -0.46 | 0.05 - - 75 9.1
177 14.02.02| -2.03 | -0.81 | 0.10 | 36.2| 244.2| 88 9.7
197 14.02.03| -2.74 | -2.66 | 0.25 | 33.2| 240.0| 92 9.9
200 14.02.04| -8.02 | -3.61 1 37.6| 242.0| 88 9.7
201 14.02.05| -30.79| -16.01| 10 43.7| 241.5| 90 9.8
199 14.02.06| -36.94| -22.30| 17.80 | 31.9| 242.3| 88 9.7
200 14.02.07| -44.07| -14.73| 21.70 | 33.0| 236.2| 83 9.5
200 14.02.08| -48.84| -14.29| 27.20 | 31.5| 239.0| 85 9.6
200 14.02.09| -65.36| -48.78| 46.71 | 31.5| 236.4| 83 9.5
200 14.02.10| - - 0.05 | 32.3| 246.6| 86 9.6
200 14.02.11| -4.08 | -0.65 | 0.10 | 31.4| 240.7| 86 9.6
200 14.02.12| -2.67 | -0.70 | 0.05 | 32.0| 239.2| 85 9.6
200 14.02.13| -71.65| -60.48| 98.30 | 31.0| 239.3| 82 9.5
200 14.02.14| -75.17| -68.18| 152.30| 37.0| 236.0| 84 9.5
0 14.02.15| (0) 0) 0.01 | 31.0| 240.5| 79 9.3
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@ Bucket @ Drainage system @ Hydraulic piston
@ saturated sand ® Ascension pipe ® Loadcell
@ Saturated gravel @ Water tank @ Pressure inlet

Displacement transducer @ Connecting arm
Figure G.1: Test set-up for testing program 14.02.XX.
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260

‘ PP7 ‘
PPI0] PP4
o | PRI L[

Figure G.2: Bucket foundation model for testing progranD24xX.
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Figure G.3: CPT positions.
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G.2.1 Test 14.02.01

Soil properties Loading Installation
Dn %] [752| f. | [Hz] | 5 | Fp | KN] | -
cof Dp | [%] | 26| Fr| [kN] |-3.91| dins: | [mm] | -
v [kN/m?] | 19.1| wr | [mm] | -0.46| Tank pressure
o [kN/m3] | 9.1 | v |[mm/s]| 0.05| p, [ [kPa]] 163
0
CPT1
100 - oo 100
= — = = CPT3|| = sy
£ cpr4|| E L
< 200 < 200 Y
Q. o
o) ) |
o} a
300 300 .
1
400 400 -
0 2 4 6 8 60 80 100

Cone Resistance [MPa]

Figure G.4: CPT testing 14.02.01.

No record.

Relative Density [%]

A4
0

Figure G.5: Installation 14.02.01.

-20

Displacement [mm]
Figure G.6: Pull-out velocity 14.02.01.
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Figure G.7: Loading 14.02.01.
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Comments:
The first test with very disturbed sand from previous testihgad cell was

not zeroed before the installation. Tank pressure was hilestiue to pressur
leakage from the tank. The test is discharged from any aisalyRressure
transducers PP3, PP6, PP11 did not function. Improvemertltettest set-up
followed: tightening of the pressure tank, tightening aafibcating pressure

transducers.

11°
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G.2.2 Test 14.02.02
Soil properties Loading Installation
Dgr [%0] 87.6| fs [Hz] 5 Fp | [KN] | 36.2
oof Dy [%0] 57 | Fr | [KN] | -2.03| dins | [mm] | 244.2
vy [kN/m3] | 19.7 | wy | [mm] | -0.81 Tank pressure
5! [kN/m3] | 9.7 | v |[mm/s]| 0.10 | p, [[kPa]] 177
0 0
_ 100 . 100 '
€ IS
£ E Il 1
< 200 < 200 '
a = o
[¢] ()
o} a L
300 300 v
A
\
400 . 400 -
0 2 4 6 8 60 80 100
Cone Resistance [MPa] Relative Density [%]
Figure G.8: CPT testing 14.02.02.
0
z
=,
10
g \7 7
= IS
S 2 £
K] >
I
2 30
-0.2
0 50 100 150 200 250 0 -20 -40 -60 -80 -100-120
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Figure G.9: Installation 14.02.02.

Figure G.10: Pull-out velocity 14.02.02.

Comments:

Tank pressure did not reach the wanted value (200 kPa). lPeeBansducef

PP3 did not function.
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Figure G.11: Loading 14.02.02.
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G.2.3 Test 14.02.03
Soil properties Loading Installation
Dgr [%0] 91.6| fs [Hz] 5 Fp | [kN] | 33.2
oof Dy [%0] 3.1 | Fr | [KN] |-2.74]| dins | [mm] | 240.0
vy [kN/m3] | 19.9| wy | [mm] | -2.66 Tank pressure
5! [kN/m3] | 9.9 | v |[mm/s]| 0.25| p, [[kPa]] 197
0 0
_ 100 . 100 ¢ 1
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E E !
< 200 < 200 "
=% [} L |
[¢] ()
) e} |
300 300 1y
1
400 : 400 -
0 2 4 6 8 60 80 100
Cone Resistance [MPa] Relative Density [%]
Figure G.12: CPT testing 14.02.03.
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Figure G.13: Installation 14.02.03. Figure G.14: Pull-out velocity 14.02.03.
Comments:

Secondary peak in load and pore pressure response prohabi ch small
sudden deviation in loading velocity (possibly, highenthacorded).
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Figure G.15: Loading 14.02.03.
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G.2.4 Test 14.02.04
Soil properties Loading Installation
Dgr [%0] 88.0| fs [Hz] 5 Fp | [kN] | 37.6
oof Dy [%0] 3.3 | Fr | [KN] |-8.02| djps | [mm] | 242
o [kN/m3] | 19.7 | wy | [mm] | -3.61 Tank pressure
o [kN/m3] | 9.7 | v |[mm/s]| 1 pe | [kPa] | 200
0 0
CPT1
100 - oo 100
— - — —=CPT3|| = )
£ cpr4|| E 1
< 200 = 200 ¢
a a \ )
[¢] ()
) ) i
300 300 )
400 400
0 2 4 6 8 60 80 100
Cone Resistance [MPa] Relative Density [%]
Figure G.16: CPT testing 14.02.04.
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Figure G.17: Installation 14.02.04. Figure G.18: Pull-out velocity 14.02.04.
Comments:

Pressure transducer PP2 did not function.
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Figure G.19: Loading 14.02.04.
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G.2.5 Test 14.02.05
Soil properties Loading Installation
Dg [%] 90.0| fs [Hz] 5 Fp | [kN] | 43.7
oof Dy [%0] 49 | Fr | [kN] |-30.79| dinse | [Mm] | 241.5
ol [KN/m3] | 19.8| wy | [mm] | -16.01 Tank pressure
o [kN/m3] | 9.8 | v |[mm/s]| 10 pe | [kPa] | 200.9
0 0
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- = =CPT2
__ 100 __ 100 ’
£ £ |
E, E
< 200 < 200 !
a = \
[¢] ()
o ) \
300 300 \
1
400 - 400 :
0 2 4 6 8 60 80 100
Cone Resistance [MPa] Relative Density [%]
Figure G.20: CPT testing 14.02.05.
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Figure G.21: Installation 14.02.05. Figure G.22: Pull-out velocity 14.02.05.
Comments:

Pore pressure response is delayed. Peak pore pressurereneasuwas
recorded approximately 0.5 s after the peak load measutemen
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Figure G.23: Loading 14.02.05.
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G.2.6 Test 14.02.06
Soil properties Loading Installation
Dg [%] 87.8| fs [Hz] 5 Fp | [kN] | 31.9
o of Dg [%0] 3.0 | Fr | [kN] | -36.94| d;,s | [mm] | 242.3
~ [kN/m3] | 19.7| wy | [mm] | -22.30
v [kN/m3] | 9.7 | v | [mm/s]| 17.80 | piant | [kPa] | 199.0
0 0
CPT1
100 Ik 100
'g' CPT3 'g'
E, E
£ 200 S 200
o) o
a \ a
300 300
400 400
0 2 4 6 8 60 80 100
Cone Resistance [MPa] Relative Density [%]
Figure G.24: CPT testing 14.02.06.
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Figure G.25: Installation 14.02.06. Figure G.26: Pull-out velocity 14.02.06.
Comments:

Sampling rate was rather low for this pull-out velocity.
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Figure G.27: Loading 14.02.06.
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G.2.7 Test 14.02.07

Soil properties

Loading Installation

Saturation problems in transducers: PP2, PP3, PP7, PP8,FFRO. Peal
pore pressure measurement was recorded approximatelyaftérshe peak
load measurement.

Dgr [%] 83.0| fs [Hz] 50 Fp | [kN] 33
o of Dg [%0] 49 | Fr | [kN] |-44.07| djns | [mm] | 236.2
% [kN/m?] | 19.5| wr | [mm] | -14.73 Tank pressure
~' [kN/m?® | 95| v |[mm/s]| 21.70 | p, [[kPa]| 200
0 0
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100 - T oo 100
= = = =CPT3|| = '
E CPT4 E 1y
< 200 <= 200 Vo
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[¢] ()
o o '
300 300 I
I
400 400 '
0 2 4 6 8 60 80 100
Cone Resistance [MPa] Relative Density [%]
Figure G.28: CPT testing 14.02.07.
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Figure G.29: Installation 14.02.07. Figure G.30: Pull-out velocity 14.02.07.
Comments:
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Figure G.31: Loading 14.02.07.

205



206 Contents
G.2.8 Test 14.02.08
Soil properties Loading Installation
Dpr [%0] 85.0| fs [HZ] 100 | Fp | [KN] | 31.5
oof Dy [%0] 3.7 | Fr | [KN] |-48.84| d;,s | [Mm] | 239
v [kN/m?] | 19.6 | wr | [mm] | -14.29 Tank pressure
5! [kN/m?®] | 9.6 | v |[mm/s]| 27.2 | p, [[kPa]] 200
0 0
CPT1
100 - T oo 100
— — — = CPT3|| = A
E CPT4 E <
< 200 <= 200 !
a a \J
[¢] ()
[a a A\
300 300 !
N
N\
400 400
0 2 4 6 8 60 80 100
Cone Resistance [MPa] Relative Density [%]
Figure G.32: CPT testing 14.02.08.
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Figure G.33: Installation 14.02.08. Figure G.34: Pull-out velocity 14.02.08.
Comments:

Saturation problems in transducers: PP4, PP7, PP8, PP®, FRdak pore
pressure measurement was recorded approximately 0.5rslatpeak load

measurement.
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Figure G.35: Loading 14.02.08.
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G.2.9 Test 14.02.09

Soil properties

Loading Installation

Dgr [%] 83.0| fs [Hz] 100 | Fp | [KN] | 31.5
cof Dy [%0] 5.4 | Fr | [KN] | -65.36| dins | [mm] | 236.4
% [kN/m?] | 19.5| wp | [mm] | -48.78 Tank pressure
~' [kN/m®1 | 95| v |[mm/s]| 46.71| p, [[kPa][ 200.4
0 0
CPT1
100 - T oo 100
= — = = CPT3|| = Y ¥V
£ cpr4|| E 3
< 200 < 200 2
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400 400 :
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Cone Resistance [MPa] Relative Density [%]
Figure G.36: CPT testing 14.02.09.
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Figure G.37: Installation 14.02.09. Figure G.38: Pull-out velocity 14.02.09.
Comments:

Saturation problems in transducers: PP2, PP7, PP8, PP®, FRdak pore
pressure measurement was recorded approximately 0.5rslatpeak load

measurement.
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Figure G.39: Loading 14.02.09.
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G.2.10 Test14.02.10
Soil properties Loading Installation
Dgr [%0] 85.8| fs [HZ] 5 Fp | [kN] | 32.3
oof Dy [%0] 5.2 | Fr | [kN] - | dinse | [mm] | 246.6
5y [kN/m?] | 19.6 | wr | [mm] - Tank pressure
5 [kN/m®] | 9.6 | v | [mm/s]|0.05] p, [[kPaJ[ 200
0 0
CPT1
100 - T oo 100
= — = = CPT3|| = &
£ cpr4|| E Y
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Figure G.40: CPT testing 14.02.10.
0.4
0
Z
'_E' 0.2
g 7
- 15 £
S e O
g 20 >
g 25 -0.2
e
= 30
35 -0.4
0 50 100 150 200 250 0 -20 -40 -60 -80 -100-120

Displacement [mm]

Figure G.41: Installation 14.02.10.

Displacement [mm]

Figure G.42: Pull-out velocity 14.02.10.

Comments:

First centimetres were not recorded. Secondary peak indndgbore pressurg
response probably due to a small sudden deviation in loadifagity (possi-

bly, not recorded).
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Figure G.43: Loading 14.02.10.
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G.2.11 Test 14.02.11

Installation load [kN]

Soil properties

Loading Installation

Dpg

[%] 860 7,

o of Dgr [%] 49 | Fr

[Hz] | 5 | Fp | [KN] | 31.4
[kN] | -4.08| dins: | [mm] | 240.7

vy [kN/m3] | 19.6 | wy | [mm] | -0.65 Tank pressure
5! [kN/m3] | 9.6 | v |[mm/s]| 0.1 [ p, [[kPa]]199.7
0 0
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Figure G.44: CPT testing 14.02.11.
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Figure G.45: Installation 14.02.11. Figure G.46: Pull-out velocity 14.02.11.
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Figure G.47: Loading 14.02.11.
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G.2.12 Test14.02.12
Soil properties Loading Installation
Dgr [%0] 85.0| fs [Hz] 2 Fp | [kN] 32
o of Dg [%0] 6.4 | Fr | [kN] |-2.67| dinse | [Mm] | 239.2
vy [kN/m3] | 19.6 | wy | [mm] | -0.70 Tank pressure
5 [kN/m?®] | 9.6 | v | [mm/s]| 0.05| p; | [kPa] | 199.6
0 0
CPT1
- = =CPT2
_ 100 __ 100 N
S S J
E E <
£ 200 S 200 N
=% o \
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Figure G.48: CPT testing 14.02.12.
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Figure G.49: Installation 14.02.12.
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Figure G.50: Pull-out velocity 14.02.12.
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Figure G.51: Loading 14.02.12.
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Comments:

CPT tool was accidentally broken after the first two sammingsible change
in frequency in load and pore pressure response, while #urig velocity was
stable. Possibly, the vibrations were due to external wiorkse laboratory tha
affected the whole system. Pressure transducer PP1 didmciidn.
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G.2.13 Test14.02.13
Soil properties Loading Installation
Dgr [%0] 82.0| fs [Hz] 200 | Fp | [kN] 31
oof Dg [%6] 6.8 | Fr | [KN] |-71.65| d;ps | [mm] | 239.3
% [kN/m?] | 19.5| wr | [mm] | -60.48 Tank pressure
~' [kN/m® | 95| v |[mm/s]| 983 | p, [[kPa][200.4
0 0
CPT1 P
- = =CPT2 fs
= 100 -~ —cPi3l| = 100 ,}’
£ CPT4|| £ C
< 200 < 200 A
[=% o Vo
[¢] ()
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300 300 LY
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Cone Resistance [MPa] Relative Density [%]
Figure G.52: CPT testing 14.02.13.
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Figure G.53: Installation 14.02.13.

Displacement [mm]

Figure G.54: Pull-out velocity 14.02.13.

Comments:
Saturation problems in transducers: PP2, PP7, PP8, PP®, FRdak pore
pressure measurement was recorded approximately 0.5rslatpeak load
measurement.
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Figure G.55: Loading 14.02.13.
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G.2.14 Test 14.02.14

Soil properties Loading Installation
Dgr [%0] 83.5| fs [Hz] 500 | Fp | [kN] 37
cof Dy [%0] 3.4 | Fr | [KN] |-75.17| dips | [mm] | 236
% [kN/m?] | 19.5| wy | [mm] | -68.18 Tank pressure
~' [kN/m*1 | 95| v |[mm/s]| 152.3 | p, [[kPa]] 199.7
0 0
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100 - T oo 100
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Figure G.56: CPT testing 14.02.14.
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Figure G.57: Installation 14.02.14. Figure G.58: Pull-out velocity 14.02.14.

Comments:

Saturation problems in transducers: PP2, PP3, PP7, PP8,FFRO. Peal
pore pressure measurement was recorded approximatelyaftérshe peak
load measurement.
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Figure G.59: Loading 14.02.14.
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G.2.15 Test 14.02.15

Soil properties Loading Installation
Dgr [%0] 78.6| fs [Hz] 1 Fp | [kN] 31
oof Dy [%0] 6.0 | Fr | [KN] (©0) | dinst | [mm] | 240.5
ol [kN/m3] | 19.3| wy | [mm] | (0) Tank pressure
5! [kN/m3] | 9.3 | v | [mm/s]|0.01] p, [[kPa]] O
0 0
CPT1
100 - oo 100
— CPT3|| = v
€ (S A
£ CPT4|| £ :
£ 200 £ 200 \
Q. o
O o) )
o . ) \
300 300
400 400
0 2 4 6 8 60 80 100
Cone Resistance [MPa] Relative Density [%]

Figure G.60: CPT testing 14.02.15.
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Figure G.61: Installation 14.02.15. Figure G.62: Pull-out velocity 14.02.15.
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Figure G.63: Loading 14.02.15
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Comments:

No significant tensile resistance was recorded. Visiblengkan frequency in
load and pore pressure response, while the loading vela@ity/stable. Pos
sibly, the vibrations were due to external works in the labory that affecteg
the whole system.
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G.3 Test Series 13.02.XX Overview

Series 13.02.XX present slow monotonic tensile loadintstes a bucket foundation
model. This chapter provides the data of tests performelaaatrge yellow sand box
(Figure G.64). Two bucket models were used with the dimerssas follows: (1) 1.0
m in diameterD, 0.5 mm in skirt lengthi and (2) 1.0 m in diameteb, 1.0 mm in
skirt lengthd. Both models had skirt thicknegss= 3 mm. Figure G.65 shows the
positions of the laboratory CPT samplings. Figures G.66@r&¥ show the bucket
foundation models. Vaitkunaite 2015 described the teginogedure. Hedegaard and
Borup 1993, Ibsen and Boedker 1994 have studied the Aalboigetsity sand No.1

properties.
Table G.2: Test series 13.02.XX summary.
Loading Installation

Pm Test No. d/D Fr wr v Fp dinst | Dr ’y/
[kPa] [KN] | [mm] | [mm/s] | [KN] | [mm] | [%] | [KN/m?]
12 13.02.01| 0.5 | -26.4| -11.7| 0.021 | 475 | 490 | 82.4 9.5
65 13.02.02| 0.5 | -53.6| -20.0| 0.039 | 42.0 | 490 | 82.7 9.5
18 13.02.03| 0.5 - - 0.002 | 55.2 | 492 | 74.8 9.1
19 13.02.04| 0.5 | -19.0| -24.3| 0.001 | 45.3 | 486 | 79.0 9.3
21 13.02.05| 0.5 | -15.3| -11.4| 0.001 | 46.1 | 495 | 82.3 9.5
0 13.02.06| 0.5 | -5.7 | -6.3 | 0.001 | 49.6 | 483 | 79.9 9.3
0 13.02.07| 0.5 | -6.3 | -5.8 | 0.001 | 50.6 | 474 | 83.1 9.5
0 13.02.08| 0.5 | -5.3 | -4.6 | 0.002 | 49.5 | 473 |84.3 9.6
41 13.02.09| 0.5 | -28.2| -5.0 | 0.001 | 68.3 | 487 |81.3 9.4
0 13.02.10| 1.0 | -27.7| -3.9 | 0.001 | 203.0| 980 | 85.5 9.6
20 13.02.11| 0.5 | -23.3| -7.5 | 0.002 | 57.3 | 487 | 79.3 9.3
40 13.02.12| 0.5 | -26.9| -5.2 | 0.002 | 72.8 | 487 | 79.3 9.3
68 13.02.13| 0.5 | -43.2| -10.7| 0.002 | 70.1 | 493 | 82.9 9.5
0 13.02.14| 1.0 | -29.8| -4.5 | 0.001 | 220.0| 990 | 83.0 9.5
0 13.02.15| 0.5 | -5.9 | -5,5 | 0.002 | 73.0 | 491 | 85.0 9.6
0 13.02.16| 0.5 | -14.9| -4.8 | 0.002 | 70.5 | 493 | 77.2 9.2
73 13.02.17| 0.5 | -96.3| -72.2| 0.002 | 74.0 | 490 | 83.4 9.5
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o
®
L
©
(@ Bucket @ Drainage system () Hydraulic piston
@ Saturated sand ® Ascension pipe Load cell
@ Saturated gravel @ Load frame @ Water tank

@ Displacement transducer @ Connecting flange
Figure G.64: Test set-up.Vaitkunaite (2015)

g
&
S

PT3), CPT4

0.55 0.40,0.60 ,0.40,0.55

Figure G.65: CPT positions.
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Figure G.66: Bucket foundation modé)D = 0.5: (1) pressure transducers, (2)
valves, (3) displacement transducers. Vaitkunaite (2015)

20

334
354

667

PP1

687

1020

PP2

PP3

Figure G.67: Bucket foundation modé)D = 1.0: (1) pressure transducers, (2)
valves, (3) displacement transducers. Vaitkunaite (2015)
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G.3.1 Test 13.02.01

Cone Resistance [MPa]
Figure G.68: CPT testing 13.02.01.

Installation load [kN]

Soil properties Loading Installation
Dg [%0] 82.4| Fr | [KkN] -26.4 | Fp | [kN] | 475
o of Dg [%0] 3.3 | wy | [mm] |-11.68| d;s | [MM] | 490.0
~ [kN/m3] | 19.5| v | [mm/s]| 0.021 | Membrane pressure
o [KN/m3] | 9.5 pm | [kPA]| 12
0 0
CPT1
100} ¢ - — —CPT2 100
— CPT3|| —
E 200 CPT4 E 200
< 300 < 300
o) o
Q 400 Q 400
500 500 \
\
600 \ 600
0 5 10 15 60 80 100

Relative Density [%]
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20

30

40

50

60
0

100

200 300

400

Displacement [mm]
Figure G.69: Installation 13.02.01.

500

227



228 Contents

|
w
o

|
N
o

T

L

Load [kN]
é
I

o
L

-6 -8 -10 -12 -14
Displacement [mm]

o
|
N
|
5

Pull-out rate [mm/s]

Displacement [mm]

Figure G.70: Loading 13.02.01.
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G.3.2 Test 13.02.02

Cone Resistance [MPa]
Figure G.71: CPT testing 13.02.02.

Installation load [kN]

Soil properties Loading Installation
Dgr [%0] 82.7| Fr | [kN] | -63.6| Fp | [kN] | 42.0
o of Dg [%0] 3.8 | wpr | [mm] | -20.0 | dinse | [MmM] | 490.0
~ [kN/m3] | 19.5| v | [mm/s]| 0.039| Membrane pressure
o [KN/m3] | 9.5 pm | [kPa]| 65
0 0
CPT1
100 - oo 100
= CPT3|| — ¥
£ cpr4|| E t
< 200 < 200 N
Q. o
) ) !
la) a) \
300 300
400 400
0 2 4 6 8 60 80 100

Relative Density [%]

10

20

30

40

50
0 -100 -200 -300 -400 -500

Displacement [mm]
Figure G.72: Installation 13.02.02.
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Figure G.73: Loading 13.02.02.

230



Test Series 13.02.XX Overview

231

G.3.3 Test 13.02.03

Loading was attempted to times.

Soil properties Loading Installation
Dgr [%0] 74.8| Fr | [kN] - Fp | [KN] | 55.2
o of Dg [%0] 3.4 | wp | [mm] - dinse | [mMm] | 491.8
~ [kN/m3] | 19.1| v | [mm/s]| 0.002| Membrane pressure
o [KN/m3] | 9.1 pm | [kPa]| 18
0 0
CPT1
100 - — —CPT2 100
— = = =CPT3|| —
g 200 CPT4 E 200
< 300 < 300
o) o
QO 400 Q 400
500 500
600 600
0 5 10 15 60 80 100
Cone Resistance [MPa] Relative Density [%]
Figure G.74: CPT testing 13.02.03.
0
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o
5 30
g
= 40
13
£ 50
60
0 100 200 300 400 500
Displacement [mm]
Figure G.75: Installation 13.02.03.
Comments:
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Figure G.76: Loading 13.02.03.
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G.3.4 Test 13.02.04

Cone Resistance [MPa]

Installation load [kN]

Figure G.77: CPT testing 13.02.04.

Soil properties Loading Installation
Drg [%] |79.0( Fr | [KN] | -19.0| Fp | [KN] | 45.3
o of Dg [%0] 4.4 | wy | [mm] | -24.3 | dinse | [MM] | 486.0
~ [kN/m3] | 19.3| v | [mm/s]| 0.001| Membrane pressure
o [KN/m3] | 9.3 pm | [kPa]| 19
0 0
CPT1
100y, - — —=CPT2 100 i
— , CPT3|| — »
E 200\ oPT4 E 200 K
< 300 < 300
o) o
Q 400 Q 400
500 \\ 500 \
600 = 600 :
0 5 10 15 60 80 100
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0
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Figure G.78: Installation 13.02.04.
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Figure G.79: Loading 13.02.04.
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G.3.5 Test 13.02.05

Cone Resistance [MPa]
Figure G.80: CPT testing 13.02.05.

Installation load [kN]

Soil properties Loading Installation
Dgr [%0] 82.3| Fr | [kN] | -15.3| Fp | [kN] | 46.1
o of Dg [%0] 42 | wp | [mm] | -11.4 | dipse | [MM] | 495.0
~ [kN/m3] | 19.5| v | [mm/s]| 0.005| Membrane pressure
o [KN/m3] | 9.5 pm | [kPa]| 21
0 0
CPT1
100 - — —CPT2 100
— CPT3|| —
E 200 CPT4 E 200
< 300 < 300
o) o
Q 400 Q 400
500 500
\
600 600
0 5 10 15 60 80 100
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Figure G.81: Installation 13.02.05.
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Figure G.82: Loading 13.02.05.
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G.3.6 Test 13.02.06

Soil properties Loading Installation
Dgr [%0] 79.9| Fr | [kN] -5.7 | Fp | [KN] | 49.6
o of Dg [%0] 43 | wy | [mm] | -6.3 | dinse | [MM] | 483.0
~ [kN/m3] | 19.3| v | [mm/s]| 0.001| Membrane pressure
o [KN/m3] | 9.3 pm | [kPa]| O
0 0
CPT1
100 - — —=CPT2 100 ‘8
— - — —CPT3|| — W\
g 200 CPT4 E 200 A
< 300 < 300 u
o3 ) W
Q 400 Q 400 \
500 500 \
W
600 600
0 5 10 15 60 80 100
Cone Resistance [MPa] Relative Density [%]

Figure G.83: CPT testing 13.02.06.
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Figure G.84: Installation 13.02.06.

Comments:
Pore pressure transducer PP1 did not function.
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Figure G.85: Loading 13.02.06.
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G.3.7 Test 13.02.07

Cone Resistance [MPa]
Figure G.86: CPT testing 13.02.07.

Installation load [kN]

Soil properties Loading Installation
Dgr [%0] 83.1| Fr | [kN] -6.3 | Fp | [kN] | 50.6
o of Dg [%0] 44 | wp | [mm] | -5.8 | dinse | [MM] | 474.0
~ [kN/m3] | 19.5| v | [mm/s]| 0.001| Membrane pressure
o [KN/m3] | 9.5 pm | [kPa]| O
0 0
CPT1
— \ CPT3|| —
E 200 CPT4 E 200 ,
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500 500
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Figure G.87: Installation 13.02.07.

500

239



240

Contents

-8 - - - -
— —6f 1
E ——
=a ‘
o 2 J
-
0 .
0 -5 -10 -15 -20
Displacement [mm]
(Outer pore pressures)
-2

Suction [kPa]
o

IMW""‘""‘_J PP1

1| == =pPP2
— — —PP3
1t J
2 1 1 1 1
0 -5 -10 -15 -20
Displacement [mm]
(Inner pore pressures)
-2 . .
<
o -1
X, —— PP4
£ e
5 1
n
2 1 1 1 1
0 -5 -10 -15 -20

Displacement [mm]

Pull-out rate [mm/s]

-10 -15 -20
Displacement [mm]

Figure G.88: Loading 13.02.07.
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G.3.8 Test 13.02.08

Soil properties Loading Installation
Dgr [%] 84.3| Fr | [kN] -5.3 | Fp | [kN] | 495
o of Dg [%0] 40 | wp | [mm] | -4.6 | dinse | [MM] | 473.0
~ [kN/m3] | 19.6| v | [mm/s]| 0.002| Membrane pressure
o [KN/m3] | 9.6 pm | [kPa]| O
0 0
CPT1
100 - — —CPT2 100
'E 200 - - T CPT3E L0
E, E
S 300 < 300
o) o
O 400 Q 400
500 500
600 600
0 5 10 15 60 80 100
Cone Resistance [MPa] Relative Density [%]
Figure G.89: CPT testing 13.02.08.
0
g 10
2 20
o
5 30
g
= 40
13
£ 50
60
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Displacement [mm]
Figure G.90: Installation 13.02.08.
Comments:

Pore pressure transducer PP1 did not function.
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Figure G.91: Loading 13.02.08.
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G.3.9 Test 13.02.09

Soil properties Loading Installation
Dgr [%0] 81.3| Fr | [KN] | -28.2| Fp | [KN] | 68.3
o of Dg [%0] 32 |wp | [mm] | -5.0 | dinse | [MmM] | 487.0
~ [kN/m3] | 19.4| v | [mm/s]| 0.001| Membrane pressure
o [KN/m3] | 9.4 pm | [kPa]| 41
0 0
CPT1
100}y - — —CPT2 100
\
— CPT3|| —
E 200 \ CPT4 E 200
< 300 < 300
o) o
QO 400 N Q 400
500 \ 500
\
600 600
0 5 10 15 60 80 100
Cone Resistance [MPa] Relative Density [%]

Figure G.92: CPT testing 13.02.09.
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Figure G.93: Installation 13.02.09.
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Figure G.94: Loading 13.02.09.
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G.3.10 Test 13.02.10

Soil properties Loading Installation
Dgr [%0] 85.5| Fr | [kN] | -27.7| Fp | [kN] | 203
o of Dy [%0] 48 | wp | [mm] | -3.9 | dinse | [MM] | 980.0
~ [kN/m3] | 19.6| v | [mm/s]| 0.001| Membrane pressure
o [KN/m3] | 9.6 pm | [KPa]| O
0 0
-
200 200 Y
— — \
IS IS
£ 400 £ 400
£ 600 S 600
[} 5]
o )
800 800
1000 1000
0 10 20 60 80 100
Cone Resistance [MPa] Relative Density [%]
Figure G.95: CPT testing 13.02.10.
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g
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Figure G.96: Installation 13.02.10.
Comments:
Bucketd/D = 1. Installation performed in two steps due to insufficieistgn
length.
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Figure G.97: Loading 13.02.10.
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G.3.11 Test 13.02.11

Soil properties Loading Installation
Dgr [%0] 79.3| Fr | [kN] | -23.3| Fp | [KN] | 57.3
o of Dg [%0] 3.0 | wp | [mm] | -7.5 | dinse | [MmM] | 487.0
~ [kN/m3] | 19.3| v | [mm/s]| 0.002| Membrane pressure
o [KN/m3] | 9.3 pm | [kPa]| 20
0 0
CPT1
100 - — —CPT2 100 K
= CPT3|| — {
g 200 CPT4 E 200 \
< 300 < 300 !
o) o \
QO 400 Q 400 \
500 500 L
/
600 600
0 5 10 15 60 80 100
Cone Resistance [MPa] Relative Density [%]

Figure G.98: CPT testing 13.02.11.
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Figure G.99: Installation 13.02.11.
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Figure G.100: Loading 13.02.11.
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G.3.12 Test 13.02.12

Cone Resistance [MPa]
Figure G.101: CPT testing 13.02.12.
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Soil properties Loading Installation
Dg [%0] 79.3| Fr | [kKN] | -26.9| Fp | [kN] | 72.8
o of Dg [%0] 40 | wp | [mm] | -5.2 | dinse | [MM] | 487.0
~ [kN/m3] | 19.3| v | [mm/s]| 0.002| Membrane pressure
o [KN/m3] | 9.3 pm | [kPa]| 40
0 0
CPT1
100 - — —CPT2 100 \
= CPT3|| = \
E 200 CPT4 E 200 |
< 300 < 300 \
o) o \
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Figure G.102: Installation 13.02.12.
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Figure G.103: Loading 13.02.12.
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G.3.13 Test 13.02.13

Soil properties Loading Installation
Dgr [%0] 82.9| Fr | [kN] | -43.2| Fp | [kN] | 70.1
o of Dg [%0] 6.7 | wpr | [mm] | -10.7 | dinse | [MmM] | 493.0
~ [kN/m3] | 19.5| v | [mm/s]| 0.002| Membrane pressure
o [KN/m3] | 9.5 pm | [kPa]| 68
0 0
CPT1
= N CPT3|| —
E 200 \, CPT4 E 200 \\
< 300 <= 300 \
o) o
O 400 Q 400
500 500
600 600
0 5 10 15 60 80 100
Cone Resistance [MPa] Relative Density [%]

Figure G.104: CPT testing 13.02.13.
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Figure G.105: Installation 13.02.13.
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Load [kN]
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-20 -30 -40 =50
Displacement [mm]

-10
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Figure G.106: Loading 13.02.13.
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G.3.14 Test 13.02.14

Soil properties Loading Installation
Dgr [%] 83.0| Fr | [kN] | -29.8| Fp | [kN] | 220.0
oof Dg [%0] 3.9 | wr | [mm] -4.5 | dips | [mm] | 990.0
y [kN/m?] | 19.5| v | [mm/s] | 0.001| Membrane pressurg
5 [KN/m3] | 9.5 pm | [KPA]| O
0 0
200 200
€ €
£ 400 £ 400
£ 600 S 600
() ()
o )
800 800
1000 . 1000
0 5 10 15 60 100
Cone Resistance [MPa] Relative Density [%]
Figure G.107: CPT testing 13.02.14.
No record.
Figure G.108: Installation 13.02.14.
Comments:

Bucketd/D = 1. Installation was not recorded, bt andd;,,s: were visually
observed in the computer screen.
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Displacement [mm]

0

0 -10 -20 -30 -40 -50 -60
Displacement [mm]

Pull-out rate [mm/s]

Figure G.109: Loading 13.02.14.
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G.3.15 Test 13.02.15

Cone Resistance [MPa]

Figure G.110: CPT testing 13.02.15.

20
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60

Installation load [kN]

80
0

Soil properties Loading Installation
Dg [%0] 85.0| Fr | [kN] -59 | Fp | [kN] 73
o of Dg [%0] 38 | wpr | [mm] | -55 | dinse | [MmM] | 491.0
~ [kN/m3] | 19.6| v | [mm/s]| 0.002| Membrane pressure
o [KN/m3] | 9.6 pm | [kPa]| O
0 0
CPT1
100}y - — —CPT2 100
— CPT3|| —
E 200 CPT4 E 200
< 300 < 300
o) o
Q 400 Q 400
500 500
600 600
0 5 10 15 60 80 100

Relative Density [%]

100

200 300

400

Displacement [mm]
Figure G.111: Installation 13.02.15.
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Load [kN]
N
I

2 1 1 1 1 1
0 -10 -20 -30 -40 -50
Displacement [mm]

Pull-out rate [mm/s]

0 -10 =20 -30 -40 -50
Displacement [mm]

Figure G.112: Loading 13.02.15.
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G.3.16 Test 13.02.16

Soil properties Loading Installation
Dgr [%0] 772 Fr | [kN] | -14.9| Fp | [KN] | 70.5
o of Dg [%0] 122wy | [mm] | -4.8 | dinse | [MM] | 493.0
~ [kN/m3] | 19.2| v | [mm/s]| 0.002| Membrane pressure
o [KN/m3] | 9.2 pm | [kPa]| O
0 0
CPT1
100 - — —CPT2 100
— CPT3|| —
E 200 CPT4 E 200
< 300 < 300
o) o
Q 400 Q 400
500 500 \
\\
600 = 600 2
0 5 10 15 40 60 80 100
Cone Resistance [MPa] Relative Density [%]

Figure G.113: CPT testing 13.02.16.
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Installation load [kN]

80
0 100 200 300 400 500
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Figure G.114: Installation 13.02.16.
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Figure G.115: Loading 13.02.16.
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G.3.17 Test 13.02.17

Cone Resistance [MPa]

Figure G.116: CPT testing 13.02.17.

20

40

60

Installation load [kN]

80
-500 -400 -300 -200 -100 0

Soil properties Loading Installation
Dgr [%0] 83.4| Fr | [kN] | -96.3| Fp | [kN] | 74.0
o of Dg [%0] 33 | wp | [mm] | -72.2 | dinse | [MmM] | 490.0
~ [kN/m3] | 19.5| v | [mm/s]| 0.002| Membrane pressure
o [KN/m3] | 9.5 pm | [kPa]| 73
0 0
CPT1
100 100
'E' 200 'E’ 200
E, E
S 300 < 300
o) o
Q 400 Q 400
500 500 :
600 600 L
0 5 10 15 60 80 100

Relative Density [%]

Displacement [mm]
Figure G.117: Installation 13.02.17.
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Figure G.118: Loading 13.02.17.
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G.4 Test Series 13.03.XX Overview

Series 13.03.XX present cyclic loading tests on a bucketdation model. This chap-
ter provides the data of tests performed in the large yellamdsbox. Bucket model
dimensions were: 1.0 m in diametér, 0.5 mm in skirt lengthi and 3 mm in skirt
thicknesst. Figure G.64 shows the test set-up. Figure G.66 shows thieebémun-
dation model. Figure G.65 shows the positions of the lalboyaCPT samplings.

Vaitkunaite 2015 described the testing procedure.

Table G.3: Test series 13.03.XX summary.

Cyclic loading Post-cyclic load
Pm Test No. Fmean Fcyc Weyc f FPc Wpe DR ’7/
[kPa] [kN] [KN] | [mm] | [Hz] | [kN] [mm] | [%] | [kKN/m3]
0 13.03.01| -2.11 | 1.02 | -0.88 | 0.10| -5.34 | -3.83 | 78 9.3
0 13.03.02| -2.05 | 1.93| -1.35 | 0.10| -595 | -7.60 | 77 9.2
0 13.03.03| -2.05 | 3.85 | -63.76| 0.10 - - 79 9.3
0 13.03.05| 1.80 | 3.85 | 0.15 | 0.10 - - 85 9.6
43 13.03.06| 11.76 | 11.38| 0.72 | 0.05| -31.33| -12.35| 80 9.3
0 13.03.08| 1.91 | 230 | 0.04 | 0.05| -5.03 | -343 | 77 9.3
41 13.03.09| -13.03| 18.37| -67.55| 0.10 - - (75) | (9.1)
0 13.03.10| -2.05 | 1.93 | -6.23 | 0.10| -4.74 | -0.53 | (75)| (9.1)
41 13.03.11| 20.12 | 9.33 | -63.81| 0.10 - - 82 9.4
0 13.03.12| -2.05 | 3.85 | -65.80| 0.10 - - (79)| (9.3)
71 13.03.13| 2.01 | 29.38| 0.74 | 0.05 - - 82 9.5
70 13.03.14| 1.92 | 29.30| 1.25 | 0.10| -93.26 | -28.29| 82 9.4
73 13.03.15| -22.39| 23.08| 0.10 | 0.10| -93.90| -26.53| 87 9.7
71 13.03.16| -51.67 | 24.49| -75.01| 0.10 - - 79 9.3
71 13.03.17| -50.61 | 45.78| -81.90| 0.10 - - 81 9.4
0 13.03.19| -0.30 | 1.66 | -0.64 | 0.10| (-3.49)| -8.66 | 79 9.3
0 13.03.20| 1.80 | 3.85 0 0.10| -485 | -1.30 | 81 9.4
0 13.03.21, O 1.00 | -0.29 | 0.10| -4.86 | -4.84 | 81 9.4

261




262

Contents

G.4.1 Test13.03.01

Depth [mm]

Soil properties

Loading

Dg [%0] 77.8

o of Dpg [%] 55

y [kN/m3] | 19.3

' [kN/m3] | 9.3
Installation

Fp [kN] 52.4

dinst [mm] 486

Membrane pressure

Frean | [KN] | -2.11
Feye [KN] 1.02
Weye [mm] | -0.88

I [Hz] 0.10

fs [Hz] | 0.04-1

N [-] 39,592
Fp. [kN] | -5.34
Wpe [mm] | -3.83

Dm | [kPa] | O v [mm/s] | 0.002
0 0
CPT1
100 - — =CPT2 100 LYY
- — —CPT3|| = \
200 cpra|| E 200 \
300 < 300 i\
o
00 8 400 '\
4 o 4 W\
500 500 "W
Y
600 600
0 5 10 15 60 80 100

Cone Resistance [MPa]

Relative Density [%]

Figure G.119: CPT testing 13.03.01.

20

40

Installation load [KN]

60

0 200
Displacement [mm]

Figure G.120: Installation 13.03.01.
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b
=3
©
©
o
-
Cycle no. x 10"
-0.8
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E
= 0.4 1 cyc
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0 -0.2 1
O 1 1 1 1 1 1
0.5 1 1.5 2 2.5 3.5 4
cle no.
(Outer pore pressures) x 10
— —0.2
©
o
=
@ —— PP1
s — — —PP2
o — — —PP3
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o
0.5 1 1.5 2 2.5 3.5 4
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(Inner pore pressures)
-1 T T T
'
o A
= ———TTT =Rz
g ——— PP4
= 1 | —— PP5
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5 ]
o
25 3.5 4
Cycle no. « 10"

Figure G.121: Cyclic loading part 13.03.01.
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z
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S _
©
o
-
0 -5 -10 -15 -20 -25 -30 -35 -40
Displacement [mm]
Figure G.122: Full loading vs. displacement 13.03.01.
Comments:

Problems in data sampling caused by an error in the datasitigquisystem.
After cyclic loading the equipment stopped (unloading)m®&dours later, the

post-cyclic loading started.
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G.4.2 Test 13.03.02

Depth [mm]

Soil properties Loading
Dr [%] [76.9] Frnean | [KN] [ -2.05
cof Dg [%0] 53| Feye [kN] 1.93
y [kN/m?] | 19.2| weye [mm] | -1.35
o [kN/m?] | 9.2 f [Hz] 0.10
Installation fs [Hz] | 0.05-1
Fp [kN] 71 N [1 |38,227
dinst [mm] - FPC [kN] -5.95
Membrane pressure Wpe [mm] | -7.60
Dm | [kPa] | O v [mm/s] | 0.002
0 0
CPT1
100 - — —=CPT2 100
- — —CPT3|| =
200 oPTA E 200
300 < 300
o
400 Q 400
500 500
600 600
0 5 10 15 60 80 100

Cone Resistance [MPa]

Relative Density [%]
Figure G.123: CPT testing 13.03.02.
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40

Installation load [KN]

60

0 200
Displacement [mm]

Figure G.124: Installation 13.03.02.
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Load [kN]
o

N

Cycle no. 4

Displ.[mm]

|
N

|
=

——PP1
- — —PP2
— — —PP3

o

Pore pres.[kPa]

[N

N

Cycle no. x 10"

(Inner pore pressures)

PL PR

——— PP4
——— PP5
— — —PP6

Pore pres.[kPa]

Cycle no.

x 10"

Figure G.125: Cyclic loading part 13.03.02.
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|
A~
T
-
!

Load [kN]

0 -10 =20 -30 -40 =50 -60
Displacement [mm]

Figure G.126: Full loading vs. displacement 13.03.02.

Comments:
Installation response is not full, the final pre-load wasasbed in the computer
screen. During the first 950 cycles, the cyclic mean load wa85+kN (com-
pressive). Problems in data sampling caused by an erroeidéta acquisition
system.
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G.4.3 Test 13.03.03

Depth [mm]

Soil properties Loading
Dr [%] 78.7 | Friean | [KN] | -2.05
cof Dy [%0] 4.8 | Feye [KN] 3.85
v [kN/m?] | 19.3| weye | [mm] | -63.76
A [kN/m?] | 9.3 f [Hz] | 0.10
Installation Is [Hz] 0.1-1
Fp [KN] 71 N [] 8,100
dinst [mm] 492 Fp. [kN] -
Membrane pressure Wpe [mm] -
Dm | [kPa] | O v [mm/s] -
0 0
CPT1
100 - — —CPT2 100
200 CPT3]1 £ 200 !
E (
300 < 300 1
3 1
400 Q 400 '
500 500 !
\
600 600
0 5 10 15 60 80 100

Cone Resistance [MPa]

Relative Density [%]
Figure G.127: CPT testing 13.03.03.
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Installation load [KN]

60

0 200
Displacement [mm]

Figure G.128: Installation 13.03.03.

400

2

68



Test Series 13.03.XX Overview 269

Load [kN]
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Figure G.129: Cyclic loading part 13.03.03.
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Load [kN]

0 -10 -20 -30 -40 -50 -60 -70
Displacement [mm]
Figure G.130: Full loading vs. displacement 13.03.03.

Comments:
Problems in data sampling caused by an error in the datasitguisystem.
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G.4.4 Test 13.03.05

Soil properties Loading
Dg [%0] 85.3| Fiuean | [KN] 1.80
oof Dg [%0] 3.8 | Feye [kN] 3.85
~ [kN/m3] | 19.6 | weye [mm] 0.15
o [kN/m?] | 9.6 bi [Hz] 0.1
Installation fs [Hz] 2
Fp [KN] 72 N [] 28,263
dinst [mm] 482 FPC [kN] -
Membrane pressure Wpe [mm] -
D | [kPa] | O v [mm/s] | 0.002
0 0
CPT1
100 \ - = =CPT2 100 f (
— CPT3|| — \
E 200 cPT4 E 200 )
< 300 < 300
Q. o
o) ) \
Q 400 Q 400
500 500 l
R I
600 600
0 5 10 15 60 80 100

Cone Resistance [MPa]
Figure G.131: CPT testing 13.03.05.

N
[=)

Installation load [kN]
N
o

[e2]
(=)

0 200
Displacement [mm]

400

Relative Density [%]

Load [kN]

N=1
— — —N=2.9e3

6
—-0.04 -0.02
Displacement [mm]

Figure G.132: Installation 13.03.05. Figure G.133: Cyclic behaviour 13.03.05.

0
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Load [kN]
o A N O

0 0.5 1 15 2 25 3
Cycle no. « 10"

0 0.5 1 15 2 25 3
Cycle no. « 10"

Figure G.134: Cyclic loading part 13.03.05.

Load [kN]

6 1 n 1 I 1 1 1
0.2 015 0.1 0.05 0 -005 -0.1 -0.15 -0.2

Displacement [mm]
Figure G.135: Full loading vs. displacement 13.03.05.

Comments:
A sudden pull-out after 28,263 cycles, must be some techmitstake.
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G.45 Test13.03.06
Soil properties Loading
Dpg [%] 79.9 Frean [kN] 11.76
o of Dg [%0] 4.3 | Feye [kN] 11.38
~ [kN/m3] | 19.3| weye [mm] 0.72
5! [kN/m3] | 9.3 I [Hz] 0.05
Installation fs [Hz] 2
Fp [KN] 709| N [ 19,900
dinst [mm] 493 | Fp. [kN] | -31.33
Membrane pressure Wpe [mm] | -12.35
D | [kPa] | 43 v [mm/s] | 0.002
0 0
CPT1
100}y - = =CPT2 100 \‘
— CPT3|| — \
E 200 \,\\\ CPT4 E 200 J
< 300f \ < 300 \
Q. o
[¢] ()
Q 400 \ Q 400 \
\
500 \\ 500 \}
N\
600 600
0 5 10 15 60 80 100
Cone Resistance [MPa] Relative Density [%]
Figure G.136: CPT testing 13.03.06.
0 0
|
g s\ |
= 20 _ |
o g 10 ' . N=1
5 40 g ' R B IR N=1.0e3
3 S 15 f - — — —N=2.0e3
IS -
2 60 20
25
0 200 400 -0.5-0.25 0 0.25 0.5

Displacement [mm]

Displacement [mm]
Figure G.137: Installation 13.03.06. Figure G.138: Cyclic behaviour 13.03.06.
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Load [kN]

Displ.[mm]

Membrane pres.[kPa]

0.5 1

Cycle no. <1

0.5 1
Cycle no. « 10"

Load [kN]

0.5 1 15

Cycle no. « 10"

Figure G.139: Cyclic loading part 13.03.06.

20F

40

Figure G.140: Full loading vs. displacement 13.03.06.
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Displacement [mm]
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G.4.6 Test 13.03.08

Soil properties Loading
Dg [%0] 76.9| Frean | [KN] 1.91
oof Dy [%0] 8.1 | Feye [kN] 2.30
~ [kN/m3] | 19.3| weye [mm] 0.04
o [kN/m?] | 9.3 f [Hz] 0.05
Installation fs [Hz] 2
Fp [KN] 70.4| N [] 19,629
dinst [mm] | 493 | Fp. [kN] -5.03
Membrane pressure Wpe [mm] | -3.43
D | [kPa] | O v [mm/s] | 0.002
0 0
CPT1
100 - — —CPT2 100
— CPT3|| — \
E 200 cPT4 E 200 \
< 300 < 300
Q. o
8 400 \ & 400
500 .= 500 ==
600 600
0 5 10 15 40 60 80 100
Cone Resistance [MPa] Relative Density [%]
Figure G.141: CPT testing 13.03.08.
0 -1
z 0
= 20
3 = 1
o 3 N=3
€ 40 = 2t N vl N=1.0e3
.% s — — —N=4.0e3
= - 3
©
% 60
c 4
80 5
0 200 400 5-4-3-2-10
Displacement [mm)] Displ.[mm], ;3

Figure G.142: Installation 13.03.08. Figure G.143: Cyclic behaviour 13.03.08.
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Displ.[mm]

Load [kN]

0 0.5 1 1.5 2
Cycle no. 10
-0.1 T T r
-0.05 k
. Ej-i—ﬁ—_ chc
0.05 1
0.1 1 1 1
0 0.5 1 1.5 2
Cycle no.
(Outer %)/ore pressures) x 10
©
o
=3
g —PP1
£ - — —PP2
o ~ — —PP3
S
o
2 1 1 1
0 0.5 1 1.5 2
Cycle no.
(Inner B/ore pressures) x 10
‘T
o
=3
g ——— PP4
£ ——— PP5
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S
a

Cycle no.

x 10"

Figure G.144: Cyclic loading part 13.03.08.
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-10
Z Ol 1
=,
©
©
o
- oF 4

5 1 1 1 1 1 1
10 0 -10 -20 -30 -40 -50 -60
Displacement [mm]
Figure G.145: Full loading vs. displacement 13.03.08.
Comments:

Problems in data sampling caused by an error in the datasitignisystem:
load and displacement signals were not taken at the very saneent. Thus
cyclic behaviour cannot be assessed precisely.
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G.4.7 Test 13.03.09

Soil properties Loading
Dg [%] (75) Frean [kN] -13.03
oof Dy [%] - Feye [kN] 18.37
5 [kN/m3] | (19.1)| weye | [mm] | -67.55
~ [kN/m?] | (9.1) f [Hz] 0.1
Installation fs [Hz] 2
Fp [kN] 70.6 N [] 67
dinst [mm] 488 FPC [kN] -
Membrane pressure Wpe [mm] -
Dm | [kPa] | 41 v [mm/s] -
0
—_ -30
<
§ 20 _ 20
s £
§ 40 3 -10
S 3
2 60 0
[
- 10
80
0 200 400 -15 -10 -5 0 5

Displacement [mm]

Displacement [mm]

Figure G.146: Installation 13.03.09. Figure G.147: Cyclic behaviour 13.03.09.

Comments:

CPT was not performed due to technical problems, approeimaperties ar
estimated from the installation response.
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Figure G.148: Cyclic loading part 13.03.09.
-40 . . . . . .
_30 F A -
< -20 1
3
o -10t E
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0 -10 -20 -30 -40 -50 -60 =70
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Figure G.149: Full loading vs. displacement 13.03.09.
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G.4.8 Test 13.03.10

Soil properties Loading
Dp [%6] (75) | Fiean | [KN] | -2.05
oof Dg [%0] - Feye [kN] 1.93
~y [KN/m3] | (19.1) | weye [mm] | -6.23
o [kN/m?] | (9.1) f [Hz] 0.10
Installation fs [Hz] 2

Fp [kN] 70.5 N [] 39,753
dinst [mm] 495 Fp, [kN] -4.74

Membrane pressure Wpe [mm] | -0.53
Dm | [kPa] | O v [mm/s] | 0.002

0
= -4
<
; 20
= -3
©
S < N=1
S 40 = 0 oW N=2.0e3
g g 2 — — —N=4.0e3
- |
©
@w 60 -1
j=
0
80o 200 400 5-4-3-2-1 01
Displacement [mm] Displ.[mm], ;3

Figure G.150: Installation 13.03.10. Figure G.151: Cyclic behaviour 13.03.10.

Comments:

CPT was not performed due to technical problems. Problerdatansampling
caused by an error in the data acquisition system: load amdadiement sig
nals were not taken at the very same moment. Thus, cyclicvimiracannot
be assessed precisely.
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Load [kN]

Displ.[mm]

0 0.5 1 15 2 25 3 35 4

Cycle no.
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o
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Figure G.152: Cyclic loading part 13.03.10.
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Load [kN]

10 0 -10 -20 -30 -40 -50
Displacement [mm]

Figure G.153: Full loading vs. displacement 13.03.10.
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G.49 Test13.03.11
Soil properties Loading
Dg [%] 81.9| Friean | [KN] 20.12
oof Dy [%0] 8.2 | Fgye [KN] 9.33
~ [KN/m3] | 19.4| weye [mm] | -63.81
v [kN/m?] | 9.4 f [Hz] 0.1
Installation fs [Hz] 2
Fp [kN] 712 N [-] 202
dv’,nst [mm] 492 Fp, [kN] -
Membrane pressure Wpe [mm] -
Dm | [kPa] | 41 v [mm/s] -
0 0
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Figure G.154: CPT testing 13.03.11.
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Figure G.155: Installation 13.03.11. Figure G.156: Cyclic behaviour 13.03.11.
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Figure G.157: Cyclic loading part 13.03.11.
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Figure G.158: Full loading vs. displacement 13.03.11.
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G.4.10 Test 13.03.12

Soil properties Loading
Dg [%] (79) Frean [kN] -2.05
oof Dy [%] - Feye [kN] 3.85
5 [kN/m3] | (19.3)| weye [mm] | -65.80
~ [kN/m?] | (9.3) f [Hz] 0.10
Installation fs [Hz] 2
Fp [kN] 71.2 N [-1 1,285
Ainst [mm] 499 Fp, [kN] -
Membrane pressure Wpe [mm] -
Dm | [kPa] | © v [mm/s] -
0
— -6
<
g 20 .
o < N=1
S 40 g2 AN Y N=500
F S — — —N=1.3e3
[ 0
2 60
2
0 200 400 -04-02 0 02
Displacement [mm] Displacement [mm]

Figure G.159: Installation 13.03.12. Figure G.160: Cyclic behaviour 13.03.12.

Comments:
Pore pressure transducer PP2 did not function.
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Figure G.161: Cyclic loading part 13.03.12.
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Load [kN]
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Displacement [mm]

Figure G.162: Full loading vs. displacement 13.03.12.
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G.4.11 Test 13.03.13
Soil properties Loading
Dpg [%] 82.4 Frean [kN] 2.01
oof Dy [%0] 11.2] Fgye [kN] 29.38
~ [kN/m3] | 19.5| weye [mm] 0.74
o [kN/m?] | 9.5 f [Hz] 0.05
Installation fs [Hz] 2
Fp [KN] 746 N [ 19,970
dinst [mm] 484 FPC [kN] -
Membrane pressure Wpe [mm] -
D | [kPa] |71.4 v [mm/s] -
0 0
CPT1
100} 100
'E' 200 'E 200
E, E
S 300 < 300
Q. o
[¢] ()
QO 400 Q 400
500 500
600 600
0 5 10 15 40 60 80 100
Cone Resistance [MPa] Relative Density [%]
Figure G.163: CPT testing 13.03.13.
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Figure G.164: Installation 13.03.13. Figure G.165: Cyclic behaviour 13.03.13.
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Figure G.166: Cyclic loading part 13.03.13.
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Figure G.167: Cyclic behaviour 13.03.13.
Comments:

Sand in the first 0.3-0.4 m was less dense than in the deeger Rypbably, the
soil was strongly disturbed due to another testing progreitng same sand bo
and due to membrane pressure applications that create wedigradient.
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G.4.12 Test 13.03.14
Soil properties Loading
Dpg [%] 81.5 Frean [kN] 1.92
oof Dy [%0] 9.8 | Feye [kN] 29.30
~ [kN/m3] | 19.4 | weye [mm] 1.25
o [kN/m?] | 9.4 f [Hz] 0.10
Installation fs [Hz] 2
Fp [KN] 733| N [ 40,867
dinst [mm] | 491 | Fp. [kN] | -93.26
Membrane pressure Wpe [mm] | -28.29
D | [kPa] | 70 v [mm/s] | 0.002
0 0
CPT1
100\ - = —CPT2 100 \
— CPT3|| = N
E 2001\ CPT4 E 200 N
< 300 \ < 300
5 2 '
Q 400 \\\ Q 400 \
\ \
500 \ 500 x
AR 1"
600 . 600 .
0 5 10 15 40 60 80 100
Cone Resistance [MPa] Relative Density [%]
Figure G.168: CPT testing 13.03.14.
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Figure G.169: Installation 13.03.14. Figure G.170: Cyclic behaviour 13.03.14.
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Figure G.171: Cyclic loading part 13.03.14.
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Figure G.172: Full loading vs. displacement 13.03.14.
Comments:

Sand in the first 0.3-0.4 m was less dense than in the deeger Rypbably, the
soil was strongly disturbed due to another testing progreitng same sand bo
and due to membrane pressure applications that create wedigradient.
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G.4.13 Test13.03.15
Soil properties Loading
Dg [%0] 87.1| Frean | [KN] | -22.39
oof Dy [%0] 6.8 | Feye [kN] 23.08
~ [kN/m3] | 19.7 | weye [mm] 0.10
o [kN/m?] | 9.7 f [Hz] 0.10
Installation fs [Hz] 2
Fp [kN] 83.1| N [ 31,619
dinst [mm] 492 | Fp, [kN] | -93.90
Membrane pressure Wpe [mm] | -26.53
D | [kPa] | 73 v [mm/s] | 0.002
0 0
CPT1
100 \ e — CPTZ 100 0‘\'
E 200} \ gﬁﬁ T 200 \
E 1\ E \
S 300 X S 300 \
Q. N =3 1
[¢] ()
Q 400 R Q 400 \
500 N 500 \
N A
600 600
0 5 10 15 40 60 80 100
Cone Resistance [MPa] Relative Density [%]
Figure G.173: CPT testing 13.03.15.
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Figure G.174: Installation 13.03.15. Figure G.175: Cyclic behaviour 13.03.15.
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Figure G.176: Cyclic loading part 13.03.15.
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Figure G.177: Full loading vs. displacement 13.03.15.
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G.4.14 Test13.03.16
Soil properties Loading
Dgr [%0] 79.3| Frean | [KN] | -51.67
oof Dy [%0] 10.1| Fgye [kN] 24.49
~y [kN/m3] | 19.3| weye [mm] | -75.01
o [kN/m?] | 9.3 f [Hz] 0.10
Installation fs [Hz] 2
Fp [kN] 75.7| N [ 19,081
dinst [mm] 489 Fpe [kN] -
Membrane pressure Wpe [mm] -
D | [kPa] | 71 v [mm/s] -
0 0
CPT1
100 \\ — - — CPTZ 100 ‘.‘ \
— \ CPT3|| = [}
é 200 \\\ CPT4 E 200 N\
< 300f \ £ 300 N\
Q. N o A Y
[¢] ()
QO 400 QO 400
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600 600
0 5 10 15 40 60 80 100
Cone Resistance [MPa] Relative Density [%]
Figure G.178: CPT testing 13.03.16.
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Figure G.179: Installation 13.03.16. Figure G.180: Cyclic behaviour 13.03.16.
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Figure G.181: Cyclic loading part 13.03.16.
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Figure G.182: Full loading vs. displacement 13.03.16.
Comments:

Sand in the first 0.3-0.4 m was less dense than in the deeper Ripbably, the
soil was strongly disturbed due to another testing progreitng same sand box
and due to membrane pressure applications that create wedigradient.
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G.4.15 Test13.03.17
Soil properties Loading
Dg [%0] 81.2| Friean | [KN] | -50.61
oof Dy [%0] 7.8 | Feye [KN] 45.78
~ [KN/m3] | 19.4| weye [mm] | -81.90
v [kN/m?] | 9.4 f [Hz] 0.10
Installation fs [Hz] 2
Fp [kN] 74 N [-] 5
dv’,nst [mm] 489 FPC [kN] -
Membrane pressure Wpe [mm] -
Dm | [kPa] | 71 v [mm/s] -
0 0
CPT1
100 | e — CPTZ 100 7\
— CPT3|| —
E 200 CPT4 E 200
< 300 < 300 \
o o N
[¢] ()
QO 400 Q 400 A
500 500 \
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Figure G.183: CPT testing 13.03.17.
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Figure G.184: Installation 13.03.17. Figure G.185: Cyclic behaviour 13.03.17.
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Figure G.186: Cyclic loading part 13.03.17.
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Figure G.187: Full loading vs. displacement 13.03.17.

Comments:

Sand in the first 0.3-0.4 m was less dense than in the deeger Rypbably, the
soil was strongly disturbed due to another testing prograting same sand bax
and due to membrane pressure applications that create wedigradient.
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G.4.16 Test 13.03.19

Soil properties Loading
Dgr [%0] 79.0 | Frican | [KN] -0.30
oof Dg [%0] 8.8 Feye [kN] 1.66
~ [KN/m3] | 19.3 | weye [mm] | -0.64
o [kN/m3] | 9.3 f [Hz] 0.10
Installation fs [Hz] 2
Fp [kN] (725)| N [] 39,729
dinst [mm] | (488) | Fp. | [KN] | (-3.49)
Membrane pressure Wpe [mm] | -8.66
Dm | [kPa] | O v [mm/s] | 0.002
0 0
CPT1
100 - = —CPT2 100
— ‘ CPT3|| —
g 200 CPT4 E 200
S 300 < 300
Q. o
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Figure G.188: CPT testing 13.03.19.
0
—_ -2
Z
=, 20
3 = -1
2 4 x, N=1
g % ol N=2.0e4
= S — — —N=4.0e4
= -
= 60
1] 1
£
80
2
0 200 400 -0 -5 0

Displacement [mm]
Figure G.189: Installation 13.03.19. Figure G.190: Cyclic behaviour 13.03.19.
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Figure G.191: Cyclic loading part 13.03.19.
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Load [kN]
o

1. 4
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Figure G.192: Full loading vs. displacement 13.03.19.

Comments:

Only the last part of installation was recorded. Problemslata sampling
caused by an error in the data acquisition system: load amdadiement sig
nals were not taken at the very same moment. Thus, cyclicvimiracannot
be assessed precisely. Sand in the first 0.3-0.4 m was less tleam in the
deeper layer. Probably, the soil was strongly disturbedtdwother testing
program in the same sand box and due to membrane pressuiea#ppt that
create the upward gradient. Post-cyclic pull-out shouligbered, because it
was interrupted at the very beginning. Possible problentls pare pressure
transducer calibration (settings in the computer program)
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G.4.17 Test 13.03.20
Soil properties Loading
Dpg [%] 81.3 Frean [kN] 1.80
o of Dg [%0] 11.7| Feye [kN] 3.85
~ [kN/m3] | 19.4 | weye [mm] 0
5! [kN/m3] | 9.4 f [Hz] 0.10
Installation fs [Hz] 2
Fp [kN] 69.2| N [ 39,980
dinst [mm] 490 | Fp. [kN] -4.85
Membrane pressure Wpe [mm] | -1.30
D | [kPa] | O v [mm/s] | 0.002
0 0
CPT1
100 - — —CPT2 100
'E' 200 CPT3]1 £ 200
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Figure G.193: CPT testing 13.03.20.
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Figure G.194: Installation 13.03.20. Figure G.195: Cyclic behaviour 13.03.20.
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Figure G.196: Cyclic loading part 13.03.20.
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Figure G.197: Full loading vs. displacement 13.03.20.

Comments:
Sand in the first 0.3-0.4 m was less dense than in the deeger Rypbably, the
soil was strongly disturbed due to another testing prograting same sand bax
and due to membrane pressure applications that create wedigradient.
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G.4.18 Test 13.03.21

Soil properties Loading
Dgr [%] 80.5 | Finean | [KN] 0
cof Dp | [%] 11.1 | F.e | [kN] 1.00
~ [kN/m3] | 19.4 | weye [mm] | -0.29
~' [kN/m3] | 9.4 f [Hz] 0.10
Installation Is [Hz] 2
Fp [kN] (70) N [-] 40,020
dinst [mm] | (490)| Fp. [kN] -4.86
Membrane pressure Wpe [mm] | -4.84
Dm | [kPa] | O v [mm/s] | 0.002
0 0
CPT1
100 100
'E’ 200 'E’ 200
E, E
S 300 £ 300
o o
O 400 O 400
500 500
600 600
0 5 10 15 40 60 80 100
Cone Resistance [MPa] Relative Density [%]
Figure G.198: CPT testing 13.03.21.
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Figure G.199: Cyclic behaviour 13.03.21.
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Figure G.200: Cyclic loading part 13.03.21.
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Load [kN]

5 0 -5 -10 -15 -20 -25 -30 -35 -40
Displacement [mm]
Figure G.201: Full loading vs. displacement 13.03.21.

Comments:

Sand in the first 0.3-0.4 m was less dense than in the deeger Rypbably, the
soil was strongly disturbed due to another testing prograting same sand bax
and due to membrane pressure applications that create wedigradient.
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SUMMARY

Compared to oil and gas structures, marine renewable energy devices are
usually much lighter, operate in shallower waters and are subjected to se-
vere cyclic loading and dynamic excitations. These factors result in differ-
ent structural behaviours. Bucket foundations are a potentially cost-effective
solution for various offshore structures, and not least marine renewables.

The present thesis focuses on several critical design problems related to the
behaviour of bucket foundations exposed to tensile loading. Among those
are the soil-structure interface parameters, tensile loading under various dis-
placement rates and tensile cyclic loading.

A new laboratory testing facility is constructed allowing large scale founda-
tion model testing under long-term cyclic loadings. Another test set-up - a
pressure tank — is employed for the displacement rate analysis. The extensive
testing campaign provides valuable data about the effects of tensile loading.
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